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Introduction
Why is epigenetics important?

Completion of the human genome project and advances in next-generation sequencing technologies
have revealed that genomic DNA has much less control over biological processes and disease states than
initially thought. Instead, epigenetic factors dictate how DNA is translated, tightly requlating DNA structure
to control which genes to express at what times.

Many of these epigenetic factors work together to orchestrate essential cellular programs, from
developmental processes to cell death pathways. Dysfunction of any of these factors can upset genomic
regulation, causing cellular processes to go awry, resulting in disease from cancers and autoimmune
disorders to neurological conditions, infertility, and everything in between.

To understand any aspect of biology or disease, it is essential to examine epigenetic factors that may contribute.
This guide provides an overview of epigenetic regulation and how to study these critical players.

How to study epigenetics

Epigenetic regulation occurs on many interacting levels, and it is essential to examine all of these levels in
parallel to understand epigenetic contributions to biological processes. Tackling epigenetic studies from
multiple angles with redundancy is key to ensuring accurate results.

Here we focus on five essential aspects of epigenetic regulation.

1. Chromatin architecture and accessibility

Genomic DNA is packaged and organized into chromatin to fit into the nucleus of each cell. Some regions
of the genome are tightly packaged and inaccessible for transcription, resulting in gene silencing. Other
areas are in an open conformation, allowing transcription factors and machinery to bind for active gene
transcription. Understanding which genomic regions are active vs inactive across the genome in different
cellular or disease states can help to identify critical pathways and associated genes.

2. Histone modifications

Histones are proteins responsible for packaging DNA. A variety of mechanisms can modify histones,
including acetylation, methylation, and phosphorylation, to control their interactions with DNA and therefore
DNA structure and gene activation. Examining histone modifications, and the activity of enzymes that
control these modifications can reveal mechanisms of epigenetic regulation and dysregulation at specific
gene sites or across the genome at large.

3. DNA binding proteins

Many different types of proteins bind to DNA to either directly or indirectly to regulate chromatin
conformation and gene transcription. Identifying the presence or absence of such proteins in specific
regions or across the genome can provide help build a complete picture of epigenetic regulation and
dysregulation, as well as point to particular players and pathways involved. We can study these aspects
of epigenetic regulation with chromatin immunoprecipitation (ChIP).

4. DNA modifications

Throughout the DNA sequence, many chemical modifications exist. The most well-studied of these is
5-methylcytosine (5mC), a modification most commonly recognized as a stable, repressive regulator of
gene expression. There is a large body of research that shows 5mC and other chemical modifications within
DNA to have epigenetic roles in gene regulation. Identifying these marks and their function in biology is a
fascinating area of epigenetics right now.

5. RNA modifications

Scientists are continually discovering new RNA modifications and new functions for existing modifications.
Many RNA modifications thought only to exist in bacteria are being found in eukaryotic cells while others
presumed only to exist on certain RNA, species such as tRNAs, are now being found to have crucial roles in
mammalian mMRNA translation. RNA modifications are very hot right now, and there is still a lot to explore in
this field of research.

Learn more at www.abcam.com/epigenetics 5
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Chromatin accessibility and
architecture

The genome is efficiently packaged into the nucleus. DNA is wrapped around histones to form a
nucleosome, comprised of 147 base pairs of DNA and eight core histone proteins. Nucleosomes are strung
together like beads on a string and packaged into higher order chromatin architecture (Figure 1).

DNA
double helix

Histones

Nucleosome

Linker DNA

Chromatin fiber

Chromosome

Figure 1. Chromatin structure. DNA winds around nucleosomes to form chromatin fiber and then chromosomes

DNA thatis tightly bound in nucleosomes or compacted into higher order heterochromatin is inaccessible,
preventing the binding of transcription factors, transcriptional machinery, and other DNA binding proteins,
resulting in gene silencing. Meanwhile “linker” DNA and open euchromatin architecture are accessible to
binding, allowing for active gene transcription.

Chromatin is actively and dynamically remodeled to alter gene expression and cellular programming,

for example, during different developmental stages or in response to particular stimuli. Large genomic
regions may be silenced or activated, or nucleosomes may be unraveled to access specific genes and DNA
sequences.

Examining the chromatin structure and nucleosome positioning reveals epigenetic programs and
mechanisms involved in specific cellular processes and disease states.

Learn more at www.abcam.com/epigenetics 6
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Methods to study DNA accessibility and
nucleosome positioning

Surveying the genome for exposed regions accessible for active transcription vs those bound tightly into
heterochromatin can be an essential first step to understanding the relationship between chromatin
structure and function in different contexts. To take a snapshot of genomic architecture, researchers may
use one of three methods: DNase-seq, MNase-seq, or ATAC-seq.

DNase-seq and ATAC-seq map exposed regions of DNA, whereas MNase-seq maps regions protected by
nucleosomes. Itis important to keep in mind that these methods provide snapshots of a dynamic process,
often averaged across thousands of cells. If a particular region is dynamically changing, or different
between cells within the population, the data may seem conflicting between methods. Some single cell
analysis methods are evolving to resolve these challenges.

DNase -seq

DNase-seq uses DNase to digest exposed regions of the genome, whereas nucleosome-bound DNA is
protected from DNase digestion. The small fragments generated by DNase digestion are then sequenced
and mapped to the genome to identify regions of active transcription.

Advantages
Most established and practiced method
DNase cutting bias is well-understood

Can be adapted to inversely examine protected genomic regions, called DNase footprinting, to identify
transcription factor and nucleosome binding sites. However, it is important to use naked DNA as a
control for such experiments as DNase I cutting bias can lead to false conclusions

Possible to adapt for single cell analysis

Disadvantages
+  Technically difficult to master, especially in optimizing digestion conditions for a given cell type/number

+ Requires millions of cells, and may be challenging for analysis of rare patient samples

MNase-seq

In contrast to DNase-seq, MNase-seq uses micrococcal nuclease (MNase), from Staphylococcus aureus,
to digest exposed genomic regions. Protected DNA bound to nucleosomes is then recovered and
sequenced.

Advantages

Common and well established in many cell types of many species, from yeast to humans, with some
standardization of digestion and data analysis

+ Canbeused in combinations with chromatin immunoprecipitation (ChIP-seq), to study regulatory
factors that bind to nucleosomes

Can be adapted to generate base-pair resolution mapping

Can be adapted to examine nucleosome positioning and DNA methylation state in nucleosome
occupancy and methylome sequencing (NOMe-seq)

Disadvantages
Requires large numbers of cells (10-20 million)

Sequence-specific bias in the digestion of AT-rich regions (although most enzymes used in chromatin
accessibility assays exhibit similar biases), but also unknown biases that may skew results

+ Single-cell analysis not possible yet

Learn more at www.abcam.com/epigenetics 7
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ATAC-seq

Established in 2013, the assay for transposase-accessible chromatin (ATAC)-seq inserts sequencing
adapters directly into accessible DNA using the enzyme Tn5 transposase. The DNA between the adapters
is then amplified with gPCR and sequenced.

ATAC-seq uses a mutant hyperactive Tn5 transposase that is preloaded with DNA adaptors to
simultaneously fragment and tag the genome with sequence adaptors (a process called tagmentation).
PCR amplification and NGS follow this fragmentation and tagging. The frequency of sequences in a region
correlates with open chromatin conformation.

Advantages
Easiest method: no sonication, phenol-chloroform extraction, antibodies (ChIP-seq), or enzymatic
digestion (DNase-seq, MNase-seq) are required
Fastest method: <3 hours compared to up to a 4-day protocol
Best signal-to-noise ratio
Only 50,000 or fewer cells required (500-50,000 recommended)
Single-nucleotide resolution possible

+  Single-cell analysis is possible with adapted protocols utilizing flow cytometry/microfluidics

Disadvantages

More expensive, requiring a kit from Illumina (Nextera DNA Library Preparation Kit)

Least established method requires optimization of cell number and lysis conditions for specific cell
types, tissues, and organisms to achieve ideal fragment distributions.

Cell number defines the quality of the data, with too few cells or too many cells resulting in over or
under-transposition that can skew results.
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Figure 2. ATAC-seq protocol. Our step by step guide to ATAC seq can be found at www.abcam.com/atac
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. Harvest 50,000 cells. An accurate cell number is key to the success of the experiment.

. Lyse cells to generate a crude nuclei preparation.

. Tn5tagmentation simultaneously fragments the genome and tags the resulting DNA with sequencing adapters.
. Purify the fragmented and tagged DNA.

. PCR amplify and purify the amplified DNA.

o Uk, W =

. Sequence the library and correlate reads with open and closed chromatin.

Chromosome conformation techniques

We can assess the three-dimensional chromatin architecture with chromatin contact mapping to reveal
physical interactions between distant genomic regions. This type of mapping is made possible by the
advent of chromatin conformation capture (3C) and subsequent methods developed based on this
approach. Each of these approaches has particular strengths for particular applications, but selecting a
method for a specific purpose can be challenging due to the sheer variety of methodologies.
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Figure 3. Chromosome conformation techniques. Various steps of 3C, 4C, 5C, ChIA-PET, and Hi-C.

Chromatin conformation capture (3C)

3C uses formaldehyde cross-linking to lock 3-dimensional chromatin structure in place, followed by
restriction enzyme digestion. Excised DNA fragments are then analyzed by gPCR and sequencing to
identify where distant DNA regions are connected. This approach for analyzing 3D chromatin structure and
interactions in vivo was first developed in 2002 (Dekker et al., 2002), and has since become the foundation
for a host of related techniques that have been developed to achieve greater scale, throughput, or specificity.
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Circularized chromosome conformation capture (4C)

4C enables identification of previously unknown DNA regions that interact with a locus of interest, which
makes 4C ideal for discovering novel interactions within a specific region (Dekker et al., 2006).

4C helpful hints:

Choose the right restriction enzymes. More frequent cutters (ie four bp recognition sites) are better for
local interactions between the region of interest and nearby sequences on the same chromosome (van
der Werken et al., 2012).

Optimize cross-linking. Lower formaldehyde concentrations promote undesirable region-of-interest
self-ligations, but also prevent DNA “hairballs” that hinder restriction enzyme cutting. High
formaldehyde concentrations lower self-ligation events but increase hairballs. An optimal
formaldehyde concentration should be chosen for the specific experimental situation to balance these
considerations. 1% formaldehyde treatment for 10 min is a good starting point for most experiments
(van der Werken et al., 2012).

Carbon copy chromosome conformation capture (5C)

5C generates a library of any ligation products from DNA regions that associate with the target loci,
which are then analyzed by NGS. 5C is ideal when great detail about all the interactions in a given region
is needed, for example when diagramming a detailed interaction matrix of a particular chromosome.
However, 5Cis not truly genome-wide, since each 5C primer must be designed individually, so it is best
suited to a specific regions (Dotsie and Dekker, 2007).

5C helpful hints:

Select the right restriction enzyme. Choosing an enzyme that functions efficiently under your specific
experimental conditions is essential. For example, BamHI is not recommended for most experiments
due toinefficiency under 3C conditions (Dotsie et al., 2007).

+ Optimize primer design. 5C uses two primers: a forward 5C primer that binds upstream of the ligation
site, and a reverse primer that binds immediately downstream. Primer length should be adjusted so
that the annealing temperature is about 65°C to allow primers to anneal exactly with their restriction
fragments. Ensure that 5C primers are synthesized with a phosphate at the 5' end for ligation.

Use a control template. This will control for differences in primer efficiency. A control library
constructed from the entire genomic region under study is recommended. If this library is not
constructed, then researchers should be aware that interaction frequencies would be less precise

Chromatin interaction analysis by paired-end tag sequencing (ChIA-PET)

ChIA-PET takes aspects of ChIP and 3C to analyze the interplay of distant DNA regions through a particular
protein.

ChIA-PET is best used for discovery experiments involving a protein of interest and unknown DNA binding
targets. Transcription factor binding sites, for example, are best studied with ChIA-PET since this technique
requires the DNA to be bound by the transcription factor in vivo for the interaction to be called (Fullwood et
al., 2009).

ChIA-PET helpful hints:

+ Overlap PET tags to reduce background. Like most 3C technologies, background noise is a technical
challenge. In ChIA-PET particularly, noise can make it difficult to find long-range interactions with the
locus of interest. A useful tip to overcome this is to require PETs to overlap at both ends of the region to
be along-range interaction.

Learn more at www.abcam.com/epigenetics 10
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ChIP-loop

ChIP-loop is a mix of ChIP and 3C that employs antibodies targeted to proteins suspected to bind a DNA
region of interest. ChIP-loop is ideal to find out if two known DNA regions interact via a protein of interest.
ChIP-loop is also well suited to confirmation of suspected interactions, but not the discovery of novel ones
(Horike et al., 2005).

ChIP-loop helpful hints:

Avoid non-native loops. The biggest issue encountered with ChIP-loop is the formation of non-native
loops forming during DNA concentration before ligation occurs. A simple way to avoid this is to choose
a protocol that performs the precipitation after the ligation step (Simons et al., 2007).

Validate ChIP-loop interactions. Another challenge in ChIP-loop can be accurate quantitation of
ligation products. 3C technologies, especially ChIP-loop, often capture random interactions. To
combat this, consider performing a ChIP experimentin parallel and using it to validate the ChIP-loop
interactions. If a DNA-protein-DNA interaction identified by ChIP-loop is indeed real, then both
DNA-protein interactions should also appear in the ChIP data (Simons et al., 2007).

Hi-C

Hi-C amplifies ligation products from the entire genome and assesses their frequencies by
high-throughput sequencing. Hi-Cis a great choice when broad coverage of the entire genome is
required, and the resolution is not of great concern. For example, mapping the genome-wide changes in
chromosome structure in tumor cells (Lieberman-Aiden et al., 2009).

Hi-C helpful hints:

Optimize library amplification. Hi-C library amplification must generate enough product for analysis,
while avoiding PCR artefacts. To do this, the PCR cycle number should be optimized (in the range of
9-15 cycles). If enough product cannot be produced (50 ng of DNA), multiple PCR reactions should be
pooled rather than the cycle number increased, five reactions are usually sufficient (Belton et al., 2012).

Balance read lengths. As with any sequence experiment, high-quality reads are paramount. The read
length must be optimal to balance the need for long reads to map interactions, but not too long as to
pass through the ligation junction into the partner fragment. Therefore, 50 bp reads are optimal in
most cases (Belton et al., 2012).

Choose an appropriate bin size. This is critical for data analysis. Bin size should be inversely
proportional to the number of expected interactions in a region. Use smaller bins for more frequent
intra-chromosomal interactions and larger bins for less frequent inter-chromosomal interactions
(Belton etal., 2012).

Capture-C

Capture-C uses a combination of 3C and oligonucleotide capture technology (OCT), together with
high-throughput sequencing to study hundreds of loci at once. Capture-C is ideal when both high
resolution and genomic-wide scale are required. For example, analyzing the functional effect of every
disease-associated SNP in the genome on local chromatin structure (Hughes et al., 2014).

