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Abstract

Chromatin-associated proteins are instrumental for controlling spatiotemporal gene expression.
Determining where these proteins bind across the genome is critical for understanding gene
regulation. A widely used technique at present is ChIP-seq, which leverages chromatin
fragmentation, antibody-mediated enrichment, next-generation sequencing and data analysis to
uncover the genomic sequences and patterns of protein-DNA interactions. In this review, we will
provide an overview of how ChlIP-seq was developed, the key elements of the experimentation and
data analysis pipeline, as well as the recent variations that push the boundaries of precision and
cell number requirement. We will also briefly discuss how future development of ChlP-seq may
further advance our understanding of chromatin biology.
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Introduction

Chromatin associated proteins play vital roles in controlling spatial and temporal gene
expression to modulate cellular activities. To provide insight into the function of these
chromatin associated proteins and to evaluate their direct gene targets, a key method is
Chromatin Immunoprecipitation Sequencing (ChlP-seq). ChlP-seq is designed to map
genome-wide protein binding sites leveraging next-generation sequencing technologies. This
technology has already revolutionized our understanding of gene regulation during
transcription through characterizing dynamic protein-DNA interactions across organisms
and cell types. In this review, we will discuss the scientific discoveries leading up to the
development of ChlIP-seq, classical ChlP-seq methods, and variations of ChIP-seq currently
being used to overcome limitations of the technique.
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History and Development of ChlP-seq

Modern ChlIP-seq technology is built upon a series of conceptual and technological
breakthroughs in genomic research over the last seventy years (Figure 1) (Sanger, Nicklen,
& Coulson, 1977; Schena, Shalon, Davis, & Brown, 1995; Watson & Crick, 1953). The idea
of chromatin immunoprecipitation (ChIP) was initially based on the fact that protein-DNA
interactions could be stabilized using crosslinking. In a classic experiment in 1969, Brutlag
et al. discovered that once chromatin was treated with formaldehyde, histones remained
bound to DNA even in the presence of extremely high salt concentration (4M CsClI) or acid
(0.2N H2S0,) (Brutlag, Schlehuber, & Bonner, 1969). Building on this, Gilmour and Lis
reported the ChIP technique for the first time in 1984 and applied it to identify protein-DNA
interaction sites in intact bacteria cells. With ChlIP, they were able to show RNA polymerase
Il binding at highly transcribed genes (Gilmour & Lis, 1984). Subsequently in 1985, they
optimized and extended this method to higher eukaryotic systems, with demonstrations of
altered RNA polymerase Il occupancy after heat shock in Drosophila S2 cells (Gilmour &
Lis, 1985). In these early experiments, low-intensity UV crosslinking was used (Gilmour &
Lis, 1984; Gilmour & Lis, 1985). To determine the DNA sequences of protein binding sites,
these experiments relied on dot blot hybridization or southern blotting using probes designed
specifically to sequences of interest (Gilmour & Lis, 1984; Gilmour & Lis, 1985; Orlando &
Paro, 1993; Thomas, 1980). The entire hybridization and detection process typically
involves several days. The development of polymerase chain reaction (PCR) drastically
simplified the sequence-detection component of ChlIP, allowing sampling of representative
DNA sequences within a few hours (Hecht, Strahl-Bolsinger, & Grunstein, 1996; Kaunitz,
2015; Orlando, 2000).

Higher throughput analysis was made possible initially with the innovation of microarray
technology (Ren et al., 2000). ChIP-on-chip (ChIP-chip) was developed in 2000. With this
method, the immunoprecipitated DNA is labeled with one fluorescent color, while DNA
from sample prior to immunoprecipitation, referred to as input DNA, is labeled with a
different color as control. Input and immunoprecipitated samples are mixed together and
hybridized to a microarray containing probes tiling genomic regions. Output can then be
measured by comparing the relative fluorescence enrichment of immunoprecipitated DNA
versus that of the input control (Buck & Lieb, 2004; Kim & Ren, 2006; Ren et al., 2000). A
limitation of ChlP-chip lies in the design of microarray probes and the holding capacity of
tiling arrays. Results are limited by the total percent of the genome covered on the array and
the resolution or distance between probes. Using microarray, it was also virtually impossible
to investigate repetitive regions or regions with strong homology in the genome. These
inherent technological limitations made it nearly impossible to identify protein-binding
DNA sequences with high precision and in a genome-wide scale for higher eukaryotic
organisms (Barski & Zhao, 2009; Ho et al., 2011; Kim & Ren, 2006; Park, 2009).

