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ABSTRACT

In the modern context, analysis of the genome is the
most efficient for advancements in biology. It has
been repeatedly established that nearly every aspect
of an individual organism can be traced back to its
DNA. The genetic code regulates everything that
makes the organism an organism: from expression
of phenotypes to embryonic development, all
information is stored in the genome. Furthermore,
the beauty of the genome is that it can be organized
into discrete nitrogenous bases - A, T, G, C for
DNA and A, U, G, C for RNA - which creates a
viable basis for computational analyses. The
development of various bioinformatic technologies
is making it possible to create a link between the
biological and computational aspects of the
genome.

Combining Next Generation Sequencing (NGS)and
Chromatin Immunoprecipitation (ChIP),
collectively labeled ChIP-seq, produces a very
powerful tool for mapping protein-binding sites
along the DNA. ChlIP-seq is capable of providing
insight into the mechanisms of gene regulation: the
relationship between the genome, proteins, and
expressed phenotypes. Furthermore, compared to
alternative methods such as ChlP-on-ChlP, ChlP-
seq is more valuable because of the lack of
sequencing-bias and the fact that prior knowledge
of the genome is unnecessary; benefits integral to
massive parallel sequencing. It can precisely
generate millions of counts, making it a popular and
cost-effective method.

Together, these two advanced tools produce
multiple advantages that are unprecedented in this
field of study. Chromatin immunoprecipitation
operates by using specific antibodies to precipitate

cross-linked DNA fragments and associated protein
of interest. As a result, it can isolate specific regions
of interest within tens of base pairs of the actual
site. In addition, recent developments in NGS allow
scientists to accurately sequence millions of DNA
fragments on a single run. Thus, when used
simultaneously, DNA-binding sites can be mapped
easily onto the genome and computational analysis
can be executedson the obtained sequences. An
important benefitsiSthat ChlP-seq is compatible
with the genemes\0f'various organisms in vivo, as
well as differentforms of data input.

Lhessignificance of this bipartite tool is that it
pieneers modern research on gene regulation in
relation to genetic diseases and biological pathways.
With greater accuracy and computational power, the
depth of understanding of diseases, such as cancer,
and their development increases. Such technology
has the potential to produce solutions to diseases of
the like that were originally thought to be critical to
the human body. By discovering the underlying
genetic causes, it becomes easier to develop
countermeasures before such phenomena occur.

This paper aims to provide information pertinent to
ChlP-Seq and associated technologies, as well as
explain their strengths and weaknesses. Rather than
an in-depth analyses, we will provide an overview
on how ChlP-Seq integrates into modern
biomedical research.
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1. BACKGROUND

ChlP-seq encompasses chromatin
immunoprecipitation and next generation
sequencing, both of which have multiple steps of
their own.

ChlIP-seq is initiated by chromatin
immunoprecipitation. This process is done for a
specific protein of interest, and it most commonly
involves transcription factors or histone modifiers.
Specifically, the aim is to determine whether a
certain part of the genome is associated with the
target protein, possibly mapping out the cistrome.
These DNA-protein interactions are vital for
“recombination, repair, segregation, chromosomal
stability, cell cycle progression, and epigenetic
silencing” [1].

The first step of chromatin immunoprecipitation is
the fixation of the protein with the chromatin. The
fixation of cross-linked DNA and protein is often
achieved through formaldehyde, which is optimal
due to its efficiency, compatibility with a wide
range of protein targets, and reversibility [2].
Fixation by formaldehyde is easily reversible by
heat, a characteristic that is exploited in later stages
of isolation.

Once the cross-links have been successfully fixated,
the chromatin is broken or “sheared” into multiple
small pieces, either through sonication or nuclease
digestion. It is imperative that the fragments are
small (100~500bp) in order to pinpoint the locations
of cross-links [1]. Multiple trials across different
methods have also demonstrated that longer fixation
protocols result in less successful sonication results
[3]. In addition, depending on the type of sonicator
used, the duration and intensity of sonication needs
to be optimized

Once the chromatin has been fragmented, the
fragments that contain cross-links need to be
identified: this is done through precipitation via
antibodies. Also known as immunoprecipitation
because it precipitates fragments using antibodies,
this is the most important part of the process. Again,
it is important to note that the success of ChlP is

highly dependent on the type and number of
antibodies used [3]. Most of these optimalities are
determined empirically.

To complete the process, the fixation is reversed to
isolate and purify protein-specific DNA fragments.
Because formaldehyde-induced cross-links are
easily reversible, incubation at 68 degrees Celsius
for 6 hours is enough to separate the proteins [1]; it
is the simplest step of ChlP that requires the least
optimization. Subsequently, the protein is digested,
and the ChIP DNA is purified - residuals are
removed through the usage of distilled water. Often,
these final fragments are amplified by PCR before
being sequenced through NGS. PCR helps to
provide a leeway to computational analysis as well
as an insight into the level of enriched DNA of a
ChIP sample [4]; this is descriptive of the efficiency
of the ChlIP pratocol.

Because,ChIPis composed of multiple steps and
factors, itiis’subject to variability. Thus, it is critical
that-each ofithese steps are optimized in order to
Vieldgptimal results [5]. Rigid control over the
variables in each step directly correlates with higher
quality in the results. Different types of ChlP also
have inherent advantages and disadvantages, which
will be discussed later, pertaining to the overall
efficacy of ChIP-Seq.

The results of ChlIP are compatible with various
tools such as different forms of PCR, Southern blot
analysis, Western blot analysis, and microarray
among others [1]. In ChIP-Seq, they are paired with
NGS, which sequences and quantifies the results,
thereby facilitating computational analysis.