Capture-C helpful hints:
Carefully choose probe positions. It's best to position probes close to the restriction enzyme sites, even

overlapping when possible (Hughes et al., 2014).

Keep libraries complex. Maintaining library complexity is the top priority. Acomplex library means
more high-quality interactions in the output. For this reason, anything that could decrease library
complexity should be avoided, such as a Hi-C biotin capture (Hughes et al., 2014).

Watch for false interaction in duplicated regions. The mapping process can stimulate strong interactions
between these regions (such as pseudogenes) that are actually artefacts (Hughes et al.,, 2014).
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Histone modifications
Introduction

Chromatin architecture, nucleosomal positioning, and ultimately access to DNA for gene transcription, is
largely controlled by histone proteins. Each nucleosome is made of two identical subunits, each of which
contains four histones: H2A, H2B, H3, and H4. Meanwhile, the H1 protein acts as the linker histone to
stabilize internucleosomal DNA and does not form part of the nucleosome itself.

Histone proteins undergo post-translational modification (PTM) in different ways, which impacts their
interactions with DNA. Some modifications disrupt histone-DNA interactions, causing nucleosomes
to unwind. In this open chromatin conformation, called euchromatin, DNA is accessible to binding of
transcriptional machinery and subsequent gene activation. In contrast, modifications that strengthen
histone-DNA interactions create a tightly packed chromatin structure called heterochromatin. In this
compact form, transcriptional machinery cannot access DNA, resulting in gene silencing. In this way,
modification of histones by chromatin remodeling complexes changes chromatin architecture and
gene activation.

At least nine different types of histone modifications have been discovered. Acetylation, methylation,
phosphorylation, and ubiquitylation are the most well-understood, while GIcNAcylation, citrullination,
krotonilation, and isomerization are more recent discoveries that have yet to be thoroughly investigated. Each
of these modifications are added or removed from histone amino acid residues by a specific set of enzymes.

3
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Figure 4. The most common histone modifications. To find out more see our full histone modifications poster at
www.abcam.com/EpigeneticsPoster.
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Together, these histone modifications make up what is known as the histone code, which dictates the
transcriptional state of the local genomic region. Examining histone modifications at a particular region, or
across the genome, can reveal gene activation states, locations of promoters, enhancers, and other gene
regulatory elements.

Histone modifications in detail

Acetylation

Acetylation is one of the most widely studied histone modifications since it was one of the first discovered
to influence transcriptional regulation. Acetylation adds a negative charge to lysine residues on the
N-terminal histone tails that extend out from the nucleosome. These negative charges repel negatively
charged DNA, which results in a relaxed chromatin structure. The open chromatin conformation allows
transcription factor binding and significantly increases gene expression (Roth et al., 2001)

Histone acetylation is involved in cell cycle regulation, cell proliferation, and apoptosis and may play a vital
role in regulating many other cellular processes, including cellular differentiation, DNA replication and
repair, nuclear import and neuronal repression. An imbalance in the equilibrium of histone acetylation is
associated with tumorigenesis and cancer progression.

Enzymatic regulation

Acetyl groups are added to lysine residues of histones H3 and H4 by histone acetyltransferases (HAT) and
removed by deacetylases (HDAC). Histone acetylation is largely targeted to promoter regions, known as
promoter-localized acetylation. For example, acetylation of K9 and K27 on histone H3 (H3K9ac and H3K27ac)
is usually associated with enhancers and promoters of active genes. Low levels of global acetylation are also
found throughout transcribed genes, whose function remains unclear.

Methylation

Methylation is added to the lysine or arginine residues of histones H3 and H4, with different impacts on
transcription. Arginine methylation promotes transcriptional activation (Greer et al., 2012) while lysine
methylation is implicated in both transcriptional activation and repression depending on the methylation
site. This flexibility may be explained by the fact that that methylation does not alter histone charge or
directly impact histone-DNA interactions, unlike acetylation.

Lysines can be mono-, di-, or tri-methylated, providing further functional diversity to each site of
methylation. For example, both mono- and tri-methylation on K4 of histone H3 (H3K4me1and H3K4me3)
are activation markers, but with unique nuances: H3K4me1 typically marks transcriptional enhancers, while
H3K4me3 marks gene promoters. Meanwhile, tri-methylation of K36 (H3K36me3) is an activation marker
associated with transcribed regions in gene bodies.

In contrast, tri-methylation on K9 and K27 of histone H3 (H3K9me3 and H3K27me3) are repressive signals
with unique functions: H3K27me3 is a temporary signal at promoter regions that controls development
regulators in embryonic stem cells, including Hox and Sox genes. Meanwhile, H3K9me3 is a permanent
signal for heterochromatin formation in gene-poor chromosomal regions with tandem repeat structures,
such as satellite repeats, telomeres, and pericentromeres. It also marks retrotransposons and specific
families of zinc finger genes (KRAB-ZFPs). Both marks are found on the inactive chromosome X, with
H3K27me3 at intergenic and silenced coding regions and H3K9me3 predominantly in coding regions of
active genes.
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Enzymatic regulation

Histone methylation is a stable mark propagated through multiple cell divisions, and for many years
was thought to be irreversible. However, it was recently discovered to be an actively regulated and
reversible process.

Methylation: histone methyltransferases (HMTs)

+ Lysine

- SET domain containing (histone tails)

- Non-SET domain containing (histone cores)
Arginine

- PRMT (protein arginine methyltransferases) family

Demethylation: histone demethylases
Lysine

- KDM1/LSD1 (lysine-specific demethylase 1)

- JmjC (Jumonji domain-containing)
Arginine

- PAD4/PADI4

Phosphorylation

Histone phosphorylation is a critical intermediate step in chromosome condensation during cell division,
transcriptional regulation, and DNA damage repair (Rossetto et al., 2012, Kschonsak et al., 2015). Unlike
acetylation and methylation, histone phosphorylation establishes interactions between other histone
modifications and serves as a platform for effector proteins, which leads to a downstream cascade of events.

Phosphorylation occurs on all core histones, with differential effects on each. Phosphorylation of histone H3
atserine 10 and 28, and histone H2A on T120, are involved in chromatin compaction and the regulation of
chromatin structure and function during mitosis. These are important markers of cell cycle and cell growth
that are conserved throughout eukaryotes. Phosphorylation of H2AX at S139 (resulting in yH2AX) serves as
a recruiting point for DNA damage repair proteins (Lowndes et al., 2005, Pinto et al., 2010) and is one of the
earliest events to occur after DNA double-strand breaks. H2B phosphorylation is not as well studied but is
found to facilitate apoptosis-related chromatin condensation, DNA fragmentation, and cell death (Fullgrabe
etal., 2010).

Ubiquitylation

All' histone core proteins can be ubiquitylated, but H2A and H2B are most commonly and are two of the
most highly ubiquitylated proteins in the nucleus (Cao et al., 2012). Histone ubiquitylation plays a central
role in the DNA damage response.

Monoubiquitylation of histones H2A, H2B, and H2AX is found at sites of DNA double-strand breaks. The
most common forms are monoubiquitylated H2A on K119 and H2B on K123 (yeast)/K120 (vertebrates).
Monoubiquitylated H2A is also associated with gene silencing, whereas H2B is also associated with
transcription activation.

Poly-ubiquitylation is less common but is also important in DNA repair-- polyubiquitylation of H2A and H2AX
on K63 provides a recognition site for DNA repair proteins, like RAP80.

Enzymatic regulation
Like other histone modifications, monoubiquitylation of H2A and H2B is reversible and is tightly regulated
by histone ubiquitin ligases and deubiquitylating enzymes.

Monoubiquitylation

+ H2A: polycomb group proteins
H2B: Bre1 (yeast) and its homologs RNF20/RNF40 (mammals)
Polyubiquitylation
H2A/H2AX K63: RNF8/RNF168
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Quick reference guide to histone modifications

Most common histone modifications and where to find them:

Histone modification
H3K4me1
H3K4me3
H3K36me3
H3K79me2
H3K9Ac
H3K27Ac
H4K16Ac
H3K27me3
H3K9me3
Gamma H2A.X

H3S10P

Function
Activation
Activation
Activation
Activation
Activation
Activation
Activation
Repression
Repression
DNA replication

DNA replication

Location

Enhancers

Promoters

Gene bodies

Gene bodies

Enhancers, promoters
Enhancers, promoters
Repetitive sequences
Promoters, gene-rich regions
Satellite repeats, telomeres, pericentromeres
DNA double strand breaks

Mitotic chromosomes

Studying histone modifications by ChlIP

ChIP uses antibodies to isolate a protein or modification of interest, along with the DNA to which it is
bound (figure 5). The DNA is then sequenced and mapped to the genome to identify the protein or
modification’s location and abundance.

DNA purification and amplification

Figure 5. Histone modification ChIP. Antibodies bind directly to modified histone tails. Immunoprecipitation and DNA
purification allow for the isolation and identification of the genomic regions that the modifications occupy.

Learn more at www.abcam.com/epigenetics
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Utilizing antibodies against specific histones and histone modifications in ChIP experiments can reveal the
specific locations of

Higher order chromatin structures, eg H3K9me3 marks heterochromatin and satellite repeats
Active or silenced genes and genetic programs, eg AH3K9ac marks gene activation

Genetic elements like promoters and enhancers, eg H3K27me3 marks promoters in gene-rich
regions, H3K4me1 marks active enhancers

If the function of a histone modification is known, ChIP can identify specific genes and regions with this
histone modification signature and the corresponding function across the genome. These genes and
regions can then be further examined for their role in the biological process of interest. Using ChIP against
H3K4me1, for example, will reveal the locations and sequences of active enhancers throughout the
genome, pointing to genes and genetic programs of interest.

Alternatively, if the function of the histone modification is not known, ChIP can identify sequences, genes,
and locations with this signature, which can then be used to infer the function of the modification. This
technique was pivotal in decoding much of the histone code and is still valuable in ascertaining the function
of newly discovered modifications like ubiquitylation and other novel markings.

Histone modifying enzymes: writers
and erasers

Histone modifications are dynamically added and removed from histone proteins by specific enzymes
(table 1). The balance between these writers and erasers dictates which marks are present on histones,
and at what levels, to ultimately control whether specific genetic programs and the cellular processes they
orchestrate, are turned on or off.

Table 1. The major categories of histone writers and erasers.

Modification Writers Erasers
Acetylation Histone acetyltransferases (HATs) Histone deacetylases (HDACS)
Methylation Histone methyltransferases Lysine demethylases (KDMs)

(HMTs/KMTs) and protein arginine
methyltransferases (PRMTs)

Phosphorylation Kinases Phosphatases

For more details on the readers, writers, and erasers of histone modifications take a look at our epigenetic
modification’s poster at www.abcam.com/EpigeneticsPoster.

Identifying modification pathways and the specific writers and erasers at play can reveal

Relevant cellular pathways, genetic programs and physiological effects for further investigation. For
example, histone deacetylases (HDACs) activate immune developmental pathways, while histone
acetyltransferases (HATs) play a crucial role in differentiation and proliferation.

+  Imbalances between writers and erasers that alter genetic programming and underlie disease
processes. Characterizing such imbalances, and the specific enzymes involved, can provide insights
into disease pathology, from cancers to autoimmune disorders.

New drug targets and therapeutic strategies. Once an imbalance is identified, drugs can be developed
to impact the activity of these enzymes and correct the imbalance, offering new therapeutic strategies
against diseases that have thus far evaded medical efforts. For example, many HDAC inhibitors are in
development as novel drugs against cancers and inflammatory diseases like arthritis and type [ diabetes.

For drug development efforts, compounds can easily be screened for theirimpact on writer and eraser activity.

Learn more at www.abcam.com/epigenetics 17


http://www.abcam.com/epigenetics
http://www.abcam.com/pathways/epigenetic-modifications-poster

Characterizing histone methylation pathways

In general, histone methyltransferase (HMT) assays are challenging to develop, and most have several
drawbacks due to assay design. Typical HMT assays utilize 3H-SAM as a methyl donor and measure
S-adenosylhomocysteine (SAH) as a general by-product of the methylation reaction. However, this requires

Handling radioactive material

High sensitivity to overcome low k__ (turnover typically <1 min-1) and KM values for the methyl donor, SAM

cat (

Prior purification of enzyme/protein complexes to assess activity of specific HMTs
Abcam HMT activity assays overcome these difficulties, assessing the activity of specific HMTs with
antibodies that detect the specific methylated product, providing:

Easy colorimetric or fluorometric detection, without radioactivity

Compatibility with nuclear extracts, or purified proteins (assay is specific for the modification of interest)

Datain 3 hours

For more information on our histone methylation assays visit www.abcam.com/HistoneMethylationAssays

Characterizing demethylase activity

Histone demethylase activity assays typically measure the formation of formaldehyde, a by-product of
demethylation. They are therefore susceptible to interference from detergents, thiol groups and a range
of ions. Similar to methylation assays, these assays are not specific for any demethylase and can only be
performed with purified protein.

Abcam’s histone demethylase assays circumvent these issues by directly measuring the formation of the
demethylated product, providing:

Increased sensitivity (20-1,000 fold) over formaldehyde-based assays
More accurate data without interference from thiols, detergents or ions

Compatibility with nuclear extracts or purified protein (due to the assay’s specificity for the
modification of interest)

Measures demethylase activity from a broad range of species including mammalian cells/tissues,
plants, and bacteria

Fast microplate format with simple colorimetric or fluorometric readouts

Datain 3 hours

For more information on our histone demethylase assays visit
www.abcam.com/HistoneMethylationAssays

Characterizing histone acetylation pathways

Abcam offers kits to analyze overall, as well as H4-specific, HAT activity. These assays measure the
HAT-catalyzed transfer of acetyl groups from the Acetyl-CoA donor to histone peptides, which generates
the acetylated peptide and CoA-SH. The CoA-SH byproduct is then measured via colorimetric or
fluorometric methods:

Colorimetric assays- COA-SH serves as an essential coenzyme for producing NADH, which reacts with
soluble tetrazolium dye to generate a product that can be detected spectrophotometrically. This assay
is ideal for kinetic studies, with continuous detection.

Fluorometric assays- CoA-SH reacts with a developer and Probe to generate a product that is detected
fluorometrically.
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Characterizing histone deacetylase activity

HDAC proteins fall into four major groups (class 1, class IIA, class 11B, class I1I, class IV) based on function and
DNA sequence similarity. Classes [, IIA, and IIB are considered “classical” HDACs whose activities are inhibited
by trichostatin A (TSA), whereas class IIl is a family of NAD+-dependent proteins (sirtuins (SIRTs)) not affected by

TSA. Class IVis considered an atypical class on its own, based solely on DNA sequence similarity to the others.

Each of these classes are associated with different cellular programs and may be assayed individually with
various fluorometric assays. For example, SIRTs are typically associated with cancers and neurological
diseases. Detecting SIRT activity, or identifying drugs that impact SIRT activity, may point to novel diagnostics
or therapeutic strategies for these diseases.