With the revolutionary next-generation sequencing technologies that first emerged in early
2000 and are still rapidly evolving (Guzvi¢, 2013; Liu et al., 2011; Margulies et al., 2005;
National Institutes of Health, 2003), ChlP-seq was developed and first reported in 2007
(Johnson, Mortazavi, Myers, & Wold, 2007; Robertson et al., 2007). ChlP-seq circumvented
the dependency on DNA tiling arrays, and allowed for whole genome data analysis for
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virtually any organism with a sequenced genome (Johnson et al., 2007). Since the first
application of ChIP-seq, many variations have been developed to address limitations and
answer specific biological questions (Furey, 2012). We will discuss the experimentation and
data analysis of classic ChIP-seq, several examples of ChlP-seq variations, as well as
potential areas for further development of understanding gene regulation.

Classic ChIP-seq Methodology

From Cells to Sequencing Libraries

Classic ChlP-seq involves multiple steps that typically take several days from the
preparation of cells to library construction (Figure 2). The first step in classic ChIP-seq is
crosslinking protein to DNA (Park, 2009). Although early experiments used UV to mediate
protein-DNA crosslinking, later studies identified formaldehyde crosslinking as a superior
method with higher sensitivity, which is especially useful for mammalian cells (Boyd &
Farnham, 1997; Boyd, Wells, Gutman, Bartley, & Farnham, 1998). Thus, chemical
crosslinking with formaldehyde is most commonly used in current ChlP-seq protocols
(Farnham, 2009; Furey, 2012; Park, 2009; Truax & Greer, 2012). After crosslinking,
chromatin is usually fragmented to 200-600bp fragments by sonication or enzymatic
digestion (Farnham, 2009; Park, 2009). The efficiency of chromatin fragmentation can be
assessed by agarose gel electrophoresis. If sonication is used, it is critical to optimize
sonication time so that protein is not degraded, but chromatin is sufficiently sheared. The
integrity of protein during the sonication process can be determined using Coomassie Blue
staining or Western blotting (Pchelintsev, Adams, & Nelson, 2016).

Once chromatin has been fragmented, the next step is DNA-protein complex
immunoprecipitation. Antibodies for immunoprecipitation must be carefully chosen so that
they are specific and sensitive to the proteins of interest. The Encyclopedia of DNA
Elements (ENCODE) group recommends both primary and secondary characterization of
ChlIP-seq antibodies (Landt et al., 2012). Primary characterization includes immunoblot or
immunofluorescence to verify correct protein size and cellular localization. Secondary
characterization can be completed by knocking down the target gene to further verify the
antigen. Alternatively, immunoprecipitation followed by mass spectrometry or probing with
an antibody for a different epitope of the protein of interest can be performed to determine
specificity (Furey, 2012; Landt et al., 2012). Under circumstances where high quality
antibodies cannot be obtained, proteins of interest are usually tagged with an epitope and
immunoprecipitated with an antibody for that epitope (Kidder, Hu, & Zhao, 2011). In this
scenario, it is critical to verify that the tagged protein is expressed at a level below or near
endogenous expression and is also incorporated into the endogenous protein complex. As a
negative control for immunoprecipitation, a fraction of input or immunoprecipitated
immunoglobulin proteins should be included in the following steps of library construction
and data analysis (Furey, 2012; Park, 2009; Truax & Greer, 2012).