The capacity of high-throughput sequencing
analysis provided by NGS allows users to
simultaneously sequence all the ChIP-DNA
fragments that have been enriched and purified, as
well as to investigate the entire genome for binding
sites with high resolution [6]. Though there are
numerous different types of NGS, they all operate
by sequencing millions of shortened DNA
fragments in parallel [7]. Unlike its predecessor,
Sanger Sequencing, which can only sequence one
fragment at a time, NGS can do millions, making it
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a faster, more cost-efficient option for sequencing
ChIP-DNA.

While it is one of the most accurate forms of
bioinformatics tools on the frontier of biological
research, ChIP-seq’s processes entail certain
inherent biases into its results. Much of this arises
from the chromatin structure itself. Since the
structural characteristics of chromatin are non-
uniform, its fragility varies depending on location.
Furthermore, different methods of sonication
produce different fragment sizes, resulting in a
sample-specific bias. PCR amplification is also
largely dependent on the DNA sequence content, as
well as the temperature, buffer, and polymerase
used. Mapping reads on a reference genome that
seems ambiguous or repetitive is also algorithm-
specific [8]. These factors all introduce bias to the
results of ChIP-seq, and it is necessary to introduce
control groups and repetitions to mitigate such
biases.

2. DNA-BINDING PROTEINS
DNA-binding proteins essentially orchestrate
cellular processes because they mediate the
biological pathways that occur within and in
between cells. Thus, such proteins have a larger
implication or organisms, such as humans, in that
they dictate the functions of the body. This class
mainly encompasses transcription factors (TF) and
histone modifications, which are the two items most
deeply studied by ChIP-Seq. Problems in TF’s can
trigger problems or diseases in thousands of genes
and the study of histone modifications also provides
great insight into epigenomics [9]. By
comprehending the sequences and proteins that
dictate the body’s essential biological pathways,
scientists take a step closer to being able to
manipulate and emulate these processes.

More specifically, DNA-binding proteins have
DNA-binding domains that result in affinity for
single or double stranded DNA [10]. Some degree
of chromosomal organization can be accomplished
without sequence-specific protein interactions. This
is largely represented by histones, which form ionic
bonds to the backbone of the DNA; the DNA wraps
around histones, forming a compact structure

known as nucleosome which is the basic unit for
chromatin. On the other hand, sequence-specific
interactions are often centered around transcription
factors, which regulate transcription of DNA to
RNA. Transcription factors contain at least one
DNA-binding domain and are much more abundant
in types: there are about 2000 different transcription
factors that regulate genes in the human genome
[11].

2.1 Transcription Factors

Transcription factors (TFs) are sequence-specific
proteins that primarily regulate the processes of
gene transcription. Thus, they are invaluable for
most biological pathways of organisms. These
proteins determine when and how frequently a gene
will be used, making them essential for
development, cell communication, and protein
production. The study of TFs also pioneers research
in human stem cells [12].

TFs are trans=acting factors - agents that are not part
ofthe.,genome itself - that bind to the cis-acting
factors - agents that are part of the genome [13].
These proteins are composed of a few domains
dedicated to their different functions [14]. As
sequence-specific proteins, transcription factors all
have a DNA-Binding Domain (DBD) that attaches
to enhancers or promoters on the genome. The cis
component of this interaction is often called the
response element. They also have Trans-Activating
Domains (TAD) that bind to other proteins such as
coregulators during transcription regulation [15].
Some TFs also have Signal Sensing Domains (SSD)
that sense and relay external signals to the
transcription complex [16].

The specific domains of the transcription factors
help to understand their mechanism. In general,
they bind to enhancers or promoters present on the
genome to affect the transcription of adjacent genes.
Enhancers can be found either upstream or
downstream of the gene they regulate as well as up
to a million base pairs away from the gene and
interacting with multiple different enhancers or
genes. In some cases, they affect genes on entirely
different chromosomes [17]. Although the specific
mechanism of enhancers is still ambiguous, it is
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likely that they induce the looping of chromatin to
increase transcriptional machinery about the target
gene [18]. It is clear, however, that they work
together with promoters. Promoters are found
upstream of the target gene and are responsible for
initiating their transcription [19]. They are
composed of a core promoter, proximal promoter,
and distal promoter, in increasing distance from the
transcription site.

Together with enhancers and promoters,
transcription factors induce up- or down-regulation.
During up-regulation, the expression of the adjacent
gene is increased. Conversely, the transcription of a
gene is decreased or completely inhibited during
down-regulation. These processes, being essential
to the development and maintenance of organisms,
are very precise and intricate. Some of the exact
properties of regulation mechanisms are not
specific. Promoters can be observed acting as
enhancers in some cases [20]. Nevertheless,
scientists have been able to paint a general picture.

There are multiple specific mechanisms by which
gene expression is regulated. Transcription factors
often recruit cofactors that activate(coactivator) or
repress(corepressor) transcription while binding(to
the specific enhancer or core promoter regions[22].

General transcription factors (GTF), also known"as
basal transcription factors, are a class of TFs that
are necessary for transcription to occur; they do so
by binding to the promoter. These include TFIIA,
TFIIB, TFID, TFIIE, TFIIF, and TFIIH, and are
needed to recruit cofactors and facilitate the
positioning of RNA Polymerase Il along with the
core promoter [22]. Usually, TFIID binds to the
TATA box in the core promoter, to which TFIIB
binds, creating a basis for the transcription complex.
TFIIA is sometimes seen to stabilize this
interaction. From then on, TFIE, TFIIF, and TFIIH
help complete the complex, the recruited RNA
Polymerase Il initiates transcription at the
transcription start site, and the cofactors mediate the
elongation and termination of the transcription [23].
This apparatus is found in sites of transcription
upstream of the target gene.