Fluorometric assays utilize an acetylated peptide substrate with a fluorophore and quencher at its amino
and carboxyl terminals. Once the substrate is deacetylated, it can be cleaved by a peptidase, releasing the
fluorophore from the quencher. The subsequent increase in fluorescence intensity of the fluorophore is
directly proportional to deacetylase activity.

Inhibiting writers and erasers

It can be useful to inhibit these modifying enzymes using small molecules and then assess downstream
consequences to probe the involvement and biological functions of histone modifications. Thus,
inhibitors of writers and erasers are vital tools for understanding the roles of epigenetic modification
pathways. They are also essential for the validation of “druggable” targets in the context of pre-clinical studies
both in academic and industry contexts.

To find out more about our range of histone methyltransferase and demethylase inhibitors visit
www.abcam.com/HistoneWriterEraserInhibitors

Histone modification readers/translators

Histone modifications regulate the physical properties of chromatin, and its corresponding
transcriptional state, either directly (eg acetyl groups that repel negatively charged DNA to create open
chromatin conformation) or via protein adaptors termed effectors. Effector proteins recognize and bind
to specific epigenetic marks, and subsequently, recruit molecular machinery to alter chromatin structure.
These epigenetic readers determine the functional outcome of histone modifications by translating the
histone code into action.

Effector domains recognize specific histone modifications

Effector proteins recognize and bind to histone modification marks through effector domains, known as
modules (Table 2).
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Table 2. Recognition of histone marks by modules or histone-binding proteins.

Histone-binding or effector module Known histone marks
Chromodomain H3K4me2/3, H3K9me2/3, H3K27me2/3
Tudor H3K4me3, H4K20me2

MBT H3K4me1, H4K20me1/2, H1K26me1
WDA40 repeats R2/H3K4me2

Bromodomain Kac

PHD H3K4, H3K4me3, H3K9me3, K36me3
14-3-3 H3S10ph

BRCT H2AXS139

These modules recognize specific histone modifications with amino acids that line the module’s binding
pocket. Meanwhile, residues outside of this binding pocket (particularly in the N*2 and N positions)
dictate specificity for the histone and amino acid residue being modified (eg H3K4 vs H4K20).

Slight variations in residues within or outside of the binding pocket allow for recognition of similar
epigenetic marks. For example, effector proteins can distinguish between mono-, di-, or tri-methylation
states with slight variations to the methyl-binding module’s structure. For example, tudor domains may
exclusively bind di- or tri-methylated lysines, while PHD finger modules may bind to both, or only to
unmodified lysines (Ruthenburg et al., 2007).

Multivalency enables histone code complexity

Multiple histone-binding modules are often found in the same protein, and/or protein complex, that
enable recognition of specific combinations of histone modifications. This allows for a more complex
histone code, where histone modifications interact with each other rather than being interpreted in isolation.

Multivalent engagement of histone modifications is important for recognizing discrete marking patterns
with composite specificity and enhanced affinity, while also enabling diverse and precise downstream
actions. For example, a single epigenetic mark (like H3K4me3) may activate gene transcription in one
context, but repress it in another, depending on the surrounding marks. Table 3 shows examples of some
of the functional associations of different combinations of histone modifications (Ruthenburg et al., 2007).

Table 3. Functional associations of coexisting histone and DNA modifications

Histone marks Chromatin state

H3K4me2/3 + H4K16ac Transcriptionally active homeotic genes
H3K4me2/3 + H3K9/14/18/23ac Transcriptionally active chromatin
H3S10ph + H3K14ac Mitogen-stimulated transcription
H3K4me3 + H3K27me3 Bivalent domains

H3K9me3 + H3K27me3 + 5mC Silent loci

H3K27me3 + H2AK119ub1 Silent homeotic genes

H3K9me3 + H4K20me3 + 5mC Heterochromatin

H3K9me2/3 + H4K20me1+ H4K27me3 + 5mC Inactive X-chromosome
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Multiple effector modules in a protein or complex may interact with histone modifications on the same, or
across, histones and/or nucleosomes. These interactions may be categorized as follows:

Intranucleosomal: binding to the same nucleosome
Cis-histone: binding to the same histone tail

Trans-histone: binding to different histone tails

Internucleosomal: binding to different nucleosomes
Adjacent bridging: binding to adjacent nucleosomes

Discontinuous bridging: binding to nonadjacent nucleosomes
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Sstudying epigenetics with ChIP
Introduction

Chromatin immunoprecipitation (ChIP) is a powerful technique that allows researchers to examine the
interactions between epigenetic regulators and DNA in their natural context. With ChIP, researchers
can identify specific genes and sequences where a protein of interest binds, across the entire genome,
providing critical clues to their regulatory functions and mechanisms. By dissecting the temporal and
spatial dynamics of protein-DNA interactions, ChIP provides insights into core biological processes and
disease pathology.

ChIP is exceptionally versatile, with use in a broad scope of applications. From looking at sequence-specific
protein binding to global regulatory processes, ChIP gives researchers the tools to integrate discoveries
and paint a comprehensive picture of complex epigenetic regulatory systems.

Applications of ChIP

ChIP has played a central role in elucidating gene regulation, transcriptional machinery, and chromatin
structure. Here are some of the key proteins you can detect using ChIP.

Transcription factors

By examining where, and when, specific transcription factors bind across the genome, researchers have
identified specific binding sites and sequences, pinpointed downstream gene activation, and revealed
genome-wide regulatory programs of transcription factors.

Further investigation by ChIP and other methods has revealed these transcription factors to be master
regulators behind disease pathology, where they orchestrate epigenetic dysregulation that results in
cancers, autoimmune diseases, allergy, and many others. By identifying these master regulators and their
downstream genetic programs, ChIP has provided novel targets for diagnostic and therapeutic strategies
against a wide variety of diseases.

Transcriptional machinery

ChIP studies examining the binding of RNA polymerase II, and other components of transcription, reveal
promoter and enhancer sequences and novel mechanisms of transcriptional regulation.

Chromatin Structure

ChIP studies were pivotal in the discovery and characterization of the histone code. By mapping the
locations of specific histone modifications and comparing to known gene activation states, researchers
have documented how acetylation or methylation on particular histone residues influence gene activation
or silencing and higher order chromatin structure. These histone modification signatures can now be used
to predict those aspects of epigenetic regulation at specific regions of the genome via ChIP.

As new histone modifications and chromatin regulatory elements are discovered, ChIP continues to be
an essential tool for revealing the functions of these elements, and complexities of their interactions, in
genomic regulation.

Combined analysis

Combining ChIP analysis of multiple proteins is a powerful way to build a complete picture of genomic
regulation. This approach enables researchers to study how different types of proteins, and protein
complexes, interact spatially and temporally at specific sites along a particular gene, or across the entire
genome, to regulate gene transcription (Barski et al., 2007).
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ChIP expands the scope and precision of epigenetic research

ChIP facilitates the analysis of epigenetic mechanisms on a variety of scales, with unrivalled precision.

These are some of the things you can achieve using ChIP.

Local epigenetic mechanism

Map a protein of interest to a specific gene or genomic region of interest

Identify specific binding site sequences of a protein of interest

Genome-wide epigenetic programming

Localize a protein of interest, such as a transcription factor, at all of its binding sites across the genome
Map proteins and chromatin characteristics across loci

Compare enrichment of a protein-protein modification (eg histone acetylation) at different loci under
different conditions

Dynamic epigenetic processes

Learn more at www.abcam.com/epigenetics

Quantify a protein/protein maodification at an inducible gene over a time course

Reveal essential mechanisms of epigenetic regulation and dysregulation involved in the biological
process of interest by comparing ChIP results across different cellular states, conditions, and time points.

Different tissues reveal epigenetic programs and genes responsible for differentiation and cell-type .
specific functions and characteristics.

Different cell cycle states reveal epigenetic programs and genes responsible for cell proliferation and
cell cycle control, with implications for developmental processes and cancer pathology.

Disease vs. healthy cells identify critical genes and programs that are dysregulated, to reveal
underlying disease pathology and novel targets for diagnosis and treatment

Treatmentvs. no treatment reveals whether certain treatments or conditions may be effective at
correcting epigenetic dysregulation that underlies disease pathology

23


http://www.abcam.com/epigenetics

Protocol overview: how ChIP works

The ChIP procedure utilizes an antibody to immunoprecipitate a protein of interest, such as a transcription
factor, along with its associated DNA. The associated DNA is then recovered and analyzed by PCR,
microarray or sequencing to determine the genomic sequence and location where the protein was bound.

The procedure can be broken down into five parts (Figure 6):

‘ ¢ ® @ &

N\ N\

¢ l e &
N 22 A\
5 T | %

Y N
|
SRANV/ANV/ANVAVANV/ANY/A\VY/,

B |

5 Downstream analysis

Figure 6. ChIP protocol workflow. Step-by-step approach to carrying out a ChIP experiment

1. Cross-link DNA and proteins (X-ChIP)

2. Chromatin fragmentation by sonication (X-ChIP) or by enzymatic methods (N-ChIP)

3. Immunoprecipitation of the chromatin fragments interacting with the target protein/modification
4. Reverse cross-links (X-ChIP) and DNA purification

5. Analysis of the material obtained to determine the abundance of the target sequences relative to the input

1. Cross-linking
In some cases, cross-linking of DNA and proteins may be required to stabilize their interactions, particularly
for proteins that interact as part of large protein complexes and do not directly contact DNA. Crosslinking

fixes these molecular interactions and freezes them at a particular pointin time and is termed cross-linking
ChIP (X-ChIP). In contrast, native ChIP (N-ChIP) which is performed without prior crosslinking.

Crosslinking is generally performed with formaldehyde, which reversibly crosslinks protein to DNA, RNA,
and other proteins. Other chemicals like cisplatin can be used to selectively crosslink only between DNA
and protein. Dual crosslinking with additional reagents may be required to study interactions between DNA
and particularly large protein/RNA complexes. UV crosslinking is irreversible and therefore not compatible
with ChIP.
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2. Chromatin Fragmentation

Chromatin must be fragmented into small pieces for efficient immunoprecipitation and precise mapping of
the target antigen to the genome. The size of the DNA fragments will ultimately determine the resolution of

genomic mapping, so itis important to optimize the fragmentation protocol.

N-ChIP provides the highest resolution mapping, with enzymatic digestion generating fragments the
size of a single nucleosome at 175 base pairs
X-ChIP relies on sonication to generate ideal fragment sizes of 200-1000 base pairs

Steps 1 and 2 are incredibly important to optimize for each experiment to get the highest quality DNA
possible for subsequent ChIP analysis.

3.Immunoprecipitation

The protein of interest, and DNA fragment to which it is bound are then immunoprecipitated. The

chromatin mixture is incubated with an antibody to the protein of interest, and either agarose or magnetic

beads overnight at 4°C to form bead/antibody/protein/DNA complexes. The beads are then collected by
either centrifugation, for Protein A, Protein G, or Protein A/G agarose beads, or by magnetic tube rack,
for magnetic beads, toimmunoprecipitate the antibody/protein/DNA complex. Non-specific binding is
removed with subsequent washes.

4. DNA Recovery and Purification

The antibody/protein/DNA complex is eluted from the beads with SDS and heat. Crosslinking of protein
and DNA must then be reversed with NaCl and heat for X-ChIP experiments. Any protein and RNA
present are then degraded with proteinase K and RNase A, and the remaining DNA is purified with either
phenolchloroform extraction or PCR purification kit.

You can find our complete X-ChIP protocol at www.abcam.com/X-ChIP

And our N-ChIP protocol at www.abcam.com/N-ChIP

5. Analyze the DNA

The purified DNAis then analyzed by gPCR, hybrid array (ChIP-on-chip) or next-generation sequencing
(ChIP-seq) to identify and quantify the sequences that have been immunoprecipitated. These sequences
are mapped to the genome to identify the genes and regions where the protein of interest was bound.

Learn more at www.abcam.com/epigenetics
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Sample Preparation: X-ChlP vs N-ChIP

The aim of cross-linking is to fix the antigen of interest to its chromatin binding site. Histones themselves
generally do not require cross-linking, as they are already tightly associated with the DNA. Other DNA
binding proteins that with weaker affinities for DNA or histones may require cross-linking to hold them in place.

ChIP for histone modifications is unlikely to require cross-linking

Non-histone proteins such as transcription factors and proteins contained in DNA binding complexes
will most likely require cross-linking

The further away from the DNA your interaction of interest lies, the less effective ChIP will be without
cross-linking

Chromatin fragmentation differences

While N-ChIP and X-ChIP both require chromatin fragmentation to make interactions accessible to
antibodies, they require different fragmentation procedures utilizing micrococcal nuclease or sonication,
respectively (Neill et al., 2003).

N-ChIP

For N-ChIP experiments, enzymatic digestion with micrococcal nuclease should sufficiently fragment your
sample into single nucleosomes (monosomes containing ~175 base pairs of DNA).

Purified monosomes are not suitable for analyzing interactions with certain chromatin binders, like
transcription factors, which often bind inter-nucleosomal DNA. Sonication is recommended for these
instances.

Nucleosomes are dynamic and may rearrange during the enzymatic digestion. This may be a problem
for mapping certain areas of the genome, and any changes should be monitored with suitable controls
(see detection controls for quantitative PCR). X-ChIP should be performed as a control to assess any
dynamic and unwanted changes in the absence of cross-linking.

Enzymatic cleavage will not produce entirely random chromatin fragments. Micrococcal nuclease
favors certain areas of genome sequence over others and will not digest DNA evenly or equally. Certain
loci could be overrepresented, while others may be absent, potentially impacting the accuracy of the data.

To get consistency in digestions, aliquot stock enzyme after purchase and run a new time course with
a fresh aliquot every time you set up an experiment. Although enzyme quality may vary over time in
storage, the risk of variation within chromatin preparations (degree of compaction, etc) is far higher;
one chromatin sample should not be treated as being the same as all others before it.

X-ChIP

Formaldehyde cross-linking restricts access of enzymes such as micrococcal nuclease to their targets,
making enzymatic digestion ineffective in X-ChIP experiments. Instead, sonication is used to generate
random DNA fragments of 500-700 base pairs (2-3 nucleosomes).

+  Avoid foaming, which decreases energy transfer within the solution and decreases sonication
efficiency. Sonication may also be affected by cross-linking time, cell density, or cell type.

While sonicated chromatin can be snap frozen in liquid nitrogen and stored at -80°C for up to two
months, avoid multiple cycles of freeze-thaw.

+  Although sonication theoretically does not exhibit preferential cleavage of the genome, in practice this
is rarely the case.

DNA fragment sizes are typically larger, affecting the resolution of the assay. Regardless, fragments up
to 1.5 kb resolve well for most purposes in ChIP. Micrococcal nuclease digestion can improve resolution
in combination with sonication and may be useful with gentle or incomplete cross-linked samples.

Regardless of which fragmentation method is chosen, it isimportant to always run a fragmentation
time course to optimize fragment size when setting up an experiment.
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Table 4. Advantages and disadvantages of N-ChIP vs X-ChIP.