Immunoprecipitation can be performed with protein-A-bearing “Staph A” cells or protein
AJG conjugated beads. Staph A cells are fixed, heat-inactivated Staphylococcus aureus cells
with a Protein A coat on the surface to mediate immunoprecipitation (Palhan, Kreader, &
Mueller, 2017). This technique carries the advantage of high sensitivity owing to the high
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amounts of protein A as well as the small surface of the Staph A cells. This method works
well for basic ChIP and ChIP-chip experiments when specific probes are being used;
however, using Staph A cells for ChIP-seq is not ideal as DNA from Staph A cells may
confound results (Palhan et al., 2017; Wen et al., 2014). For this reason, agarose or magnetic
beads are most commonly used for ChlP-seq (Barski & Zhao, 2009; Dahl & Gilfillan, 2018;
Park, 2009; Wen et al., 2014). Magnetic beads are often preferable as they tend to be easier
to work with, and they generally have higher specificity and lower background as compared
to agarose beads (Kim & Ren, 2006; Schmidt et al., 2009).

After immunoprecipitation, the following step is reverse crosslinking and DNA purification.
Crosslinking is reversed using high-salt concentration and heat (Kim & Ren, 2006; Orlando,
2000). Proteins are removed using Protease K. DNA purification is subsequently completed
using columns, beads, or phenol-chloroform extraction followed by ethanol precipitation
(Dahl & Gilfillan, 2018; Truax & Greer, 2012). Phenol-chloroform extraction has been
demonstrated to recover higher amounts of purified ChIP DNA, which is usually in the
nanogram range, as compared to columns or beads (Dahl, Reiner, & Collas, 2009; Truax &
Greer, 2012; Zhong et al., 2017).

The last stage of ChIP-seq experimentation is library construction and sequencing.
Commercially available kits are available for library construction from purified ChIP DNA
(Dahl & Gilfillan, 2018; Schmidt et al., 2009). In brief, adapters are ligated to both 5’ and 3’
ends of fragments. Fragments are size selected by gel electrophoresis or DNA-purification
magnetic beads. Libraries are then amplified by PCR and ready to be sent for sequencing
(Linnarsson, 2010; Schmidt et al., 2009). Often multiple libraries are combined in the same
high-throughput sequencing lane which is referred to as multiplexing. This can be easily
achieved by adding unique barcode adapters to each library. Libraries can then be
bioinformatically de-multiplexed after sequencing (Barski & Zhao, 2009; Park, 2009).

Data Analysis

Once the ChIP-seq libraries are sequenced, the data processing can be completed using a
fairly well-established work flow (Figure 3A). A variety of software has been developed for
fast and simple analysis of ChIP-seq data. First, software such as deML and FASTX-Toolkit
can be used to demultiplex libraries (“FASTX-Toolkit,” ; Renaud, Stenzel, Maricic, Wiebe,
& Kelso, 2015). Raw reads are in FASTQ format (Figure 3B) which can be directly input
into software such as SOAP2, BWA, Bowtie, or Bowtie2 (Langmead & Salzberg, 2012;
Langmead, Trapnell, Pop, & Salzberg, 2009; Li & Durbin, 2009; R. Li et al., 2009) to be
aligned to a reference genome. Among these pieces of software, Bowtie2 has been
demonstrated to run faster and have more aligned reads with fewer incorrect alignments
(Langmead & Salzberg, 2012).

After alignment, measures should be taken to ensure libraries are of high quality. Alignment
files should be checked for the total percentage of reads aligned to the reference genome.
High quality libraries should have high percent alignment (Bailey et al., 2013; Nakato &
Shirahige, 2017). Greater than 70% alignment is usually expected for high quality ChlP-seq
libraries (Bailey et al., 2013). Additionally, duplicates can be marked using bioinformatic
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tools such as PICARD or SAMBLASTER (Faust & Hall, 2014; “Picard toolkit,”). The
primary purpose of marking duplicates is to assess the complexity of libraries (Furey, 2012).

Sequencing reads can be filtered based on the quality of alignment. Alignment output files
are in SAM file format and contain a MAPQ value. A higher MAPQ score is indicative of a
higher quality read. Using software such as SAMtools (H. Li et al., 2009), reads can be
filtered by MAPQ score to ensure only high quality reads are kept for further analysis (Jia et
al., 2012). The chosen MAPQ cut off score varies by study but generally falls in the range of
five to thirty (Anand et al., 2016; Brind’Amour et al., 2015; Guo et al., 2012; Rubin et al.,
2017; Xu, DiCarlo, Satya, Peng, & Wang, 2014).