Other TFs regulate this process to control the
expression of genes. Often, they do this by affecting
the ability of this transcription complex to form.
During such forms of regulation, the ability of the
GTF to bind with RNA Polymerase Il is
compromised, resulting in the incomplete formation
of the apparatus necessary for transcription [24].
TFs can also catalyze the modification of histones,
which controls the availability of a certain gene for
transcription (discussed further in the histone
modification section). Their binding to enhancers
also affects gene expression, because enhancers
work with distal promoters to form chromatin
looping - increasing the concentration of bodies
pertinent to transcription is essential for it to happen
[25]. Other than recruiting coactivators and
corepressors, TFs also interact through competitive
inhibition: the binding of one type of TF to a cis-
agent prevents the binding of another.

TFs thatyregulate transcription gene expression are
also regulated,themselves. Since TFs themselves
must.also be synthesized through transcription, a
negative feedback loop can cause one to repress
itself»Binding to its own DNA can induce
competitive inhibition, maintaining a certain
concentration of the TF. Transcription factors can
also be activated or deactivated by direct ligand
binding through their SSD or indirect ligand
binding on nuclear receptors, as they are often part
of signal transduction pathways. Most often, TFs
are regulated through the availability of cofactors
necessary for their own regulation mechanism, or
through the competitive inhibition by different TFs
that affect the availability of the DNA-binding site.

Transcription factors are of great functional
importance to organisms. Firstly, TFs are essential
for cell development and cell differentiation. During
the embryonic stage, transcription factors ensure
that a stem cell’s pluripotency is regulated so that
the correct specialization and development occurs
[26]. TFs are also responsible for the proper
execution of cellular division that is the basis for
development and damage repair. Furthermore, they
facilitate response to intracellular signals and the
environment, as they are often integral to signal
transduction or signaling cascades.
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Practically, transcriptional regulation largely
dictates the conversion from the genotype to the
phenotype. Thus, TFs are often regarded with great
clinical significance, especially due to the many
diseases that are associated with them. Irregular
expression of genes is the basis for many different
forms of diseases, and one of the most extensively
studied ones is cancer. Since TFs regulate the cell
cycle, they are often oncogenes or tumor
suppressors. In fact, transcriptional regulators
account for nearly 20 percent of currently known
oncogenes in humans [27]. As a result, scientists are
making novel discoveries in the field of cancer
previously deemed impossible: targeting the genetic
basis of the diseases through TFs provides solutions
that simple drugs cannot [28]. Other diseases related
to TFs include AlDs, diabetes, and Rett syndrome.

Furthermore, this field of study establishes a strong
link to the study of stem cells. Stem cells are
pluripotent, as they can practically develop into any
type of cell pertinent to an organism. During the
embryonic stage, they become specialized through
TFs, implying that this process is reversible. In
addition, certain TFs are proved to be necessary to
maintain this pluripotency, such as POUSFL1. This
transcription factor is found in the mouse entbryo
and represses cell differentiation [29]. Previously;
scientists would obtain stem cells through isolation
and culture of embryonic cells. However, inspection
of transcription factors has gradually allowed the
selective reprogramming of somatic cells through
technologies such as dCAS9. Stem cells have vast
therapeutic applications, especially for neuro-
degenerative diseases such as Alzheimer’s and
Parkinson’s or conditions such as diabetes and
leukemia [30]. Scientists can generate stem cells
and program them to become a necessary type of
specialized cell; subsequently, the cell culture can
be transplanted to a patient.

Behind the research between diseases and TFs is
ChIP-Seq. Because transcription factors are proteins
that bind to DNA, they can be immunoprecipitated
through specific antibodies. Efficiently sequencing
these sites not only allows scientists to generate a
high-resolution, genome wide map of promoters,

enhancers, and transcription factors, but also
provides insight into their intricate mechanisms.

2.2 Histone Modifications

The study of histone modifications is a significant
area of study for epigenomics, and it is facilitated
through the usage of ChlP-seq. Epigenomic
information is not carried in the genome but affects
how the DNA template is read and it remains
hereditary. In other words, the DNA template is
dynamic, and the organization influences how genes
are expressed and read. The chromatin is composed
of nucleosome units, and these nucleosomes are
composed of 2 copies of each core histone - H2A,
H2B, H3, and H4 - wrapped in 1.67 superhelical
turns of DNA [31]. Gene expression is controlled
mostly by the covalent interactions and
modifications of histones [32]. The structure formed
through the DNA and histones is called the
epigenomegand it is influenced by ancestry as well
as envirenmental factors.

Forsexample, when the DNA is tightly wound
around a histone protein, it is harder for
teanseription to occur, thus repressing the gene
expression. If it is lightly wound, transcription
occurs more easily, leading to activation of gene
expression. As such, while the histone does not
directly affect the sequence itself, the histone
modifies the sequence’s availability to the
transcriptional machinery. This is accomplished
through post-translational modifications, which
include acetylation, methylation, phosphorylation,
and ubiquitination [33]. These make significant
contributions to organisms’ mental and physical
attributes.

Each modification operates in different ways. For
example, acetylation or deacetylation influences the
strength of the electrostatic bond between histone
and DNA. This is done through the transfer of
acetyl groups - to and from the lysine of the histone
- through histone acetyltransferases and histone
deacetylases [34]. On the other hand, methylation or
demethylation involves the transfer or methyl
groups - to and from lysine or arginine residues of
the histone - through different methyltransferases.
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This results in the indirect recruitment of enzymes
that can activate or repress transcriptional activities.