N-ChIP

X-ChIP

Advantages Efficient precipitation of DNA
and histone proteins

Specificity of the binding is
more predictable

High resolution (~175bp/
mononucleosome)

Disadvantages Only for histones

Selective nuclease digestion
may bias input chromatin

High concentrations of
nuclease may over-digest
chromatin

Antibody selection

Not all antibodies are appropriate for ChIP experiments, and many antibodies are not of ChIP-quality or

For non-histone proteins. Can
be performed on all cell types,
tissues, and organisms.

Enables DNA-protein,
RNA-protein, and
protein-protein cross-linking

Reduced chances of chromatin
rearrangements

Over fixation can prevent
effective sonication

Formaldehyde can alter the
binding properties of the
antigen

Lower resolution compared to
N-ChIP

validated for ChIP applications. Choosing the right ChIP-grade antibody is essential for the success of your

ChIP experiment.

If not commercially available, or if you would like to try an antibody that is not yet ChIP-tested:

Antibodies approved for IP, IHC or ICC applications are good candidates. Similar to ChIP, these

applications recognize the protein’s native conformation, in contrast to western blot antibodies, which

may only recognize the denatured peptide form.

Antibody specificity is a major concern and should be fully-characterized before application in ChIP
experiments. For N-ChIP applications, use peptide competition in western blot. However, for X-ChIP

applications, this method will not guarantee antibody function as cross-linking can dramatically

alter epitopes. Instead, compare ChIP and western blot results using that antibody to confirm

equivalent performance.

Ideally, antibodies for ChIP should be affinity-purified; however, many laboratories use sera as their

antibody source and then overcome background problems that may arise with stringent buffers.

Learn more at www.abcam.com/epigenetics
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Controls

ChIP protocols and data analysis can be complex, so it is critical to include the right controls to ensure
that the experiment worked as intended.

Sample controls

Itis crucial to include an input sample control that has not been immunoprecipitated in all DNA recovery
steps for comparison to pulldown sample results. It is ultimately this comparison that normalizes the data
to provide interpretable results.

When immunoprecipitating for histone modifications, purified histone H3, and H1 can be used as positive
controls for the quality of the histone preparation (histone H1 is commonly used for X-ChIP). Meanwhile,
calf thymus histone preparation should be used as a positive control histone sample for checking antibody
specificity in western blot.

Antibody controls

Various antibody controls are important to ensure that immunoprecipitation was successful and to rule out
the possibility of contamination. Here are some examples of key controls:

- Positive controls for active gene loci: H3K4me3 and H3K9ac
+ Negative controls for silent gene loci: H3K9me3, H3K9me, and H3K27me3
+ Negative control for a non-chromatin epitope: anti-GFP antibody

+ Negative IP control: isotype IgG antibody control or beads only IP

Also, chromatin remodeling may move or remove histones at a particular locus (eg an active promoter).
To confirm the preservation of nucleosomes at particular genomic loci, use a control antibody against a
non-modified histone such as histone H3. When analyzing histone modifications, normalize to histone

content with an anti-H3 antibody.

Quantitative PCR controls

If analyzing data by qPCR, additional controls are necessary to ensure the quality of data analysis. Certain
areas of the genome will purify better than others, and some nucleosomes may rearrange during
enzymatic fragmentation. As a result, it is important to generate PCR primers to several regions in the
starting material, as well as the purified/ChIP material, as controls for spurious results. Generate starting
material by lysing the starting cells and take a sample for simple PCR of control regions in parallel with ChIP.

Also, during the gPCR stages, it is essential to perform positive and negative control gPCR for genomic loci
where you know the protein of interest should or should not be bound. Itis also necessary to perform a
non-template control gPCR as a negative control to ensure there is no contamination in the PCR.

Protocol optimization

ChIP protocols must be optimized at multiple stages to achieve the best results. Here are a few things that
may need a little extra optimization to give you the best ChIP results.

Cross-linking (X-ChIP only).

Formaldehyde is recommended for reversible cross-linking. Formaldehyde is an efficient DNA-protein
crosslinker but not an effective protein-protein crosslinker making it difficult to ChIP proteins that do
not bind directly to DNA. Alternative cross-linkers may be useful for cross-linking over various
intermolecular distances.
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Cross-linking is a time-critical procedure and should generally only last a few minutes. Excessive
cross-linking can create several issues, including a reduction in antigen availability and sonication
efficiency. For example, epitopes may be masked or altered, reducing antibody binding to the antigen and
ensuing extraction of material from your sample.

Always optimize cross-linking conditions with a time-course experiment
(2-30 min crosslinking)

+ Quench formaldehyde and terminate the cross-linking reaction with glycine

+ Cross-links between proteins and DNA are disrupted by proteinase K, which cleaves peptide bonds
adjacent to the carboxylic group of aliphatic and aromatic amino acids, to further aid DNA purification

Chromatin fragmentation

Itis critical to optimize your chromatin input by fragmenting the chromatin to the appropriate size.
Fragment sizes should be less than 1 kb, but ideally, 200-1000bp. The best resolution can be achieved with
MNase digestion to single nucleosome level of 175 bp. Perform a time course of chromatin digestion over
2-30 minutes, purify DNA and run a gel alongside a DNA ladder to determine which conditions and timing
achieve the optimal DNA fragment size (Figure 7). Different factors require optimization between N-ChIP
and X-ChIP protocols.
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Figure 7. Example of sonication time course experiment. U20S cells were sonicated for 5, 10, 15 and 20 min. The
cross-links were reversed and the purified DNA was resolved on a 1.5% agarose gel. The fragment size decreases during
the time course. The optimal fragment size is observed at 15 min.

Antibody concentration

Itis important to titer the antibody to optimize the signal to noise ratio. Start with 3-5 pg of antibody

for every 25-35 mg of pure monosomes. For quantitative ChIP, you may need to match the amount of
chromatin with the same amount of antibody. ChIP typically requires a large amount of primary antibody
(1-10 pg per ug of beads). As with many techniques, it is essential to optimize the amount of antibody at
the beginning before you run your experiment.

Wash buffers

Determine the correct composition for appropriate stringency of wash steps, typically between
250-500 mM NaCl or LiCl. Higher concentrations of salt and detergent will give cleaner results.
However, balance must be achieved between low background and detrimental effects on the target.
If the buffer is too stringent, it will destroy specific antibody interactions, resulting in low signal. If the
buffer is not stringent enough, non-specific interactions will remain, resulting in high background.
NP-40 can be used as a detergent, while RIPA is commonly used for X-ChIP.
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ChlIP with low cell numbers

Standard ChIP workflows require a large number of cells. Approximately 10°to 107 cells as starting material,
below which the assay is hindered by high background binding, poor enrichment efficiencies, and loss of
enriched library complexity. However, these large sample sizes can be difficult to obtain, specifically when
examining precious sample types like transgenic mouse tissues or clinical samples. To adjust for lower
sample inputs, a number of strategies can be applied.

1. Improving enrichment efficiency and minimizing sample loss

Several adjustments to the ChIP workflow can increase enrichment efficiency and minimize sample loss for
low input samples (Mao et al,, 2013 and Dirks et al., 2016).

The quality and properties of the sample itself are important considerations. Specifically, in
formalin-fixed paraffin embedded (FFPE) samples, over-cross-linking can cause problems. Methods to
extract soluble chromatin from FFPE samples may help (Cejas et al., 2016).

The kinetics of the IP with low concentrations of antigen can be optimized by modifying variables like
buffer pH, ionic strength, and time of incubation (Reverberi et al., 2007).

Broad DNA fragment size distribution hinders analysis of low-input ChIP, which can be remedied by
more limited sonication and/or MNase digestion for more uniform fragmentation (Gilfillian et al., 2012).

While bacterial DNA is sometimes used as a blocking agent to reduce background for standard ChIP,
itis not advised for low-input ChIP as it carries through the assay and confounds data analysis. Other
blocking agents such as inert proteins or mMRNA can reduce background binding in low-input ChIP,
without contaminating the data.

Miniaturization of the assay into microwell formats facilitates automation and increases the
concentration of the antigen (target transcription factor) during the IP workflow - this avoids the
“dilution effect” of low antigen concentrations that favor dissociation of the antibody-antigen complex
and decreases the efficiency of ChIP.

Maximize sample retention with single-tube assay formats and the use of magnetic bead purification
rather than phenol-based extraction after each assay step.

The immobilization of antibody and washes to remove non-antibody bound material is often
overlooked. Standard protocols use Protein A/G, but alternatives like epitope-tagged proteins may run
the risk of over-expression and introduction of artefacts (Xiong et al., 2017).

Abcam’s high-sensitivity ChIP assay employs a unique chimeric protein to capture the antibody-bound
protein-DNA complex, offering significant advantages.

The capture protein is smaller than Protein A or G and is coated at high density on the surface of
microtiter plate wells, providing a much higher number of IgG immobilization sites in a smaller area,
which in turn ensures efficiency and concentration of eluted DNA.

The chimeric capture protein shows superior stability across a wider range of pH and salt
concentrations, which allows for higher stringency wash conditions.

Successful ChIP starting with just 2 x 102 cells or 0.5 mg tissue
Relative enrichment factors > 500x
Fast and easy 5-hour protocol from cells/tissue to enriched DNA

Microplate assay format for flexibility in sample throughput and automation (can be used in
single-well, 8-well strip or 96-well plate format)
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2. Readout and downstream data processing platforms

In addition to the assay itself, the choice and optimization of downstream processing (ie sequencing, array,
or PCR) and bioinformatic analysis are also important.

The detection platform impacts the assay’s sensitivity. ChIP-sequencing (ChIP-seq) is the gold standard
platform for high sensitivity, with consistently lower noise than ChIP-on-chip.

The most common issues in low-input ChIP-seq are high numbers of unmappable reads, PCR duplicates,
and poor library complexity. Therefore library preparation must be optimized for low input samples by
optimization adapter ligation to avoid amplification-derived error and bias. Maximizing the efficiency of
ChIP enrichment, as described above, can also help (Schmidl et al., 2015 and Bolduc et al., 2016).

Bioinformatic workflows should be adapted to take into account likely process-derived biases in the
data (Kiddler et al., 2011).

ChlIP from tissue

Examining epigenetic mechanisms in specific tissues can reveal essential elements of tissue-specific
genetic programming, development, and biological processes. ChIP can be a valuable tool for examining
roles and mechanisms of tissue-specific transcription factors, gene activation and other aspects of
epigenetic regulation. To perform ChIP from tissue samples requires specialized chromatin preparation
protocols to ensure quality input material and reliable results.

The amount of tissue required will depend upon protein abundance, antibody affinity and the efficiency of
cross-linking. The following protocol was optimized using 5-15 pg of chromatin for each ChIP assay, with
30 mg of liver tissue for each ChIP/antibody. Exact chromatin concentration should be determined for each
tissue type before starting the X-ChIP assay.

For more information, you can find our ChIP from tissue samples protocol at
www.abcam.com/TissueChIP

Troubleshooting

Even with optimization, your results may not be perfect on the first attempt. Here you can find some
common issues and solutions you can use to fix them.

High background in non-specific antibody control

Potential problem Solution
Non-specific binding to beads Add additional washes
or

Add a pre-clearing step by incubating sonicated
chromatin with Protein A/G beads for 1 hour prior
to immunoprecipitation

Beads give high background Try different brands of beads and different
blocking strategies to see which provide the lowest
background in your non-specific control

Contaminated wash buffers Replace buffers
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Low signal

Potential problem Solution
Cells not efficiently lysed RIPA buffer should work well
Not enough starting material ChIP typically requires a large input with at least

25 pg chromatin (3-4 million cells) per IP condition

Chromatin fragment size may be too small Run on a gel to ensure correct size, repeat
fragmentation optimization if necessary

Not enough antibody 3-5 pgis usually sufficient, but up to 10 ug may be
required if no signal is observed

Monoclonal antibodies may not be suitable, Try a polyclonal antibody or ChIP grade/approved

particularly for X-ChIP as crosslinking may mask monoclonal

the epitope

Wash buffer is too stringent, eliminating specific NaClin buffer should not exceed 500 mM. Wash

antibody binding buffer should be optimized as described above

Wrong affinity beads Make sure antibody species and immunoglobulin

bind to chosen beads or use a protein/AG mix

If using X-Chip, cells may have been cross-linked ~ X-ChIP may be required for analyzing proteins with
for too long, reducing availability of epitopes, or ~ weaker DNA affinity to keep proteins associated with
not long enough, reducing pull-down of DNA DNA with crosslinking
from the IP

Further optimize your cross-linking time course

Note: Low signal may be real, with no antibody enrichment at the region of interest.
Include positive control antibody and locus to confirm ChIP is working.
The antigen may be present, but not at the expected genomic loci.

Low resolution with high background across large regions

Potential problem Solution

DNA fragment size may be too large Fragment sizes should be less than 1 kb, butideally
200-1000bp. The best resolution can be achieved
with MNase digestion to single nucleosome level
of 175 bp. Run on a gel and further optimize
chromatin fragmentation steps if necessary.

PCR amplification problems

High signal in all samples after PCR including non-template control
Potential problem Solution

gPCR solution may be contaminated Prepare new solutions from stock

No DNA amplification in samples
Potential problem Solution

gPCR solution may be contaminated Prepare new solutions from stock
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What other treatments might affect my ChIP results?
Some antibodies are affected by relatively low concentrations of SDS. TSA, butyrate or colcemid addition do

not generally affect ChIP.

Do not centrifuge sepharose beads at high speeds (we'd recommend not exceeding 3,000 x g, but you
should refer to your manufacturer’s protocol) as this will compact the beads and damage them.

ChlIP readout

Once pulled down DNA fragments have been immunoprecipitated and purified, they can be analyzed by
several different methods.

qPCR

Utilizes gene or target-specific primers to amplify known target loci among pulldown DNA

Limitations:

Must know the genome sequence of target regions to design primers for readout

ChIP-on-Chip

Employs microarrays to examine the presence of many loci of interest, specific domains, etc. across the
genome. Pulldown and control samples are amplified and labeled with complementary fluorescent probes.
Samples are combined and hybridized to a microarray of interest. The ratio of fluorescent signals indicates
enriched regions where proteins of interest have bound.

Limitations:

Requires large cell numbers

Not sensitive to repetitive elements

Large number of arrays are necessary to cover the entire genome
Susceptible to amplification bias after the ChIP procedure

Lower resolution than ChIP-seq

ChIP-seq

Most commonly used method for genome-wide analysis with improved base pair resolution and none

of the limitations of ChIP-on-Chip. Pulldown DNA and control samples are amplified, followed by high
throughput sequencing of the fragments, which are then aligned to the genome. Overlapping fragments
form a peak, indicating where the protein of interest was bound to the genome.
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Figure 8. ChIP seq overview. After ChIP is carried out, the precipitated DNA can be used for library preparation,
sequencing and then these sequences are mapped to a reference genome to then undergo peak calling to determine
binding sites of your protein of interest.