Once any desired filtering steps are complete, read depth of libraries should be checked.
Libraries must be of sufficient read depth for robust data analysis. Recommended
sequencing depth for transcription factors with human samples is 20 million aligned reads
(Landt et al., 2012). For fly and worm libraries, around 5-10 million reads is generally the
minimum (Furey, 2012; Landt et al., 2012) due to the smaller genome sizes.

A number of bioinformatic tools and packages are available for downstream processing and
analysis of ChIP-seq data. ChlP-seq data can be visualized using genome browsers. Sam
files from alignment can be converted to wiggle, bigWig, or bedGraph format. These files
are readable by Integrative Genomics Viewer (IGV), UCSC genome browser and Ensemble
genome browser (J. T. Robinson et al., 2011; Schmidt et al., 2009). In successful ChlP-seq
experiments, sites where the protein of interest is stably binding should have sequence
enrichment. Enriched regions can be visualized by scanning through browser tracks but can
be more systematically identified by calling peaks using genomic tools. Peak calling
identifies genomic locations where protein is enriched based on total sequences accumulated
in the sample library relative to control (Farnham, 2009; Park, 2009). MACS, MACS2,
PeakSeq, and SICER are software available for peak calling (Rozowsky et al., 2009; Zang et
al., 2009; Zhang et al., 2008). Peak calling parameters should be carefully considered for
each library as settings will influence accuracy of results. Peaks can be further filtered by P-
value, FDR, and fold enrichment (Landt et al., 2012; Rozowsky et al., 2009; Zhang et al.,
2008). The HOMER software suite can then be used for annotating peaks and for both de
novo and known transcription-factor-binding motif identification (Heinz et al., 2010). To
identify altered binding of chromatin-associated proteins in different conditions, differential
peak calling software such as DESeq and edgeR are also available (Anders & Huber, 2010;
M. D. Robinson, McCarthy, & Smyth, 2010).

While ChlP-seq has become a widely used technique, there are still limitations to its use.
One limitation comes from formaldehyde as the choice of crosslinker. Formaldehyde has
advantages including cell permeability, rapid reactivity, and reversibility as a crosslinker for
protein-protein and protein-DNA interactions (Farnham, 2009; Hoffman, Frey, Smith, &
Auble, 2015); however, its short spacer length makes it difficult to capture the chromatin
association of many proteins that indirectly bind to DNA. Another limitation is resolution.
Classic ChlP-seq is limited by the size of fragments generated by sonication making it
difficult to determine exact, narrow protein binding sites (Fan, Lamarre-Vincent, Wang, &
Struhl, 2008; Kadosh, 1998; Skene, Hernandez, Groudine, & Henikoff, 2014). ChlP-seq is
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also limited by total amount of input for successful library construction. For a successful
ChlIP-seq experiment, classic methods require use of millions of cells which makes it
challenging to study small cell populations (Brind’ Amour et al., 2015; Mikkelsen et al.,
2007). Lastly, ChIP-seq is only able to indicate a two-dimensional interaction between
protein and chromatin (Furey, 2012). To combat these limitations, there has been a push for
development of ChIP-seq variations and an expansion of available ChIP-seqg-quality
antibodies. Several representative ChlP-seq variations that have been developed to address
these challenges are discussed below (Table 1).

Variations of ChIP-seq

Modified crosslinking conditions

Many chromatin-associated proteins, such as histone modifiers, bind dynamically to
chromatin without stable contact with DNA. To efficiently capture the genomic locations of
these co-factors, a second crosslinker, usually with a longer spacer arm, is typically used in
conjunction with formaldehyde (2 A spacer arm) for “double crosslinking”. Several types of
crosslinking reagents, such as the NHS-ester EGS (16.1 A spacer arm) (Zeng, Vakoc, Chen,
Blobel, & Berger, 2006) and DSG (7.7 A spacer arm) (Bao et al., 2017; Nowak, Tian, &
Brasier, 2005) have already been successfully incorporated in ChIP experiments.