Histone phosphorylation and ubiquitination, in
comparison, often work in conjunction with
acetylation and/or methylation. During histone
phosphorylation, kinases add phosphate groups to
histones, and in response, phosphatases remove
them. Phosphorylated histones can perform DNA
repair, chromatin compaction in mitosis and
meiosis, and regulation of transcription [35]. This
process also establishes a platform for other histone
modifications: for example, histone H3
phosphorylation influences acetylation levels of the
same histone [36]. Histone ubiquitination is
executed by DNA ligases by conjugating ubiquitin
to histones, which can be removed by
deubiquitinating enzymes [37]. Ubiquitination has a
critical role in regulating DNA damage signaling,
protein translocation, and multiple transcriptional
activities such as gene activation and silencing [38].
Like histone phosphorylation, histone ubiquitination
also coordinates with acetylation and methylation:
for instance, histone H3 monoubiquitination induces
its acetylation [39].

Thus, problematic histone modifications can lead to
diseases. Irregular activation or repression of
transcription can give rise to tumors and cangers.
Specifically, dysregulation of chromatin dynamitcs
through acetylation and methylation is correlated
with pathogenesis of cancers, and malfunctions of
histone substrates and enzymes through
phosphorylation and ubiquitination have been tied
with tumorigenesis [40]. For example, the
overexpression of MMSET, a type of histone
methyltransferase, is associated with a variety of
cancers such as multiple myeloma (MM); it is
overexpressed in all MM patient samples [41].
MMSET also regulates response to DNA damage
[42], and thus interferes with chemotherapy targeted
toward MM [40]. Deletion, on the other hand, is
found in most patients with - and is a strong
candidate for the cause of - Wolf-Hirschhorn
syndrome, which is characterized by “mental
retardation, craniofacial malformation, and defects
in skeletal and heart development” [43]. This
example demonstrates the extent of damage that

irregularities in a single histone modification can
have.

There is an increasing amount of evidence that links
epigenomics to diseases such as cancer and AIDS
[44]. To this end, ChIP-Seq can be employed to
analyze the epigenome. Because ChIP-seq studies
the DNA-protein interactions in vivo, it can take a
“snapshot” of said interactions. Thus, the chromatin
structure formed with histones - the epigenome -
can be conserved as is, allowing comparisons
between different developmental stages, healthy
cells, and diseased cells [45]. ChlIP-seq will display
the locations of DNA-histone interaction, as well as
the type of histone modification.

The location and type of histone modification gives
insight into the gene and activity associated with it,
respectively. Thus, it becomes possible to identify
and understand the diseases - such as cancer - that
are associated with epigenomics, which is only
possible through in vivo analysis. In addition, the
comprehension of causes behind such diseases leads
to solutions and countermeasures to them.
Epigenomics is closely tied with the lifestyle and
environmental factors pertinent to the individual, so
ChlP-seq facilitates the formation of not only post-,
but also pre- disease development measures.

For example, the study of H3K4me2 (dimethylation
in 4th lysine residue of histone H3), H3K4me3
(trimethylation in 4th lysine residue of histone H3),
H3K9ac (acetylation in 9th lysine residue of histone
H3), and H3K27ac (acetylation in 27th lysine
residue of histone H3) of Oryza Sativa L. Japonica -
rice - mainly involved ChIP-Seq. As a result,
researchers were able to generate a global map of
histone madifications and their positioning along
the genome. Compared with a reference genome of
rice, it was clear that there was a strong positive
correlation between each of these modifications and
active transcription or gene expression [46]. Other
studies have shown that histone modifications in
humans are associated with gene expression of T
cells [47], transcriptomic changes in cancer line
cells [48], and pathogenesis in Huntington’s
Disease [49], among countless more.
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3. SISSRs PEAK-FINDER

ChIP-Seq alone has its limits to accuracy and bias:
the short reads it produces are efficient in filling the
genomic map with approximate regions for binding
sites, but not the precise sites of binding between
DNA protein. As aresult, for optimal analysis, there
is a need to compare the results from a ChIP-Seq
trial to established control data; thus, most mistakes
are filtered out. Site Identification from Short
Sequence Reads (SISSRs, an algorithm tailored to
precise identification of binding sites among the
short reads obtained from ChlP-Seq, is tailored for
this purpose. It is a highly accurate and specific
algorithm that is efficient in filtering out false
positives and presenting true binding sites to the
user.

As its name implies, SISSRs analyzes the short
reads generated from ChlIP-Seq protocol and uses
them to decide what ones are significant. When the
reads are aligned with a reference genome, reads
that correspond to unique locations along the
genome are retained; those that match with multiple
locations are discarded. The remaining reads are
commonly called “tags.” Tags that are mapped onto
the sense strand - the non-template strand - are
called “sense tags” whereas tags that are mapped
onto the antisense strand - the template strandare
called “antisense tags.” Once these tags are
established, SISSRs execution preparation is
complete.

3.1 SISSRs Algorithm

SISSRs is a peak-finder that operates by finding
peaks in tags through their density and direction, as
well as the average length of sequence strands (F).
Using a sliding window of w bases in length, it
scans regions containing sequence tags; consecutive
windows “slide” or overlap by w/2 bases. For a
specific region that is spanned by the sliding
window at a given moment, i, the net-tag count, c;,
is computed by subtracting the number of antisense
tags from the number of sense tags contained within
the window. Candidate binding sites are recorded
for i whenever c; transitions from a positive to
negative value. Such sites will be dubbed t. These
are the namesake peaks identified by the algorithm.