Data analysis

Data should always be normalized for the amount of starting material to eliminate errors introduced by
uneven sample quantities. To normalize data, take the final amplicon value and divide it by the amplicon
value of input material. For histone modifications, the immunoprecipitated material is usually normalized
to the input amount and the amount of the relevant immunoprecipitated histone. For example, ChIP
with an H3K4me3 antibody will be expressed relative to the input amount and the amount of H3
immunoprecipitated.

Measuring the amounts (and quality) of starting material is the key to interpreting your results effectively.

Tutorial for ChIP-seq data analysis using online software

While ChIP-seq data analysis can be complex, it is arguably the most important part of the experiment.
Robust data analysis is key to accurate and reliable results. A combination of online tools makes data
interpretation accessible to bioinformatics specialists and wet lab biologists alike.
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This step-by-step guide demonstrates how to extract reliable results from ChIP-seq data, and how to
interpret data sets for successful ChIP-seq analysis (Hurtado et al., 2010 and Yan et al., 2013). For more
information, see Abcam’s data analysis webinar at www.abcam.com/ChIPanalysis

This webinar covers the following steps of ChIP data analysis:
1. QC of sequencing reads (FastQC)

Read alignment/mapping (Galaxy/bowtie)

Peak calling (Galaxy/macs)

Binding signal visualization (UCSC genome browser)

De novo motif discovery (MEME-ChIP)

Gene ontology of binding sites (GREAT)

N oA~ W

Heatmap representation of binding signals (segMINER)
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Chromatin profiling using
ChIC/CUT&RUN
Introduction

The Henikoff lab has recently developed a new chromatin profiling methods: Cleavage Under Targets

and Release Using Nuclease (CUT&RUN) (Skene et al., 2018; Skene and Henikoff, 2017) . This technique
provides an exciting advance becauseit overcomes many of the drawbacks of conventional and widely used
chromatin immunoprecipitation (ChIP) methods.

CUT&RUN is a genome-wide extension to chromatin immunocleavage (ChIC), which is a method developed
by the Laemmlilab (Schmid et al., 2004). ChIC uses a Protein A-MNase fusion protein to cleave DNA

regions associated with target proteins and recognized by specific antibodies. However, ChIC s limited to
loci-specific analysis using Southern blotting.

Arelated method, chromatin endogenous cleavage (ChEC), uses a fusion between the protein of interest
and MNase to analyze the protein’s binding sites genome-wide (Schmid et al., 2004; Zentner et al., 2015). An
obvious drawback of this method is the need to generate specific fusion proteins for each protein of interest.

ChIC/CUT&RUN is a major advancement over these two methods as it uses a recombinant Protein
A/G-MNase tethered to the location of a protein of interest by an antibody (Meers et al., 2019; Skene and
Henikoff, 2017). Importantly, this method recovers MNase-digested fragments and therefore is compatible
with a sequencing-based genome-wide analysis of protein occupancy and histone modification positioning.

Advantages over ChIP-based methods include improved method simplicity achieved by the use of
magnetic beads to immobilize nuclei, the compatibility with fresh and frozen tissue samples, and a
shortened protocol (1-2 days) to generate material suitable for preparing DNA sequencing libraries.
Furthermore, due to the in situ targeted cleavage of DNA on both sides of the protein of interest, only
on-target DNA fragments are released from the nucleus and collected, leaving the off-target sequences
behind. Thus, ChIC/CUT&RUN produces very little background signal compared to ChIP.

Since its development, ChIC/CUT&RUN has been adapted for a variety of experimental setups, including
automation for high-throughput epigenetic profiling (Auto CUT&RUN) (Janssens et al., 2018), profiling
of insoluble chromatin such as centromeric regions with ChIC/CUT&RUN. Salt (Thakur and Henikoff,
2018) and ChIC/CUT&RUN. ChIP for examining specific protein components within complexes released
by CUT&RUN digestion (Brahma and Henikoff, 2019). Most certainly, the low input requirements and the
high signal-to-noise mean that ChIC/CUT&RUN is compatible with single-cell analysis, for example, to
investigate transcription factor occupancy in individual mouse embryo cells (Hainer and Fazzio, 2019).

ChIC/CUT&RUN is a simple, versatile, and powerful method to profile DNA-protein interactions and should be
in every molecular biologist's toolkit. This method can aid the genome-wide identification of specific gene and
cis-regulatory elements marked by histone modifications or bound by a protein of interest, thereby providing
insight into chromatin-based mechanisms of gene control. Due to the very low amount of starting material
needed, ChIC/CUT&RUN is uniquely positioned to investigate rare cell types. On top of that, the easy-to-use
and time-saving protocol allows for a quick turnaround, enabling the researcher to do multiple parallel
analyses and, therefore, get a more comprehensive insight into the complexity of genome regulation.
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Applications of ChIC/CUT&RUN

ChIC/CUT&RUN has been used to profile DNA-protein interactions in a variety of cell lines and tissue
samples and a multitude of model organisms, including yeast, plants, and animal cells. So far, all these
studies focused on mapping histone modifications and transcription factor binding sites.

Chromatin modifications

The first report of CUT&RUN profiled the histone modification H3K27me3 in a human cell line and
H2A in yeast cells (Skene and Henikoff, 2017). Comparison of the equivalent data sets generated
by ChIP-Seq and ChIC/CUT&RUN demonstrated close similarities between the two different
chromatin-profiling techniques in discovering ‘peak’ regions.

Transcription factors and chromatin-associated complexes

Over the last decade, ChIP-seq has been the predominant method to identify the genome-wide location
of transcription factor binding sites. Compared to ChIP, the new ChIC/CUT&RUN method is more
cost-effective, quicker to use, require only a fraction of starting material including single cells, has a
more favorable signal-to-noise ratio, detect more defined ‘peaks’, and is compatible with automation.
This method is compatible with unfixed, native chromatin, even for transcription factor profiling, and
therefore overcome some of the difficulties associated with cross-linked ChIP protocols. ChIC/CUT&RUN
has been used to profile multiple transcription factors, such as CTCF and pluripotency factors, and large

chromatin-associated complexes, such as Polycomb Repressive Complexes and chromatin remodellers.
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Comparison of ChlIC /CUT&RUN

with ChIP-seq

Table 5. ChIC/CUT&RUN with ChIP seq

ChIP-seq

Starting material  Millions of cells in a standard
protocol, with some low-input
protocols reported

Fixation Standard for cross-linked protocols
with formaldehyde, sometimes
double fixation with DSG and

formaldehyde
Nuclei isolation Recommended in most protocols
Sonication Used in most cross-linked

protocols to fragment and
solubilize the chromatin

Lysis Takes place before antibody-based
immunoprecipitation

Cleavage No enzymatic cleavage in
conventional cross-linked
protocols, only in the native
protocol using MNase to fragment
DNA before immunoprecipitation

Protocol length About 1 week

Secondary Not generally used

antibody

Sequencing End repair and adaptor ligation
library prep protocols necessary

Sequencing depth ~20 million reads

Cost Relatively high cost per sample
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ChIC/CUT&RUN

No more than 500,000 cells, with a standard

of 50,000 cells. Availability of low input
and single-cell protocols, compatible
with automation.

Not necessary or recommended

Not necessary but compatible with methods

Not necessary

Takes place after antibody guided DNA
fragmentation by MNase

In situ DNA fragmentation using
MNase or target regions identified
with a specific antibody

Generally, 1 to 2 days

Not generally used, unless necessary
due to low abundant target epitope

End repair and adaptor ligation protocols
for low-input DNA samples necessary

~ 8 million reads

Low cost per sample
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ChIC/CUT&RUN protocol overview

During ChIC/CUT&RUN, an antibody against the protein of interest (such as a histone with a specific
modification or a transcription factor) is used to guide Protein A/G-tagged MNase to the region in the
genome where the protein is located. Activating the MNase then excises only those DNA sequences that
are close to the protein of interest, and the small fragments are released from the nucleus. These DNA
fragments are collected and used to generate NGS libraries with a low-input DNA library prep kit. The
protocol can be separated into five parts.
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Figure 9. Schematic of the ChIC/CUT&RUN protocol. Nuclei are attached to magnetic Concanavalin A beads to allow
ease of handling and safe liquid removal after each wash step. Nuclei are permeabilized and simultaneously incubated
with an antibody against the protein of interest. Protein A/G-MNase fusion protein binds to the antibody against the
protein of interest. When Ca?* is added, the MNase cleaves the DNA on both sides of the formed complex and release
DNA fragments that diffuse out of the nucleus. The DNA can be extracted and used in an end-repair and adapter
ligation-based DNA library preparation. NGS informs the binding profile of the protein of interest via the frequency of
sequences in a particular region.
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1. Nuclei extraction and binding to beads

ChIC/CUT&RUN typically uses fresh, unfixed samples as starting material, but protocol adjustments
can allow the use of samples cryopreserved in 10% DMSO (Janssens et al., 2018; Skene et al., 2018).

Very little material is necessary to perform the protocol, and the general recommendation is to start
with less than 500,000 cells (mammalian).

Cells or nuclei released with the Henikoff recommended nuclear extraction buffer are bound to
Concanavalin A magnetic beads, which have unique saccharide-binding properties. Other nuclear
extraction protocols can be used to provide their compatibility (see suggestions below about the use
of Triton X-100 containing buffers). Using magnetic stands allows for easy washing of the samples
during the rest of the protocol.

2. Permeabilization and antibody binding

The nuclei bound to Concanavalin A beads are permeabilized and simultaneously incubated with an
antibody against the protein of interest (primary antibody) in a buffer containing digitonin and EDTA.
EDTA allows the rapid cessation of cell metabolism and thereby inhibits endogenous DNAse activity,
preserving the chromatin and reducing the overall background signal . The duration of this step can be
adapted by the user; generally, ranging from 2 h to overnight. Antibody dilution of 1:100 or 0.5-1.0 pg is
recommended as a starting point, but the amount of antibody used should be optimized. Itis advised to
always include positive (a-H3K27me3) and negative control (isotype control IgG) samples.

Of note, Protein A and Protein G have different binding efficiencies to different antibody species (see here).
Even though antibody compatibility is increased by using Protein A/G over Protein A alone, it might be
necessary to use a secondary antibody in some cases. A secondary antibody guides MNAse to the target
area by increasing the number of Protein A/G binding areas and thereby helps to recover low abundant
target sequences.

3. MNase binding and cleavage of target sequences

To allow Protein A/G-MNase to be directed to the antibody-bound genomic target regions, the fusion
protein is diluted in a wash buffer containing digitonin and incubated with the nuclei. Unbound enzyme
fusion is then washed away, and MNase activity is activated at 0°C by adding Ca?". Even though the cleavage
itself is not particularly temperature-sensitive, the subsequent diffusion of the cleaved DNA fragments is
sensitive, and a temperature rise would resultin higher background. The digestion time can be adjusted if
the final material contains a disproportional amount of high molecular weight fragments.

4. DNArecovery

The MNase activity is stopped by the addition of a STOP buffer containing EGTA. This buffer can optionally
contain heterologous spike-in DNAto help calibrate the CUT&RUN profiles during data processing. The
MNase generated fragments are released from the nuclei by increasing the incubation temperature and
cleaned up using phenol/ chloroform/isoamyl alcohol extraction followed by ethanol precipitation.
Avariation of the protocol can further restrict the premature release of the MNase-fusion protein from

its binding site, its diffusion, and potential for non-specific cleavage. This version of the protocol uses a
combination of low salt buffers and a high Ca?* concentration to activate MNase activity and is ideal for
targets mainly found in active open chromatin, but it can also be used when an antibody shows high levels
of background signal.
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5. Library preparation and sequencing

Following clean-up of the cleaved DNA fragments, standard end repair and adapter ligation methods are
used to generate low input DNA libraries according to the manufacturer’s guidelines. The Henikoff lab
originally recommended a TRUseq library preparation approach, and besides, there have now been multiple
reports using the NEBNext® Ultra™ II DNA Library Kit. Alternatively, similar to the automated CUT&RUN
protocol (Jenssens et al. 2018), the phenol/chloroform/isoamyl alcohol extraction steps can be omitted,

and the released DNA fragments can be directly used in the end repair and adapter ligation-based protocol.

The size distribution and concentration of libraries can be determined by running capillary electrophoresis
(eg Bioanalyzer or TapeStation). Multiple libraries can be pooled together to obtain about 8 million
paired-end sequencing reads per library. Due to the low background of ChIC/CUT&RUN libraries,

8 million paired-end reads are enough to profile histone modifications and even transcription factors.

Most conventional ChIP-seq data analysis tools can analyze ChIC/CUT&RUN data. There are a few analysis
tools, such as the SEACR peak caller (Meers et al., 2019b), which are specifically designed by the Henikoff
lab for ChIC/CUT&RUN data. For calibrated ChIC/CUT&RUN, the heterologous spike-in DNA added with the
STOP buffer can be used to normalize signals across samples . Alternatively, E. coli DNA carried over from
the recombinantly-produced Protein A/G-MNase can be used as a spike-in.
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Sample preparation

In general, sample preparation is straightforward for ChIC/CUT&RUN as this method can use fresh,
unfixed samples. A single-cell suspension needs to be achieved in a way that is suitable for the cell type
used. This can include using dissociation reagents like Accutase™, scraping cells off cell culture dishes, or
mechanically dissociating tissues.

For ease of collection, samples can be cryopreserved in 10% DMSO and frozen down in a Mr. Frosty
isopropyl alcohol chamber. Sample fixation is not required for ChIC/CUT&RUN. However, if the beads
clump during washes, then a light fixation of the sample using 0.1% formaldehyde for only 2 min at room
temperature before antibody incubation is beneficial.

Antibody selection

As for ChIP, not all antibodies will work for ChIC/CUT&RUN. Most antibodies are not yet tested for compatibility
with this newer method, therefore testing and optimization will be required by the end user. ChIP-grade
antibodies seem to largely work for ChIC/CUT&RUN, especially when shown to work for native ChIP.

When trialling/testing antibodies that are not labelled as ChIP grade, assuming specificity is fully
characterized, then it's good to start with choosing antibodies that recognize the native form of the

protein of interest; for example, antibodies that have been shown to work in immunoprecipitation or
immunocytochemistry. Equally, when considering the concentration of antibody to use in a ChIC/CUT&RUN
experiment, the concentration recommended for immunofluorescence-based methods seems to be a
good starting point. Compatibility to Protein A and Protein G needs to be checked, and then appropriate
secondary antibodies need to be used if necessary.

Controls

As with any other experiment type, including the correct controls is critical to ensure the experiment
has worked as expected as well as to easily pinpoint areas to troubleshoot should the experiment fail.

Unlike ChIP, no input sample needs to be included in the protocols as a non-antibody guided MNase
treatment would simply result in the identification of accessible chromatin. An IgG control should be
included to get the background from the sample and set the baseline for the experiment. In terms of
antibody controls, the Henikoff lab recommends using H3K27me3 as a positive control for ChIC/CUT&RUN
experiments. The use of total unmodified histone controls, such as total H3, can be considered to

allow the proportional representation of histone modifications.
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Optimization

The optimization of ChIC/CUT&RUN protocol is required at several stages when using this technique.