On the other hand, Native ChlP-seq (N-ChlP-seq) (Figure 4A) is designed to minimize the
indirect interactions identified by crosslinking. N-ChIP-seq requires no crosslinking of DNA
(Park, 2009). Instead, native chromatin is sheared by Micrococcal nuclease (MNase)
digestion. This allows for increased antibody specificity and eliminates any indirect
interactions that may be identified using formaldehyde; however, this technique is generally
only applicable to proteins with very strong affinity for DNA, such as histones (Barski et al.,
2007). Most chromatin-associated proteins do not remain bound to DNA during digestion
(O’Neill, 2003). Further advances with N-ChlIP-seq have recently been made to allow for
low input with as few as 103 cells, but this too is largely limited to identifying histone marks
and nucleosome positions (Brind’ Amour et al., 2015; Dahl & Gilfillan, 2018; Gilfillan et al.,
2012).

For Improved Resolution

Most transcription-factor binding sites are only 6-20 base pairs while DNA fragments in
classical ChIP-seq are hundreds of base pairs long (Furey, 2012). Thus, a number of
techniques have been developed to improve ChlP-seq resolution. One of the techniques
made to address this issue is ChIP-exo (Figure 4B). ChlP-exo follows classic methods by
starting with formaldehyde cross-linking and sonication, but after the sonication step, a 5’ to
3’ exonuclease is used to cut DNA sequences proximal to where protein was crosslinked to
DNA. This method achieves close to single-nucleotide resolution and was shown to have
low noise (Rhee & Pugh, 2011, 2012). The original ChlP-exo technique was published in
2011, and has since been updated to simplify methods and allow for lower input (Rossi, Lai,
& Pugh, 2018). Similarly, X-ChIP-seq uses enzymatic digestion to improve resolution, but
instead of sonicating first, this method applies MNase digestion to cells immediately after
crosslinking, skipping the sonication step altogether. In addition, after DNA purification, X-
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ChIP enriches for short fragments prior to library preparation. This results in ~35bp
resolution (Figure 4C) (Skene & Henikoff, 2015; Skene et al., 2014).

For Low Input

There has been a recent drive to reduce the required input for ChIP-seq, as many cell types
are currently available only in low quantities. Several new methods have been recently
developed to address this technical barrier. Recovery via protection (RP-ChlIP-seq) uses
carrier DNA from a different organism to prevent loss of DNA. A further modified version
of this, favored amplification RP-ChIP-seq (FARP-ChIP-seq), uses synthetic, biotinylated
DNA in place of carrier DNA from another organism. These methods were shown to be
successful for identifying histone mark locations using as few as 500 cells (Zheng et al.,
2015). Another recently developed method for low input ChIP is ChIPmentation. This
method uses a hyperactive Tn5 transposase to perform on-bead chromatin fragmentation and
sequencing adaptor integration, which simplifies the library construction workflow and
improves ChlP-seq efficiency. ChIPmentation is a promising new technique for low input
ChIP as it has worked not only for histone marks but also for GATA1 and CTCF
transcription factors using only 100,000 cells as input (Schmidl, Rendeiro, Sheffield, &
Bock, 2015).

Microfluidic based methods are also now being developed for low input ChiP-seq (Dahl &
Gilfillan, 2018). Using only 100 cells, a microfluidic based ChIP-seq technique was
successful for identifying the genomic locations of histone modifications. This technique is
also known as microfluidic-oscillatory-washing-based ChlP-Seq (MOWChIP-seq), which
leverages packed beads and oscillatory washing to achieve high ChlIP efficiency, bypassing
the pre-amplification step in library construction (Cao, Chen, He, Tan, & Lu, 2015). Finally,
at the pinnacle of low input methods, ChlP-seq is being modified for analysis of single cells.
Using a microfluidic system, single cell ChlP-seq analysis has been completed for histone
marks (Rotem et al., 2015). While this is not an exhaustive list, it provides a summary of
evolving technology for low input ChlP-seq.