A candidate binding site is retained as a true
binding site if and only if specific conditions are
met, based on certain parameters that can be
manually manipulated.

1. The number of sense tags within F base
pairs upstream of t is at least E.

2. The number of antisense tags within F base
pairs downstream of t is at least E.

3. The total number of tags is at least R. R is
estimated based on a false discovery rate
(FDR) that is defined by the user (D) when
no control data is available, and an e-value
threshold if control data is available.

If there is a control dataset, there is a fourth
condition that must apply.

4. The ratio of number of tags in the
candidate site for the test data to the
number of tags in the candidate site for the
control data, also known as the fold-
enrichment,)is at least p.

The quality ofithe)control data depends on its
saturation, Jfit,does not contain enough reads, then
theslackof 'empirical data taints the statistics used to
calculate such threshold values, such as Z. On the
otherhand, if a control dataset is unavailable, the
background tag distribution - the distribution of tags
outside the candidate site - is modeled through a
Poisson distribution [50].

Most of the parameters are predetermined or
automatically calculated. The following describes
how they are set.

w: The size of the sliding window. Default value is
20. This can be changed by the user.

E: Threshold value for each sense and antisense
tags referred to on conditions 1 and 2. Default value
is 2. This can be changed by the user.

F: The average length in base pairs of a precipitated
fragment of DNA. This can be input by the user if
known or calculated by the algorithm.

M: The mappable genome length. It is estimated to
be around 80 percent of the entire genome for
humans.
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n: Total number of tags in the dataset.

A: The expected number of tags. For a window of
length 2F-bp, it is calculated as

2F - (—)

n
M

e: Euler’s number. It is used for expected values, as
the Poisson distribution is used to model a
background tag distribution based on random
chance. It is equal to In2 or approximately 2.718. It
should not be confused with the e-value threshold.

e;: e-value threshold. The threshold value for the
false discovery rate used to calculate R. It is the
expected number of enriched regions for the size of
the dataset based on Poisson probabilities. It should
not be confused with Euler’s number.

Case 1: No control data available

FDR: The false discovery rate. For each integer
value V' = 2F/ the FDR is the ratio of the number
of 2F-bp regions that have at least V tags based on
chance (Poisson probability) to the actual number of
2F-bp regions that have at least V tags.

D: The threshold value for the false discovery rate
used to calculate R. It is set by the user.

R: The threshold value for the total number of sense
and antisense tags. It is the minimum V (refer to
FDR) such that F DR < D.

Case 2: Control data is available

R: The threshold value for the total number of sense
and antisense tags. It is the maximum integer value
V' > 2E sych that the number of 2F-bp regions
that have at least V tags on the control data is less
than e,.

p: p-value threshold. The threshold value for the
fold-enrichment value of a candidate site. The value
of p is determined by the distribution of fold-
enrichment values for multiple random sites - at
least a million.

Using a Poisson distribution to model the
background tag distribution is important to

calculating the expected value or probability of tag
occurrences and is pertinent to multiple parameters
of the algorithm. Furthermore, it can be used to
calculate the statistical significance of results.
Specifically, the probability of observing a binding
site with at least R tags is given by the sum of

Poisson probabilities below [50].
R—1

I—EZWkﬁJ

k=0

Once the computation is complete, the results are
displayed as a set of chromosome coordinates.

3.2 Strengths and Limitations

There are several strengths and limitations when
utilizing the SISSRs algorithm for determining true
binding sites from ChlP-Seq data. However, it is
possible to tune’the SISSRs algorithm in an
application,specific manner; namely by modifying
the threshold“walugs that govern sensitivity and
specificity asidiscussed in section 3.1.. While it
doees.réguire-a certain amount of mastery over the
Seftware, tuning these parameters allows the user to
fitthe-results to their purposes.

Overall, SISSRs boasts superior sensitivity and
specificity. For example, Jothi’s application of
SISSRs on the well-known and widely studied
transcription factors CTCT, NRSF, and STAT1
identified 26184, 5813, and 73956 binding sites,
respectively. This represents a significant increase
in the number of binding sites previously proposed
to exist, with increases of 32%, 299%, and 78% for
CTCT, NRSF and STAT1, respectively.
Furthermore, an overwhelming majority of the
identified sites overlapped with previously
identified sites, this indicating that the SISSRs
algorithm predicts binding sites accurately [51].

Furthermore, the SISSRs algorithm possesses a high
resolution, meaning the sites identified are very
close to the actual binding site - within a few tens of
base pairs. In comparison, past methods of analysis
determined binding “regions” instead of sites,
which were hundreds to a few thousand base pairs
in length. As a result, SISSRs have allowed
scientists to go from a general image containing
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clutters of multiple binding sites to pinpointing sites
very accurately.

The number of tunable parameters in the SISSRs
algorithm makes this technology very flexible for a
broad user base. For example, low-quality ChlP-Seq
data may contain numerous false positives, sources
of background noise, non-specificity, and errors. By
changing the size of the scanning window used by
the algorithm, the user can reduce the impact of
these flaws at the cost of lower resolution (wider
scanning window). In addition, the program is
compatible with control data, thereby subtracting
sequencing errors and background noise to some
degree.