Permeabilization

In the initial versions of the protocols, the digitonin concentration used in the wash buffers needed to

be tested to ensure the efficient permeabilization of nuclei. This test might not be necessary if you follow
improvements to the protocols, specifically by adding NP40 to the wash buffers. However, the efficiency of
nuclei permeabilization should be keptin mind when using thistechnique on new material.

Antibody concentration

Itisimportant to titrate the amount of antibody used per reaction, starting with recommended dilutions for
ChIP orimmunofluorescence assays.

Duration of antibody incubation

Primary antibody incubation for 1 h at room temperature is sufficient but this can be extendedto 1to 5
days in the cold room. This step can be optimized for the antibodies used in each experiment, keeping
in mind that prolonged incubation might lead to an increase in background signal and, therefore, a less
favorable signal-to-noise ratio overall.

Use of a secondary antibody

The use of a secondary antibody can be considered for ChIC/CUT&RUN if experiencing low recovery with
primary antibodies alone. Another reason to include a secondary antibody is to avoid an unfavorable
pairing of Protein A/G with the primary antibody, which can be achieved by using a more favorable
secondary antibody class.

Digestion time
MNase digestion time can be adjusted depending on the protein of interest. Less abundant proteins may

need more time to allow for the full recovery of all sites . It is important to keep in mind that prolonged
digestion might resultin untargeted cleavage and, therefore, higher background signals.

Step-by-step protocol links

+ Standard CUT&RUN protocol provided by the Henikoff lab (version 3)

* Specialized ChIC/CUT&RUN protocol to use with Drosophila tissue

* ChIC/CUT&RUN compatible library preparation protocol using NEBNext®
Ultra™ II DNA library prep Kit
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FAQS

How many cells should I use as a starting material? The genome of my
model organism is smaller than human/mouse, should Iincrease the cell
number to start with?

Exceeding 500,000 cells per sample is not recommended. Generally, a good starting point is 50,000 cells.
Unlike ChIP, ChIC/CUT&RUN is very sensitive and does not need millions of cells as a starting material.
Using too many cells will reduce the yield and, more importantly, the complexity of the library.

If I use more cells, should I increase the amount of Concanavalin A beads
Iuse?

The number of cells used per experiment should not exceed 500,000 cells. Since the number of beads in
the protocol is optimized for the use of 50,000 to 500,000 cells, there should be no need to increase the
number of beads recommended in the protocol.

How should I cryopreserve my cells to make them compatible with ChIC/
CUT&RUN?

Itis recommended to use 10% DMSO in an appropriate buffer or media and slowly freeze using a Mr. Frosty
isopropyl alcohol chamber. Flash freezing is not recommended.

I have cells fixed and frozen for ChIP, canI use them for ChIC/CUT&RUN?

Depending on the fixation and cryopreservation conditions used for the ChIP sample, it might be possible.
However, itis unlikely to work with the standard protocols because cell numbers for ChIP samples are likely
to exceed recommendations for ChIC/CUT&RUN samples and the strong fixation conditions (eg double
fixation and quenching) used will impair MNase.

The problem of cell numbers in ChIP samples exceeding the recommended cell starting material for
ChIC/CUT&RUN can be easily circumvented by splitting the sample into multiples. However, the other
problems of fixation and freezing of samples remain. Fixation used in ChIP protocols is likely too harsh to
be compatible with either ChIC/CUT&RUN, as it will most likely impair the ability of the MNase to fragment
the target sequences, and multiple reports have hinted at this incompatibility. Additionally, there is a
possibility of epitope masking due to fixation. Sample fixation is, therefore, not recommended. When
cryopreserving cells for ChIC/CUT&RUN, the use of 10% DMSO and a Mr. Frosty isopropyl alcohol chamber to
gently freeze the samples is required. Flash freezing included in most ChIP protocols is not recommended.

My beads clump during the washes, what am Idoing wrong?

The problem of clumping can be caused by using too high a ratio of cells to beads or the lysis of nuclei/cells
in the digitonin containing buffer, which would release DNA and lead to clumping. The first thing would

be to check that the recommended number of cells is not exceeded. Furthermore, a light fixation with
formaldehyde (0.1% formaldehyde for 2 min at room temperature) before incubation with the antibody

is recommended to reduce the clumping of beads in digitonin containing wash buffers. However, keep in
mind that fixation could affect epitope availability and, therefore, will need to be tested for each antibody.

Why is there EDTA in the buffer for the primary antibody incubation?

The addition of EDTAin the permeabilization and antibody incubation buffer is recommended as it chelates
Mg?" and thereby stops any ATP-dependent cellular processes, including replication and chromatin
remodelling, and it will also stop endogenous DNases.
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Where canIget the Protein A/G-MNase from?

Both fusion proteins were initially provided by the Henikoff lab. There are protocols on how to make your
own fusion proteins (Meers et al., 2019a), whereas the plasmids, Protein A-MNase and Protein A/G-MNase,
are all commercially available from reagent suppliers.

Concerning E. coli DNA carryover, what is a normal percentage of E.coli
reads to sample reads?

The carryover depends on the amount of starting cells as well as the abundance of the antibody epitope,
with an inverse correlation between the number of starting cells and the number of sequencing reads that
map to E. coli DNA. The carryover also depends on the amount of Concanavalin A beads used, whereby
the more beads used, the more E. coli reads. Overall, calibration using E. coli carryover DNA should only

be used for experiments that are comparable in the number of cells and beads used.

As a guide, the Henikoff lab has reported a range of E. coliread percentages from 0.01% to 11.5% of the total
reads, with IgG samples, usually having a higher amount of E. coli reads (2% to 11.5%). They furthermore
reported that when using only a few hundred or thousand cells in an experiment, the percentage of E. coli
reads can reach about 30% to 70%. Additionally, when testing a commercially available fusion protein they
only got 0.01% of the total reads back as E. coli reads, which might be too little to use for data normalization.

Is there a way of quality controlling the experiment before sequencing?

Similar to ChIP, gPCR could be used to examine carefully designed regions of interest. Keep in mind that
the reactions need to be performed on the amplified library and not on the generated DNA fragment pool.
In the case of ChIC/CUT&RUN, the released fragments often contain large genomic regions that have not
been directly targeted by the antibody-directed MNase. These fragments will not contribute to the libraries
prepared from these samples, but they would be amplified by gPCR. To avoid false positives, the template
for gPCR should be an amplified library, and appropriate controls should be carried out as well.

The Bioanalyzer/TapeStation trace for my transcription factor
experiment looks just like the IgG control, what did I do wrong?

Good news, most likely you didn't do anything wrong! Provided that your positive control sample (eg
H3K27me3) returned a nice nucleosomal patterning, the only way to know whether your transcription
factor sample has worked is to sequence the samples. Unfortunately, it is quite common for transcription
factor libraries to look very similar to the IgG libraries, and yet after sequencing, they still produce good
quality data sets. You could opt for a gPCR approach to compare signals in the IgG versus the transcription
factor libraries for known transcription factor target sites.
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DNA methylation and demethylation
Introduction

Throughout DNA, chemical modifications add a layer of regulation to the expression of genes encoded
within the DNA sequence. The most well-studied of these chemical modifications is 5-methylcytosine
(5mC), a modification most commonly recognized as a stable, repressive regulator of gene expression.
The human genome consists of approximately 1% methylated cytosine making it the most abundant and
widespread DNA modification (Moore et al 2012). There a several methods available to sequence 5mC
throughout the genome, all of which have pros and cons, which we will discuss later in this guide. These
methods include high-resolution approaches, such as whole-genome bisulfite sequencing, and antibody-
dependent DNA immunoprecipitation (DIP) or MeDIP.

5mC was initially discovered to reside within CpG islands - stretches of DNA commonly found within
promoter regions enriched in CpG dinucleotides. It is within these promoter regions that 5mC acts as

a stable epigenetic mark repressing gene transcription. Within the mammalian genome, methylated
cytosine is initially incorporated into the DNA during early development by the de novo methyltransferase
enzymes DNMT3a and DNMT3b (Okano et al 1999). These methylation marks are maintained throughout
the genome by an additional methyltransferase, DNMT1, which copies DNA methylation patterns to
daughter strands during DNA replication (Vertino et al 1996).

Today the notion of 5mC being an entirely stable DNA modification is less concrete. Many methylated
cytosines throughout the genome, particularly within gene bodies, undergo a process known as DNA
demethylation - a process that ultimately results in the removal of 5mC back to an unmodified cytosine
(C). DNA demethylation can occur in one of two ways: passive DNA demethylation, where methylated
cytosine is diluted from the genome due to an absence of methylation maintenance enzymes. Or active
DNA demethylation, which involves the oxidation of 5mC by ten-eleven translocation (TET) enzymes into
oxidized derivatives of 5mC (reviewed in Wu et al 2017).

Active DNA demethylation occurs in a cycle, starting with 5mC and finishing with an unmodified C. 5mC is
initially oxidized to 5-hydroxymethlcytosine (5hmC), which is further oxidized to 5-formylcytosine (5fC), and
finally this is oxidized once more to 5-carboxylcytosine (5caC). 5fC and 5caC can be removed from DNA by
thymine DNA glycosylase (TDG) in combination with base excision repair (BER) to result in an unmodified
C (figure 10). 5hmC, 5fC, and 5caC have been the focus of many recent epigenetic studies. More and
more are being found out about these epigenetic marks, including the potential for them to have stable
epigenetic roles. Many sequencing methods have been developed to distinguish these marks throughout
the genome including variations on MeDIP using 5hmC, 5fC, and 5caC antibodies, and variations on
bisulfite sequencing such as TET assisted bisulfite sequencing (TAB-seq). The differences between these
methods will be discussed later in this guide.
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Figure 10. Cycle of DNA demethylation. Active DNA demethylation occurs by thymine DNA glycosylase (TDG) coupled
with base excision repair (BER) or replication-dependent dilution of 5hmC, 5fC or 5caC. Active modification-passive
dilution (AM-PD). active modification-active removal (AM-AR).

Bisulfite sequencing

It is not possible to detect 5mC using traditional DNA amplification approaches because the mark is

not maintained during sample preparation and amplification. Bisulfite conversion is one of the most
widely used approaches to convert DNA methylation marks into a suitable template for amplification and
downstream analysis. Bisulfite conversion uses the treatment of DNA with NaOH and sodium bisulfite in
a chemical reaction that converts cytosine bases into uracil (U), while methylated cytosines are protected
from the conversion (figure 11).

During downstream analysis such as PCR or sequencing, unmethylated C bases that undergo
deamination in the bisulfite reaction will be interpreted as thymine (T), whereas 5-mC bases will remain
unchanged and still be detected as a C by the sequencing output. This allows you to determine the
locations in the genome containing methylated cytosine (Frommer et al., 1992)
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Figure 11. Bisulfite conversion. Treatment of DNA with bisulfite (sulphonation) leads to the deamination of cytosine
residues and converts them to uracil, (A) while 5-methylcytosine residues remain the same (B)

Bisulfite-based applications

Bisulfite conversion has become the basis for several variations and applications designed for high
throughput applications or the investigation of broader, whole genome-scale regions.

Here are some examples of bisulfite-based methods.

Genome-wide DNA methylation analysis

Whole genome bisulfite sequencing (WGBS; Lister et al 2009)
Applies next-generation sequencing (NGS) techniques to bisulfite-converted input samples.

WGBS produces single-base resolution DNA methylation maps that span the entire genome of an
organism.
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Reduced representation bisulfite sequencing (RRBS; Meissner et al., 2005)

Combines the single-base resolution of bisulfite, and the genome-scale coverage of high throughput
sequencing, with the use of methylation-sensitive restriction enzymes to enrich samples for high CpG
content.

Effectively limits sequencing to only the regions of high interest, where DNA methylation exists.

Targeted DNA methylation analysis

Methylation-specific PCR (MS-PCR; Herman et al., 1996)

Applies PCR primers specific to bisulfite converted DNA templates that are either methylated or
unmethylated. The differential PCR amplification indicates if DNA methylation modifications are
present.

Pyrosequencing (Colella et al.,, 2003; Tost et al., 2007)

Also known as sequencing by synthesis and can interrogate bisulfite-converted DNA at a specific
region of interest. The level of 5mC is determined by comparing the ratio of C and T bases at an
individual locus.

High resolution melting (HRM) analysis (Wojdacz and Dobrovic, 2007)

Originally applied to SNP detection, but the process has also been adopted for DNA methylation. The
real-time PCR-based protocol measures melting temperatures of PCR amplicons. The shift in melting
temperatures, which vary on C-T content, corresponds to the level of DNA methylation in the sample.

Methylation-sensitive single-nucleotide primer extension (MS-SnuPE; Gonzalgo and Jones PA, 1997)

Queries a CpG of interest by targeting bisulfite specific primers to the sequence immediately
preceding a CpG. DNA polymerase terminating dideoxynucleotides allow the primer to extend a
single base, which then can be quantitatively measured to determine C-T content, determining its
DNA methylation status.

Bisulfite conversion: technical considerations

Incomplete conversion

Bisulfite conversion is a very powerful method because it is relatively simple to perform, and it can deliver
single-base resolution of DNA methylation status. However, the method does have some drawbacks:
incomplete conversion (or on occasion, over-conversion) can occur under sub-optimal reaction conditions
leading to insufficient DNA denaturation, or when the DNA strands re-anneal before completion of the
reaction.

Distinguishing 5hmC

DNA degradation is often a byproduct of the harsh bisulfite conversion reaction conditions, which can
make working with smaller samples challenging. Insufficient desulfonation of the reaction will leave behind
residues that can inhibit DNA polymerases used in PCR. Recent evidence indicates that bisulfite conversion
does not distinguish between 5mC and 5hmC Bisulfite conversion therefore lowers the overall complexity
of the DNA sequence. This reduction sequence complexity can complicate primer design for downstream
PCR-based interrogation or introduce challenges when attempting to uniquely map sequencing reads to a
reference genome.
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DNA immunoprecipitation (DIP)

Another method commonly used to map the location of DNA methylation marks is DIP. DIP relies heavily
on having antibodies capable of recognizing the DNA modifications of interest. However, once you have
this, DIP is a straightforward and effective method. It is also considerably cheaper and easier to analyze
compared to WGBS sequencing, which requires the whole genome to be sequenced. DIP only requires
sequencing of the small sheared DNA regions pulled down in your IP step.

DIP has been successfully carried out for the most well-characterized DNA modifications: 5mC, 5hmC,

5fC, and 5caC (Pastor et al., 2011, Shen et al., 2013). It has been used in a range of samples, including
embryonic stem (ES) cells, brain tissue, and zebrafish fish embryos. The method is similar to ChIP, but
your starting material is raw genomic DNA with no chromatin required. This genomic DNA will undergo
shearing to approximately 150-300bp, and then this sheared DNA can undergo heat denaturation. This
step is essential as the antibody will only be able to access the modifications within denatured (open) DNA.