Extensions of ChIP-seq

Higher-order chromatin structure plays an essential role in gene expression regulation
(Dekker, Rippe, Dekker, & Kleckner, 2002). Built on the principle of ChIP, which was
originally designed to identify two-dimensional protein-DNA interactions, chromosome
conformation capture (3C) was developed in 2002 to characterize chromatin folding in the
nucleus using quantitative PCR (Dekker et al., 2002). In 2006, chromosome conformation
capture-on-chip (4C) was developed. Leveraging microarray technology, 4C provided a
bigger picture of how one region of chromatin interacts with other chromatin regions
(Simonis et al., 2006). Parallel to the development of ChlP-seq, chromosome capture
evolved away from microarray and toward a genome wide analysis approach with the
development of Hi-C which allowed for an unbiased view of all chromatin interactions
(Lieberman-Aiden et al., 2009).

In combination with mass spectrometry, the principle of ChIP has also been adapted to
identify protein-protein interactions on chromatin. Both ChlP mass spectrometry (ChIP-MS)
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and rapid immunoprecipitation mass spectrometry (RIME) have been developed to identify
proteins associated with chromatin (Engelen et al., 2015; Mohammed et al., 2016). ChIP-MS
involves crosslinking chromatin-associated proteins by both DSG and formaldehyde, as well
as separating proteins on SDS-PAGE before protein identification by mass spectrometry.
RIME uses only formaldehyde to crosslink interacting proteins, but incorporates vigorous
washing and on-bead digestion before mass spectrometry. Furthermore, a method for
simultaneously identifying interacting proteins and chromatin binding sites, Selective
Isolation of Chromatin Associated Proteins combined with ChIP (ChIP-SICAP), has been
developed. ChIP-SICAP involves biotin labeling of DNA fragments, and purification of
protein complexes by both immunoprecipitation and subsequent DNA purification using
streptavidin beads. Both DNA and peptides can be recovered from the same assay to be used
for both ChIP-seq and mass spectrometry (Rafiee, Girardot, Sigismondo, & Krijgsveld,
2016). These methods expand on ChlP-seq by elucidating protein interaction networks at
protein-DNA interaction sites.

The Future of ChIP-seq and Characterization of Chromatin Associated

Proteins

While many variations have been developed to address the limitations of ChlIP-seq,
limitations of the method still exist. The application for low cell numbers still remains
challenging, as both Native ChIP and low-input ChIP techniques were primarily optimized
for abundant histone marks (Dahl & Gilfillan, 2018; Gilfillan et al., 2012). These methods
will require further optimization before they can be applied to transcription factors or DNA
binding cofactors. Advances in library construction and further development of sequencing
technologies may begin to combat such limitations. Additionally, there remains the
limitation of antibody quality and availability. Antibodies need be carefully chosen so that
they are both efficient and specific (Furey, 2012; Kidder et al., 2011; Landt et al., 2012). At
present, many chromatin-associated proteins still do not have ChlP-grade antibodies
available commercially. In this case, tagging proteins of interest may be considered. It is
important to point out that the location of the tag on the protein, N-terminal or C-terminal,
may impact results by interfering with protein-protein or protein-DNA interactions. Tagged
proteins must also be carefully regulated so that expression matches or is below endogenous
levels (Kidder et al., 2011). Finally, determining precise spatial localization of protein-DNA
interactions still presents a major challenge. While tools have been developed to identify
three-dimensional interactions, we are still limited in our ability to determine where dynamic
interactions are taking place within the three-dimensional nucleus. Continued efforts to
enhance existing technologies will be imperative to advance our current understanding of
chromatin organization and regulation of gene expression.
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Significance Statement

Chromatin structure and function is controlled by a myriad of proteins that dynamically
associate with the genomic DNA. These proteins often occupy selective regions across
the genome, modulating spatiotemporal gene expression. To determine the regulatory
functions of these chromatin-associated proteins, a widely used technique at present is
chromatin-immunoprecipitation sequencing (ChlIP-seq). ChlP-seq involves chromatin
fragmentation, antibody-mediated enrichment, and next-generation sequencing to
pinpoint the genomic locations of protein-DNA interaction. In this manuscript, we will
review the history, the methodology, and recent variations of ChlP-seq. We will also
discuss how future development of ChlP-seq may further advance our understanding of
chromatin biology.
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Protein-DNA
-interaction stabilization
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Figure 1. Milestones of ChlP-seq development.
Critical discoveries leading up to ChiP-seq technologies are marked in black. Relevant