However, the software is not without its limitations.
It is not immune to errors and false positives, and is
highly impacted by the quality of ChIP-Seq data it
receives. ChIP-Seq data that are obtained using
antibodies of poor quality (non-specific) or other
poorly performing methods inevitably degrade the
performance of the algorithm. In these cases, the
blame should be placed on the limitations of ChlIP
technology, not SISSRs. Overall, the ability for
SISSRs to mitigate the negative effects of poor
quality data, while providing results of
unprecedented accuracy and sensitivity, certainly
makes it a promising technology.

4. NGS

Sequencing is a component of ChIP-Seq that is
worth discussing. As mentioned, ChIP-Seq
technology takes advantage of the widely available
NGS to sequence the fragments that have been
precipitated. NGS has not only massively improved
and completed ChlP, but it has also revolutionized
biological and clinical fields of science. With the
addition of throughput power and the large removal
of sequencing bias, NGS completed its namesake
job: taking biology to its next generation.

4.1 NGS Workflow

NGS has a three-step execution: library preparation,
amplification, and sequencing. In general, the DNA
is fragmented and ligated to adapters during library
preparation, which facilitates amplification. PCR
takes place during amplification, and the resulting

fragments are sequenced in parallel during the last
step. Although there are many variations across
different methods and purposes of NGS, they
generally follow the same principle. Fragments of
the DNA being sequenced are amplified on a flow
cell, and they are sequenced massively in parallel
through fluorescently labeled deoxyribonucleotide
triphosphates (dNTP) that identify nucleotide bases.

4.1.1 Library Preparation

Library preparation refers to creating DNA
fragments and preparing said fragments for
subsequent steps of the NGS workflow. During
ChIP-Seq, the former does not need to take place as
the DNA is already fragmented - either through
nuclease digestion or sonication - during the ChIP
process. Instead, the pieces are prepared for PCR
using adapters. Adapters allow library hybridization
to flow cells and provide priming sites, which will
be discussed later. When sequencing multiple
librariesyat onee, adapters can be “barcoded” to
distinguish/between different libraries [52].

Adapters are short, double stranded
oligonucleotides that are chemically synthesized
and can be ligated to fragments. For NGS, they are
engineered to have a “blunt” end, which is
composed of 3’-OH and 5°-P ends that attach to the
5°-P and 3’OH ends, respectively, at the blunt ends
of a DNA fragment, and a “sticky” end, which is
created by an overhang of the 5°-P end. For the
adapter and fragment to be ligated, the 3* end of the
DNA fragment is adenylated, or A-tailed [53].
During the ligation reaction itself, there is a need to
limit the number of adapters used because adapters
can form dimers among themselves. When dimers
are formed between adapters, they are often
removed with magnetic beads.

During NGS, the sticky end of the adapter is usually
dephosphorylated to a 5°~-OH end instead of a 5°-P
end. This prevents a dimerization between two
fragments during ligation reactions, because the
modified 5°-OH terminus of one adapter can no
longer bind to the 3’-OH terminus of another.
Otherwise, the formation of said dimers can obscure
the workflow because it can be difficult to separate
them [54].
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Once the fragments have been ligated at both ends,
the library can be evaluated quantitatively and
qualitatively before it is be sequenced. Often, the
quantitative evaluation is done through Quantitative
PCR (gPCR) and qualitative evaluation is done
through Bioanalyzer prior to amplification. qPCR
selectively amplifies adapter-ligated fragments to
quantify the fragments that can be sequenced from
the library. It is a very sensitive yet time-consuming
procedure. Bioanalyzer analyzes the size
distribution of the completed library, verifying that
the fragment sizes before and after the library
preparation are consistent [55].

4.1.2 Amplification

Several types of PCRs can be used to amplify the
fragments, and the adapter provides the primer
binding site for the reaction. Adapters are critical to
the success of the PCR because certain
characteristics, such as the Guanine-Cytosine (G-C)
content, may heavily affect the bias of the results
[56]. Among the varieties of PCR, Bridge PCR
(bPCR) is used in the most common NGS platform,
Illumina.

Once the library preparation is complete, the
fragments are loaded onto a flow cell - a glass'slide
with distinct lanes. The flow cell is coated with a
“lawn” of oligonucleotides that are complementary
to the adapters ligated to the DNA fragments. The
adapters are hybridized to the oligos on the surface
of the flow cell, and the fragments are ready for
amplification [57]. It is important that the spacing
of fragments is regulated because when each
fragment is amplified, they will create
cultures/colonies that must be distinct from each
other.

During bPCR, the unattached end of the single-
stranded DNA fragment attaches to the flow cell,
forming a “bridge.” Subsequently, the reaction is
executed, and elongation results in the formation of
a double-stranded DNA. Denaturation separates a
strand so that another cycle can be completed;

repetitions of the cycle generates the desired colony.

It is important to limit the cycle repetitions in order
to prevent overcrowded clusters and to prevent

clusters from interfering with each other [54]. While
relatively simple, a problem with bPCR is that a
fresh mixture of reagents, including polymerase,
must be added at the start of each cycle [58].

Another less commonly used type of PCR is
Emulsion PCR (emPCR). During emPCR, millions
of microbeads are isolated in emulsion droplets, and
a single stranded DNA anneals to the microbead.
The polymerase amplifies the annealed DNA
thereby creating an exact copy. Subsequently, the
original strand is released and re-annealed to repeat
the cycle, which occurs until enough copies have
been formed [54]. It is a comparatively time-
consuming method because of the “emulsion
breakup, template enrichment, and bead deposition”
that must occur [58].

4.1.3 Sequencing

Finally, theg@ragments are sequenced in parallel,
completing the,process of recording raw genetic
data«The\most.used platform, Illumina, utilizes
reversible terminators in a sequence by synthesis
approach; hence its name, lllumina SBS. It is
eonsidered the most efficient method that is
currently in use.