After DNA denaturation the sheared DNA is incubated with the antibody recognizing your
modification of interest, usually overnight, and then the samples undergo an IP step to pull down
all the DNA bound to the antibody and washing away any unbound DNA. We recommend using
magnetic beads for this type of IP step. When you carry out DIP, it is important to treat your initial
genomic DNA with RNase to remove any RNA from the samples.
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Figure 12. DIP methodology. Genomic DNA is sheared, and immunoprecipitation is carried out using antibodies against
your DNA modification. Pulldown DNA and input samples can then be used for gPCR, microarray, or NGS.
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DIP-based applications

Genome-wide DIP analysis

DIP-sequencing (Pastor etal., 2011)
DIP is combined with NGS to map the location of DNA modifications across the
whole genome.

Due to the conservation of these chemical structures between species, it has been easy for
researchers to sequence their DNA modification of choice in any organism.

The library prep and analysis of DIP-sequencing is very similar to that of ChIP-sequencing.

The small DNA fragments pulled down in your IP are used in library prep, and these can be

sequenced
at a relatively low read depth compared to WGBS as you are more selective about what you sequence,
ie only regions bound to your antibody.

Targeted DIP analysis

DIP-PCR (Pastor etal., 2011)
The pulldown DNA you obtain from your IP as described in the DIP-sequencing section above.
However, this time instead of using the sheared DNA for library prep you can use it in a gPCR as
template DNA.
When you design primers for this type of DNA you have to consider that the template being genomic
DNA will contain both exons and introns. This method can be very effective to determine levels of a
modification across samples.
It can be tricky to compare levels of different modifications as many factors including antibody affinity

can affect this.

DIP: technical considerations

Shear your samples appropriately

Unlike WGBS, DIP is not single-base resolution. When you are shearing your DNA samples, it is important
to get these DNA fragments to a good size of between 150-300bp, to try to improve the resolution of your
DIP sequencing. Having larger fragments means you will inevitably pull down more DNA flanking your
DNA modification of interest and not physically bound to it. This results in broad, unspecific peaks in your

sequencing analysis.

Source high-perfoming antibodies

An antibody specific to your modification of interest is essential for DIP. Make sure there is minimal
cross-reactivity with similar modifications, for example 5fC and 5hmC. The use of antibodies for this type of
sequencing has the advantage that you are only limited by the antibodies available to you. So if you wanted
to investigate a modification not previously characterized in DNA, eg m6A (more commonly associated with
RNA), you could do so provided that you have a specific m6A antibody.
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Alternate methods to capture 5hmcC, 5fC,
and 5caC

The biggest drawback of traditional bisulfite sequencing is that it is unable to distinguish the oxidized
derivatives of 5mC and will profile only 5SmCitself. Fortunately, there have been many variations on bisulfite
sequencing and some entirely new approaches to tackling the problem of sequencing 5hmC, 5fC, and
5caC. Here we look at some of these new methods in more detail.

5hmC mapping

Tet-assisted bisulfite sequencing (TAB-seq; Yu et al., 2012)

This method relies on the conversion of 5hmC into 5gmC. The addition of glucose in this glucosylation
reaction acts to protect the 5hmcC.

TET enzymes are then added to the genomic DNA to convert all 5mC and 5fC present into 5caC. After
Bisulphite conversion 5ShmCis read as C.

5caC and unmethylated cytosines are all read as T. This method gives a clear differentiation between
5mC and 5hmC.

The problems with this method are that all the conversions to T can make it difficult to map the end
sequences produced. It also requires very deep sequencing to get a full coverage of the genome, so
this can be more expensive than other methods.

Oxidative bisulfite sequencing (0xBS-seq; Booth et al., 2012)

This is another method for detecting 5hmC at single-base resolution and uses potassium
perruthenate (KRuO4) to chemically convert of 5hmC to 5fC.

After this conversion, all 5mC remains unchanged. Subsequent bisulfite treatment and sequencing
allows you to distinguish between 5mC and 5hmC sites by comparing the KRuO4 treated and

untreated samples.

hMe-Seal (Song etal., 2011)

Similar to TAB-seq, hMe-Seal starts with the glucosylation of 5hmC to 5gmC, but the added glucose
molecule is engineered to contain an azide group that can be chemically modified with biotin.

5hmC can then be enriched within the genome using the tight binding between biotin and
streptavidin to carry out a pull-down for 5hmC.

Selective chemical labeling with exonuclease (SCL-exo; Sérandour et al., 2016)
The initial steps for this are the same as hMe-Seal, azide-glucose glycosylation of 5ShmC.

Azide reaction with biotin allows for the 5hmC present to be linked to streptavidin however in this

method the captured DNA undergoes exonuclease digestion which will stall at the biotin-5gmCs.

5fC/5caC mapping

M.SssI methylase-assisted bisulfite sequencing (MAB-seq; Wu et al., 2014)

This method can quantitatively measure 5fC and 5caC at single-base resolution. This is achieved using
M.SssI methyltransferase on your DNA to convert all unmodified cytosine to 5mC.

After bisulfite-treatment all newly modified Cs, 5mC and 5hmC will be read in the sequencing as C, but
all the 5fC and 5caC in the genome will be read as T.

If you compare this to sequencing carried out without M.Sssl treatment you can determine where the
5fC and 5caC modifications are within the genome.

The biggest problem with this method is that is doesn't differentiate between 5fC and 5caC.
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5fC chemically assisted bisulfite sequencing (fCAB-seq; Song et al., 2013)
This technique relies on the chemical protection of 5fC using O-ethylhydroxylamine (EtONH2).

This protection prevents bisulfite-mediated deamination of 5fC, and so this will appear as a Cin the
sequencing results (the same as 5mC and 5hmQ).

When this is compared to a sample not treated with EtONH2 (where all 5fC modifications would be
read as T), you can distinguish all the sites in the genome which have a 5fC.

5caC chemically assisted bisulfite sequencing (caCAB-seq; Lu et al., 2013)

caCAB-seq uses the modification of 5caC within the genome using 1-ethyl-3-[3-dimethylaminopropyl]
carbodiimide hydrochloride (EDC) to catalyze the formation of amide bonds to 5caC.

This chemical modification prevents deamination of 5caC after bisulfite conversion allowing for it to
be distinguished from 5fC in the sequencing.

Chemical-labeling-enabled C-to-T conversion sequencing (CLEVER-seq; Zhu et al., 2017)

CLEVER-seq is not only single-base resolution but can also be used on single cells. It is just for
sequencing 5fC distribution and not 5caC.

This method uses malononitrile to selectively label 5fC creating a 5fC-M adduct which isread as a T in
the sequencing.

Comparison of DNA modification
sequencing methods

It is important that you choose the best method for detecting DNA modifications that suit your needs.
Consider things like whether you need single-base resolution, if you need to be able to quantify the
absolute levels of the modification, and how feasible the method will be to use in your model system or
sample type. Below you can find a table where we have summarized these key features for some of the
available methods for sequencing 5hmc, 5fC, and 5caC.
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Table 6. DNA modification sequencing methods

5hmC mapping only

Name Description Single base Allows absolute  Reference
resolution? quantification of
the modification?
5hmC-DIP Using 5hmC specificantibodiestoenrich ~ No No Pastor, W. A. et al
for 5ShmC. Nature 2011
TAB-seq 5hmCis converted to 5gmCto protectit.  Yes Yes Yu, M. etal Cell,
5mCis converted to 5caC by TET enzymes. 2012
After Bisulphite conversion 5hmCis read
asC.5mCand 5caCarereadasT.
oxBS-seq Chemical conversion of Yes Yes Booth, M.J. et al
5hmC to 5fC using KRuO4 allows the Science, 2012
differentiation of 5mC and 5hmC at
single
base resolution.
hMe-Seal Glucosylation of 5hmC with an No No Song, C. X.
azide-containing glucose molecule and etal. Nature
biotin allows for 5hmC enrichment using Biotechnology
a biotin/streptavidin pulldown. 2011
SCL-exo Azide-glucose glycosylation of 5hmC Yes No Sérandour, A. A. et
followed by a biotin reaction allows al. Genome Biology
endonuclease activity to stall at 2016
biotin-5gmCs.
5fC and 5caC mapping
Name Description Single base Allows absolute  Reference
resolution? quantification of
the modification?
5fC/5caCDIP  Using 5fC and 5caC specific antibodies ~ No No Shen, L. et al. Cell
to enrich for 2013
these marks.
MAB-seq M.SssI treatment of DNA convertsallC  Yes Yes Wu, H., Nature
into 5mC. Bisulfite conversion will then Biotechnology
cause all C, 5mC, and 5hmCtoread as C. 2014
All 5fC and 5caCwill read as T's.
fCAB-seq EtONH2 protects all 5fCin the genome  Yes Yes Song, X. etal. Cell
from oxidation after bisulfite treatment. 2013
caCAB-seq EDC s used to catalyze the formation Yes Yes Lu, X. etal. JACS
of amide bonds to 5caC preventing 2013
deamination of 5caC on bisulfite
conversion.
CLEVER- Malononitrile selectively Yes Yes Zhu, C.etal. Cell
seq labels 5fC creating a 5fC-M adduct which Stem Cell 2017

isread asaTinthe sequencing.
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Liquid chromatography tandem-mass
spectrometry (LC/MS-MS)

If you have access to LC/MS-MS, then this is the best way quantify the amount of a DNA modification
within total genomic DNA (Le et al 2011 and Fernandez et al., 2018). Using absolute quantification
methods, LC/MS-MS gives you parallel quantification of all the DNA modifications found in total DNA from
any organism and cell type (Zhang et al 2012). For absolute quantification, you are only limited which
isotopic standards you have available to use as a standard to measure your sample against.

Using this technique combined with DIP (DIP-MS) allows you to determine if your DNA modification
antibody is binding to your modification of interest and it will also allow you to see if it binds any other
non-specific modifications. If you generate LC/MS-MS data of your DIP input and pull-down samples, you
should see an enrichment of your modification of interest in the pulldown sample compared to the input.
You can also then check other modifications with these same data to see if anything else came out as
enriched in your samples to test for non-specific antibody binding. There is software being developed now
that can even help you with this type of analysis.

LC/MS-MS: technical considerations

Technically challenging

MS equipment is costly and very specialized. The machine itself will require an enormous amount of
maintenance and often requires its own technician to keep on top of things. Operating the machine is
complicated and requires specialized training so it may be difficult to obtain this type of MS data on your
own. Consider obtaining this data through collaborations or paid services if it is not feasible for you to
purchase your own LC/MS-MS equipment.

DNA modification IHC /ICC

Itis also possible to carry out IHC/ICC for DNA modifications. This can be done with a few simple
additions to your standard IHC/ICC protocol. The most significant difference you will need to consider

is that antibodies against DNA modifications cannot access and bind to the modification if it sits within
double-stranded DNA. This means that you will need to denature the DNA making it single-stranded and
accessible by the antibodies.

The most common form of DNA denaturation is to treat your samples with acid. This is usually 4N
hydrochloric acid (HCL) applied directly to you IHC/ICC slides (Yamaguchi et al., 2013 and Kaefer et al.,
2016). The best time to add this step to your protocol is before the addition of the primary antibody.
Once you have permeabilized your cells or tissues with a detergent (eg PBS 0.1% Triton) you can wash
and add 4N HCl to denature the DNA strands. It is important to thoroughly wash the acid off once

the step is complete and neutralize the acid with an alkali (eg 100 uM NaOH in PBS). After the acid is
washed and neutralized you can proceed with your usual IHC/ICC steps and add the primary antibody.

When carrying out an IHC/ICC for DNA modifications you should also be wary that your antibody may
recognize very similar modifications on RNA (eg 5mC on DNA and m5C on RNA). To avoid this problem,
you can treat your samples with an RNase step to remove all RNA present. Again, this step should be
optimized as leaving your sample in RNase for too long can also cause damage to the DNA present.
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DNA modification IHC/ICC: technical considerations

Time your acid step

It is crucial that you optimize the concentration and timings of the acid step before you start using
your experimental samples.

Too long in an acid treatment will ruin the samples, but the timing needs to be long enough to
denature the DNA fully.

Tissue samples will require the acid treatment for longer than cells used for ICC. You should try a
range of timings from 10 minutes up to 40 minutes and see how your signal looks after this.

ICC should only need 5-10 minutes maximum but again, it is important to test this first and optimize
correctly.

Double IHC/ICC

It can be difficult to carry out double IHC/ICC with a DNA modification given the effects of the acid
treatment step. The acid treatment may denature proteins present in the sample or degrade epitopes
required for recognition by your second

primary antibody.

If you want to carry out such a double immunoassay it will require careful optimization. Try to
minimize the amount of time your sample spends in the acid treatment step to reduce damage to
other proteins. You could also consider doing the primary antibody steps sequentially.

For example, after you have applied the first primary antibody, fix this with a formaldehyde-based
fixative before the acid treatment step and adding the second primary antibody (eg the DNA
modification antibody).

Choose the right DNA stain

You may find that because of the acid treatment step you cannot use your standard DNA stain. For
example, DAPI may not bind so well as this recognizes the adenine-thymine bases present within
double-stranded DNA.

A good alternative commonly found in most labs is propidium iodide (PI). PI will recognize both
double-stranded and single-stranded nucleotide chains.

This means it will also pick up any RNA in your samples, so watch out for this. You can also find many
commercially available DNA stains which will recognize single-stranded DNA.

Methyl binding domain proteins (MBDs)

5mC and its oxidized derivatives play an important role in gene silencing and promoting gene expression
after DNA demethylation. It is now known that some of these DNA modifications can act as markers to
recruit proteins to specific DNA sites, altering gene expression and acting as epigenetic marks. MBD3 and
methyl CpG binding protein 2 (MECP2) have both been shown to bind 5hmC in addition to 5mC. Once
bound to 5hmC they play a role in DNA accessibility and activation of transcription (Yildirim et al., 2011 and
Mellén et al., 2012).

A common method to screen for binders of a DNA modification is to use a pull-down technique followed
by MS to screen for any proteins pulled down. This method has been successfully used to find binders

of 5mC, 5hmC, and 5fC (lurlaro et al., 2013 and Sprujit et al., 2013). For this experiment, you need to
create a synthetic DNA bait containing the modification you are interested in as well as baits containing
other modifications and unmodified cytosine to act as controls. This DNA bait should be linked to a biotin
molecule at one end that can be used to tether the bait to streptavidin-linked magnetic beads. Protein
extract from your sample of interest can then be added to the tethered bait and flushed through with
various wash steps to remove any non-specifically bound proteins. After this, you can elute the remaining
proteins and carry out MS analysis to find out what your specific binders are.

Learn more at www.abcam.com/epigenetics 57


http://www.abcam.com/epigenetics

MBDs: Technical considerations

DNA sequence

When you design your synthetic DNA sequence, you may need to consider that the sequence itself
may affect which binders you pull down.

You may have a sequence in mind that you wish to use as bait, the promoter region of your gene of
interest for example.