technological advances are labelled in grey.
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Figure 2. Classical ChlP-seq method.
First, protein is crosslinked to DNA with formaldehyde. Sonication is then used to fragment

chromatin. Protein-DNA complexes are immunoprecipitated. Crosslinking is reversed, and
DNA is purified. DNA is then prepared for sequencing. Adapters are ligated to both 5’ and
3’ ends. Lastly, DNA is size selected and PCR amplified. Libraries are then ready to be sent
for sequencing.
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Figure 3. ChlP-seq data processing and analysis.
A) Data processing and analysis pipeline for ChlP-seq data. B) Fastq file format.
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Figure 4. Principles of Representative ChlP-seq Variations.
A) N-ChIP-seq uses MNase digestion of chromatin with no crosslinking or sonication step.

B) ChIP-exo requires exonuclease digestion of crosslinked and sonicated chromatin. C) X-
ChIP-seq starts with crosslinking but is followed by MNase digestion with no sonication.
Libraries are also enriched for short fragments.

?
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Summary of ChlP-seq variations and extensions.
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ChlP-seq Variations Abbreviations  Technical Advances References

Double crosslinking ChlP-seq NA Facilitate profiling of genomic binding sites for Zeng, Vakoc, Chen, Blobel, &
transient/indirect chromatin binding proteins Berger, 2006; Nowak, Tian, &

Brasier, 2005

Native ChIP-seq N-ChlIP-seq Minimize indirect interactions, provide single- Barski et al., 2007
nucleosome-level resolution

ChIP and lambda exonuclease ChlP-exo Provide up to single-base-pair resolution for Rhee & Pugh, 2011; Rossi,

digestion protein binding locations Lai, & Pugh, 2018

High resolution crosslinking ChIP-  X-ChlIP-seq Profile protein binding sites at high resolution Skene & Henikoff, 2015;

seq without crosslinking Skene et al., 2014

Recovery via protection ChIP-seq RP-ChIP-seq Include yeast chromatin as carrier to protect from Zheng et al., 2015

Favored amplification recovery via

protection ChiP-seq

Tn5 transposase tagmentation
ChiP-seq

Microfluidic based ChlP-seq

Chromosome conformation capture

Chromosome conformation
capture-on-chip

Whole genome chromosome
conformation capture

ChIP mass spectrometry

Rapid immunoprecipitation mass

spectrometry

Selective isolation of chromatin
associated proteins and ChIP

FARP-ChIP-seq

ChlIPmentation

MOWChIP-seq

3C

4C

Hi-C

ChIP-MS

RIME

ChIP-SICAP

DNA loss from using low input (~500 cells)

Include synthetic Biotin-DNA, which is
amplifiable during library preparation, as carrier to
protect from DNA loss using low input

Incorporate on-bead tagmentation for fast and low-
input (10%-10° cells) ChIP-seq

Compatible with as few as 100 cells, allows library
construction without preamplification

Characterize chromatin interactions using
quantitative PCR, between single pairs of loci

Characterize chromatin interactions between one
locus and other regions

Characterize genome-wide chromatin interactions

Identify protein-protein interactions on chromatin,
involving double crosslinking

Identify protein-protein interactions on chromatin,
involving robust washing and on-bead digestion

Simultaneously identify both interacting proteins
and binding sequences for chromatin-associated
proteins

Zheng et al., 2015

Schmidl, Rendeiro, Sheffield,
& Bock, 2015

Cao, Chen, He, Tan, & Lu,
2015; Rotem et al., 2015
Dekker et al., 2002

Simonis et al., 2006
Lieberman-Aiden et al., 2009
Engelen et al., 2015

Mohammed et al., 2016

Rafiee, Girardot, Sigismondo,
& Krijgsveld, 2016

Curr Protoc Cell Biol. Author manuscript; available in PMC 2020 September 01.



	Abstract
	Introduction
	History and Development of ChIP-seq
	Classic ChIP-seq Methodology
	From Cells to Sequencing Libraries
	Data Analysis

	Variations of ChIP-seq
	Modified crosslinking conditions
	For Improved Resolution
	For Low Input
	Extensions of ChIP-seq

	The Future of ChIP-seq and Characterization of Chromatin Associated Proteins
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Table 1.