In this method, the primer bound to the adapter is
elongated by fluorescently labeled dNTPs, one by
one. These dNTPs are separate molecules (A, T, G,
C) and bind to their respective bases in a
mechanism of natural competition. The fragments
are exposed to dNTPs, and starting from the primer,
they are added/attached in a downward direction.
Since they serve as reversible terminators for
polymerization, after the incorporation of a dNTP
no more bases can be added until the fluorescent
label is removed [59]. Thus, at each cycle, dNTP
attaches to the strand, the cell is imaged, and the
fluorophore branch is cleaved enzymatically,
allowing for the continuation of subsequent cycles.
dNTPs that have not been attached are washed away
[54].

These cycles are executed in parallel for all clusters.
At each cycle, a base is labeled through the signal
intensity measurement from the fluorescent image
of the flow cell; the result is a growing sequence for
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each fragment. Since there are many copies of the
same fragment in each cluster, the reads are very
accurate, without any context-specific errors.
Furthermore, since dNTPS are attached through
natural competition, the bias usually associated with
base incorporation is minimized.

Once the fragments have been fully sequenced, the
reads can be aligned to a reference genome using
bioinformatics software. This paves the way for
comparative analysis between the reference and
novel genome.

4.2 Impact of NGS on Biological Science

NGS was a significant step forward for all branches
of biological science as it provides -omics level data
at both DNA and RNA levels. With the ability to
sequence entire genomes or transcriptomes, comes
significant advantages to uncovering biological
mechanisms. NGS has transformed what used to be
either an abstract process of fishing through
heritable and inheritable traits or extremely costly
comprehensive analyses, to a rapid, mass generation
of computable data that can be mined for potential
leads.

The most notable example of the impact of NGS on
the biological sciences is likely the Human Genome
Project (HGP), which endeavored to map outthe
entire human genome. The first genome took 13
years and $1 billion to sequence; now it takes one or
two days and a thousand dollars. As a result, it hints
at the possibility of personalized medicine in the
near future, where patients are assigned treatments
based on their genes, which may indicate
susceptibility to certain diseases. Personalized
medicine may also be used to prevent health
problems before they even surface, such as cancers,
where heritable genetic mutations play a major role
in 10 percent of all cancers.

The potential impact of NGS on the medical field is
in offering a more systematic, personalized
approach to health care to the general public [60].
For scientists, NGS has already completely
revolutionized the way that biomedical research is
performed within only a few years.

There has been a dramatic proliferation of tools that
enhance the data collection and interpretation of
sequencing data [60]. Scientists have been
developing new ways to use NGS and new methods
to improve accuracy, accessibility, and cost. This is
primarily achieved through the development of new
platforms and algorithms. For example, some
platforms are beginning to incorporate nano-
technology [61] or electron microscopy. Moreover,
increasing numbers of software tools have been
developed to analyze NGS data, such as the
aforementioned SISSRs. These approaches are
valuable for data interpretation, and they depend on
the digital nature of NGS.

As aresult, scientists are able to study biological
phenomena that were previously too complex, such
as variant detection, rare variation testing,
identification of de novo mutations, rare mendelian
disorders, and somatic variation detection [62].
Furthermore, NGS has allowed them to construct
massive databases containing annotated genomes of
maltiple.organisms, many of which are available to
the public. This system of genomic annotations has
risensin popularity with the establishment and
expansion of sequence databases. Although they are
controversially prone to errors, it is undeniable that
annotations have invaluable potential as they are
capable of providing quality data that can be
integrated into genomic maps [63].

NGS has become prevalent in many biological
sciences due to its versatility. The most popular
areas of research are clinical virology, bacteriology,
and interrogation of genetic mutations. The high-
throughput sequencing allows scientists to quickly
profile and analyze novel viruses [64], develop
countermeasures against infectious diseases [65],
and detect mutations that result in potential health
issues, such as genetic diseases and cancers [66].

In summary, NGS prompts scientists to fully
harness the technology of the digital age. NGS
empowers scientists by massively increasing the
amount of data that can be generated about a
biological process. This has proven dramatically
superior to older traditional methodologies which
were often tedious, and more qualitative rather than
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computable. Lastly, it has increased the availability
of data and information to the general public, thus
enabling a wider demographic to conduct research.

5. METHOD MODIFICATIONS
Without a doubt, ChIP-Seq has revolutionized the
study and interrogation of protein-DNA interactions
by combining a highly specific and sensitive, in
vivo method (ChIP) with the ability to sequence
DNA samples with minimal bias, massive
throughput, and high accuracy without the need for
context (NGS). Compared to its original
counterpart, ChIP-on-chip, which uses microarray
hybridization of DNA fragments [67], ChIP-Seq
boasts a higher resolution, coverage, and cost-
efficiency, in addition to a smaller amount of
required material and bias [68].With an access to a
wider arsenal of genomic technology, ChlP-Seq
clearly emerges as the superior in terms of
performance.

However, ChlP-Seq is not without its flaws. ChlIP-
Seq is very expensive - cost ranging from $1000 to
$2000 for IHlumina. While it is true that recent
advances in NGS have contributed to lower
sequencing costs, ChlP itself remains an expensive
tool. Furthermore, ChIP has a very low availability.
The materials required to execute ChlP areoften net
commercially available, making it more fit in‘the
setting of labs. For example, immunoprecipitation
requires highly specific antibodies, the quality of
which are critical to the quality of the results, which
can be a limitation when investigating proteins with
insufficient information. Using the wrong
antibodies can taint the specificity, a normally
extolled characteristic of ChIP.