Having a variety of sequences to use in your experiment will help to ensure that it is the modification
which is the critical factor and not the DNA sequence.

The number of modifications

The number of DNA modifications you have within your sequence may also influence the proteins
binding to your bait.

You should consider having just one modification or multiple modifications in a sequence to see how
this is influencing your result.

Washing

If you want to be sure that the proteins binding to your bait are true binders of your modification it is
important to carry out very stringent washing.

You can try high-salt washes to ensure you are removing everything non-specifically bound, but run
the risk of removing everything, so you need to optimize this step to get the best results.

Novel DNA modifications

New DNA modifications could still be out there, just not discovered yet. It has been demonstrated that
some modifications traditionally considered to be RNA modifications may also be present within DNA.
One good example of this is N6-adenine methylation, known as m6A within RNA and 6mA within DNA.
This modification is one of the most famous and abundant RNA modifications, but now it's known to also
reside within DNA. One of the first studies to show this was from John Gurdon'’s lab in 2016 (Koziol et al.,
2016). They show that 6mA is within Xenopus laevis, mice, and the human genome using an antibody
against 6mA to carry out DIP-seq.

Since this study, there have been several more claims that 6mA is present within DNA in zebrafish and
pig genomes (Liu et al., 2016), the mouse brain following environmental stress (Yao et al., 2017), and
within the Arabidopsis thaliana genome (Liang et al., 2018). One study from 2018 took this one step
further and uncovered the enzymes responsible for 6mA methylation and demethylation N6AMT1 and
ALKBH1 respectively (Xiao et al., 2018). The presence of enzymes actively adding and removing the DNA
modification suggests that it has a real purpose to be there and potentially its own epigenetic function.

Novel DNA modifications: technical considerations

Antibody availability

Until single-base resolution methods are available for individual modifications, many studies rely
heavily on the use of antibody-based pull down (DIP-seq) to look for novel modifications within DNA.

The biggest problem here is that you are then reliant on there being a specific, commercially available
antibody for your modification which is quite often not the case. Many RNA modification antibodies
will also recognize modifications within DNA, so this is one approach you could take.

Treating your samples with RNase will help to ensure that you are targeting just DNA with your
antibodies. You can look at the RNA modification antibodies available from Abcam at
www.abcam.com/rnamods.
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RNA modifications

The field of epigenetics is branching down many new and exciting avenues. One of these avenues is the area of RNA
modification research. Recent advancements in the development of RNA modification detection and sequencing
methods eg m6A individual-nucleotide-resolution cross-linking and immunoprecipitation (miCLIP) has meant that
itis becoming easier and faster to discover new modifications and map them to different species of RNAwithin any
celltype or model organism. The advancements in this technology lead to a boom in the number of known RNA
modifications. Currently, there are over 100 known RNA chemical modifications (Roundtree et al., 2017). You find
these on mMRNA, tRNAs, rRNAs and other non-coding RNAs including miRNAs. Each of these modifications also has
its own function, including RNA structure, export, stability, and mRNA splicing. The future is bright for this field of
research; there s still much to uncover regarding the function of some of these new modifications.
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Figure 13. The distribution of RNA modifications on mRNA and tRNAs. To find out more take a look at our RNA
modifications poster at www.abcam.com/RNAmodificationsposter

Of all the RNA species, tRNAs contain the most RNA modifications: almost one in five nucleotides within
tRNAs are thought to contain RNA modifications (Kirchner et al., 2015). The modifications on tRNA are
incredibly diverse and require step-by-step formation by multiple enzymes. You can commonly find
modifications in the anticodon loop of the tRNA, which help promote translation efficiency by aiding
codon-anticodon interactions and preventing frameshifting (Stuart et al., 2003).

The field of RNA madifications is relatively new but growing more and more every day. In this section, we
will go through some of these protocols and offer a few tips and advice for working with RNA modifications.

Getting antibodies that are specific to your RNA modification of choice can be difficult. We have many well
cited and validated RNA modification antibodies available including our m6A antibody, cited in several
great publications including a Nature Methods paper which uses it for single-base resolution sequencing
of m6A (Linder et al., 2015). This same m6A antibody also features in a Nature paper, looking at the role of
m6A in mRNA stability (Mauer et al., 2017). For a full list of our RNA modification antibodies go to
www.abcam.com/RNAmods

Learn more at www.abcam.com/epigenetics 61


http://www.abcam.com/epigenetics
https://www.abcam.com/epigenetics/rna-modifications-poster
https://www.abcam.com/epigenetics/antibodies-to-rna-modifications

RNA immunoprecipitation (RIP)

RIP is an antibody-based technique used to map in vivo RNA-protein interactions. The RNA binding protein
(RBP) of interest is immunoprecipitated together with its associated RNA for identification of bound tran-
scripts (MRNAs, non-coding RNAs or viral RNAs). Transcripts are detected by real-time PCR, microarrays or
sequencing.

Beyond transcription and subsequent translation, there is still much more to the function of RNA. For
example, RNA-protein interactions can modulate mRNA and noncoding RNA function. This new appre-
ciation for the potential of RNA has led to the development of novel methods allowing researchers to
map RNA-protein interactions. RIP is one such protocol for the study of the physical association be-
tween individual proteins and RNA molecules.

Take a look at our full RIP protocol: www.abcam.com/RIP

Adapted from Khalila et al. (2009), Hendrickson et al. (2009), Hendrickson et al. (2008) and Rinn et al. (2007).
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Figure 14. Schematic of RIP protocol workflow. (A) uses a native approach without cross linking. Method (B) uses
formaldehyde cross linking.

RIP: technical considerations

RNase contamination

Avoid contamination using RNase-free reagents such as RNase-free tips, tubes, and reagent bottles. Use
ultrapure distilled, DNase-free, RNase-free water to prepare buffers and solutions.

Plan your controls carefully

One or more negative controls should be maintained throughout the experiment, eg no antibody sample
or immunoprecipitation from knockout cells or tissue. Knockdown cells are not recommended for negative
control experiments.

Downstream analysis

The RNAisolated from your pull down can be analyzed using several techniques. Choose the best method
based on the questions you want to answer and use multiple methods to confirm your results. For
example, any novel results you obtain using RIP-seq should then be confirmed using RIP-qPCR.
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CLIP

CLIPis an antibody-based technique used to study RNA-protein interactions related to RNA
immunoprecipitation (RIP) but differs from RIP in that it uses UV radiation to cross-link RNA binding
proteins to the RNA. This covalent bond is irreversible, allowing stringent purification conditions. Unlike RIP,
CLIP provides information about the actual protein binding site on the RNA.

Different types of CLIP exist, including high-throughput sequencing-CLIP (HITS-CLIP), photoactivatable-
ribonucleoside enhanced CLIP (PAR-CLIP), and individual CLIP (iCLIP).

You can find our full CLIP protocol a adapted from Konig et al. J. Vis. Exp. 2011. “iCLIP -Transcriptome-wide
Mapping of Protein-RNA Interactions with Individual Nucleotide Resolution.” at www.abcam.com/CLIP
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Figure 15. Schematic of CLIP protocol workflow.

CLIP: technical considerations

4-thiouridine pre-incubation

Optional 4-thiouridine pre-incubation and UV-A crosslinking may be necessary for certain proteins.
4-thiouridine enhances crosslinking of some proteins. Details for this can be found in the complete
protocol.

Optimize antibody concentration

The amount of antibody required should be optimized before you start your experiment (Huppertz et al.,
2014). Ano-antibody sample is a good negative control. If your target of interest has not been studied
using CLIP before, you could start by using an antibody that already works in IP, which is a good indication
that it will work in CLIP.
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miCLIP

Although m6A is the most abundant modified base in eukaryotic mMRNA, current methods to accurately
study it have limitations. New approaches to high-resolution mapping of m6A will be essential for
understanding this epigenetic RNA modification.

miCLIP allows for high-resolution detection of single m6A residues and m6A clustering across the entire
RNA (figure 16). Using miCLIP, it is possible to map m6A and the related dimethylated version m6Am (N6,2"-
O-dimethyladenosine), at single-nucleotide resolution in human and mouse mRNA (Linder et al., 2015).

miCLIP is applicable to smaller RNAs. The authors of this protocol (Linder et al., 2015) discovered that m6A
is present in small nucleolar RNAs (snoRNAs), a class of small non-coding RNAs. This was impossible to
establish with previous applications due to lack of specificity and bioinformatic challenges.

You can find our full miCLIP protocol at www.abcam.com/miCLIP
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Figure 16. Schematic of miCLIP protocol workflow

1. RNA extraction.

. Fragmentation of RNA to 30-130 nucleotide lengths, and incubation with anti-m6A antibody.
. UV cross-linking of RNA to the bound antibody.

AW N

. Recovery of antibody-RNA complexes with protein A/G affinity purification, SDS-PAGE and nitrocellulose
membrane transfer.

Ul

. Adapter ligation, and release of RNA with proteinase K.
6. Reverse transcription of RNA to cDNA, PCR amplification and sequencing.

7. Identification of C-T transitions or truncations and alignment against known genomic sequences. Mapping
and annotation of these binding sites, identified as m6A/m6Am residues, to the transcriptome.
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MiCLIP: technical considerations

Not 100% accurate

The method is unable to identify the specific location of modified residues and only determines the general
location of m6A sites.

Bias in bioinformatic m6A calling
Data analysis uses assumptions based upon known consensus sequences that harbor m6A residues, and

so it misses modifications outside these motifs.

Liquid chromatography tandem-mass
spectrometry (LC/MS-MS)

Similar to DNA modifications, if you have access to LC/MS-MS, then this is the best way quantify the amount
of RNA modification within total RNA. Also similar to measuring DNA modifications you can use absolute
quantification methods limited only by which isotopic standards you have available to use as a standard to
measure your sample against.

Using this technique combined with RIP (RIP-MS) will allow you to determine if your RNA modification
antibody is binding to your modification of interest and see if it binds any other non-specific modifications.
If you generate LC/MS-MS data of your RIP input and pull-down samples, you should see an enrichment of
your maodification of interest in the pull-down sample compared to the input. You can also then check other
modifications with these same data to see if anything else came out as enriched in your samples to test for
non-specific antibody binding.

LC/MS-MS: technical considerations

Technically challenging

Mass spec equipment is costly and very specialized. The machine itself will require an enormous amount of
maintenance and often requires its own technician to keep on top of things. Operating the machine is very
complicated and requires specialized training so it may be difficult to obtain this type of mass spec data on

your own. Consider obtaining this data through collaborations or paid services if it is not feasible for you to
purchase your own LC/MS-MS equipment.
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RNA modification control experiments

Due to the nature of RNA modifications their chemical structures are often very similar. To make sure you
are getting the most accurate results from your antibodies, you need to test them in your model system
thoroughly. Controls for RNA modification antibodies can be done using a range of applications. See
below for some of our advanced controls and tips to make your RNA modification research easy.

RNase treatment

Whether you are carrying out ICC/IHC or RIP-gPCR, it is essential to have an RNAse-treated control
alongside your experimental samples (Delatte et al., 2016). For example, if you see a clear bright signal in
your experimental IHC samples, but you get no signal in your RNAse treated control samples, you can be
confident that the signal you are getting is within the RNA and is not background signal from a non-specific
source. This suggests that the antibody recognizes the modification within RNA and not the DNA.

It is crucial to ensure that you are not detecting high levels of non-specific background signal from

DNA when using RNA modification antibodies. You can quickly add an RNase treatment step to your
normal RNA modification IHC or RIP protocol. It is important not to leave the samples in the RNase
solution for too long, this can lead to degradation of the DNA, and this then makes it difficult to carry out
counterstains such as DAPL

For each different sample type, you should test different concentrations of RNase and try leaving on your
samples for varying lengths of time. For example, an IHC may need an RNAse time of up to an hour
depending on the tissue type whereas an ICC will require much less time - try 10-30 mins as a starting point.

DNase treatment

In addition to RNase-treated controls, you should carry out DNAse-treated controls. If you are concerned
that your RNA modification antibody is recognizing a similar modification within DNA, the best way to test
for this is to treat your samples with DNAse. Many modifications are within both RNA and DNA, so thisis a
common problem. For example, 5mC within DNA has the same chemical modification as m5C within RNA.

« Ifyou carry out IHC using an RNA modification antibody, it is a good idea to have a DNAse-treated
control alongside your experimental samples. If you get a clear, strong signal from your experimental
samples, but your DNAse-treated control has no signal, it suggests that your antibody is binding to a
modification within DNA.

«  For this type of control, it is also important to optimize the conditions. Leaving your samples in
DNAse treatment for too long can lead to degradation of RNA, so be sure to test different DNAse
concentrations and the duration of the treatment.

Competition assays

Another way to ensure the specificity of your RNA modification antibody is to use a competition assay.

This assay uses a synthetic modification-containing oligonucleotide which can be pre-incubated with your
antibody (Meyer et al., 2012). When you then use this pre-incubated antibody for your applications, eg ICC/
IHC or dot blot, you should see a reduction in the signal obtained when compared a sample stained with the
antibody alone. You can try adding the competitor oligonucleotide to your antibody solution at increasing
concentrations; a decreasing gradient of the signal reflects the amount of competitor you add to the
antibody. For example, try a gradient of 0 ng, 10 ng, 100 ng, and 1ug of the competitor oligonucleotide.
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Dot blot
Carrying out a dot blot using RNA modification antibodies can be a quick and simple way to test for their

specificity. A dot blot works like a simplified version of a western blot. For this technique, the sample is
spotted directly on to the membrane, cross-linked, and then undergoes blotting. For more details take a
look at our dot blot protocol. If you have access to synthetic RNA molecules containing your modification of
interest, this can act as the perfect positive control. Similarly, loading an unmodified molecule or a molecule
containing a different modification can serve as a negative control and help you to gauge any non-specific
binding or cross-reactivity.

For your experimental samples, it is possible to test whether your RNA modification antibody is specific
by carrying out a dot blot with the right controls. For a negative control, use samples that contain a KO
for the enzyme responsible for producing your specific RNA modification (Jia et al., 2011).

If you load RNA from your wild-type and KO samples onto a membrane for dot blot, you should see a
clear difference between the two samples. The wild-type sample will display a clear signal and the KO
should appear blank when the membrane is stained using an antibody against your RNA modification
of interest.

RIP-MS

If you have access to LC/MS-MS, then this is really the best way to test for RNA modification antibody
specificity (Kellner et al., 2014). Using this technique combined with RIP (RIP-MS) allows you to determine if
your antibody is binding to your modification of interest exclusively.

Using either absolute or relative quantification methods, LC/MS-MS gives you parallel quantification
of all the RNA modifications found in total RNA from any organism and cell type. If you generate
LC/MS-MS data of your RIP input and pull-down samples you should see an enrichment of your
modification of interest in the pulldown sample compared to the input.

You can also then check other modifications with these same data to see if anything else came out as
enriched in your samples to test for non-specific antibody binding. There is software being developed
now that can even help you with this type of analysis (Yu et al., 2017).
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