Although its resolution and accuracy are superior to
that of ChlP-on-chip, it does not mean that ChlP-
seq possesses perfection in those categories.
Because sonication itself is not a very specific
process, fragments can be a few hundred bases
longer than the length of the actual binding sites.
Furthermore, there is no way to remove false
positives that arise due to contamination during the
ChIP component.

In addition, meaningful results from ChlIP-Seq also
requires the presence of control data, which not
only complicates the process, but also exacerbates
the problem of cost since multiple trials are required
for each of its steps. As briefly mentioned in the
description of ChIP protocol, steps such as
sonication, PCR, and immunoprecipitation are
prone to notable degrees of bias, unless they are
optimized through control data. It may take multiple
trials before the best conditions for each of the steps
can be obtained. As demonstrated by the SISSRs
Algorithm, having control data can also be critical
to the accuracy of algorithms that are run on the raw
data generated by ChIP-Seq.

Thus, ChlP-Seq is still a maturing technology, that
has yet to become widely available for public use.
Despite its high accuracy and coverage, its high
costs and complexity hampers its popularity to
some scientists. Morg importantly, ChIP-Seq can be
further complemented by other technologies to
further increase its target specificity and accuracy.
Tapthis'endythere are various alternative methods to
ChlP=Seq that are employed in the study of
genetics. The following section provides insight
into two other technologies that are similar in nature
to ChlIP-Seq: PLAC-Seq and ChlIP-exo.

5.1 PLAC-Seq

Proximity Ligation-Assisted ChIP-Seq (PLAC-Seq)
is a modification to ChIP-Seq that is utilized in
studying long range chromatin interactions. Long
range chromatin interactions are mostly centered
around chromatin looping, which is essential to that
activation of transcription as mentioned in the
Transcription Factor section of this paper. Briefly
restated, the interactions between separate
enhancers and promoters that create chromatin
looping are responsible for increasing the
concentration of materials necessary for
transcription; thus, transcription is activated.

Before the introduction of PLAC-Seq, a
conventional method tailored for this purpose was
Chromatin Interaction Analysis by Paired-End Tag
Sequencing (ChlA-PET). While a relatively cost-
efficient method that can produce high-resolution
results, it requires hundreds of millions of cells to
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produce results. This is likely because it shears the
chromatin prior to proximity ligation. Instead,
PLAC-Seq reverses the order by shearing the
chromatin after proximity ligation, resulting in a
superior efficiency and accuracy [69].

The PLAC-Seq workflow is quite similar to ChlP-
Seq with the addition of proximity ligation. Cells
are first fixed with formaldehyde. This is followed
by a biotin fill in (nucleotides tagged with biotin)
and proximity ligation [70]. Subsequently, the
nucleus is lysed, allowing for chromatin sonication
and chromatin immunoprecipitation to occur.
Finally, the precipitated fragments are reverse-
crosslinked are enriched and purified, ending with
paired-end sequencing of the fragments.

Empirical data clearly demonstrate that PLAC-Seq
is far superior to ChlA-PET. PLAC-Seq on RNA
Polymerase Il required 5 million cells compared to
the 100 million required for ChlA-PET on
Polymerase Il. Under these conditions, the former
sequenced 175 million total pairs, of which 89%
were cis pairs and 67% were long-range cis pairs,
within a time span of four days. On the other hand,
the latter sequenced only 16 million total pairs, of
which 52% were cis pairs and 8.6% were long-
range cis pairs, within a time span of 6 days [#1]-
The performance of PLAC-Seq was drasticatly
more rewarding than that of ChlA-PET, proving’its
efficiency in interrogation of long-range chromatin
interactions.

As a result, ChlP-Seq can be applied to different
means, and its specificity and accuracy is conserved
when done right. PLAC-Seq accentuates one of the
numerous ways in which this technology can be
employed to advance studies in genetics.

5.2 ChIP-exo

ChlIP-exo is a modified form of ChIP-Seq that
serves the common purpose of mapping protein-
DNA binding sites across the genome. ChlIP-Seq is
quite popular for its high resolution; ChlP-exo
achieves an even higher resolution at almost a
hundred-to-one ratio, boasting a near single
nucleotide accuracy. ChIP-exo is intended to

increase specificity and reduce background noise
caused by non-specific genomic DNA.

ChlP-exo derives its name from chromatin
immunoprecipitation and exonuclease digestion,
and it is completed by NGS once the two have been
completed. The specificity when using ChIP alone
is inhibited by sonication due to its heterogeneity.
In other words, sonication does not pinpoint the site
of protein-DNA interactions; it fragments the DNA
and by chance, general regions of such sites are
captured. Using lambda exonuclease, this limitation
can be eliminated.

Lambda exonuclease trims or digests unbound
double-stranded DNA in a 5° to 3’ direction. Thus,
when it is used on a fragmented DNA that has been
immunoprecipitated - without being reverse cross
linked - it will digest the DNA from either end until
it reaches the binding)site [70]. Furthermore, when
deployed,on false)positives due to contamination or
falseegatives, it can correct the mistakes, as the
exonuclease-digests all unbound portions of the
DINAy, leaving the bound regions intact. Through its
mechanism, the exonuclease narrows down the
binding site to an extremely high resolution, in
addition to drastically reducing the background
noise.

Application of ChIP-exo to DNA binding protein
Rebl of Schizosaccharomyces pombe (Fission
Yeast) demonstrated that it could identify individual
binding locations among protein clusters, which are
mostly unattainable by ChIP-Seq or ChlP-on-chip.
Considering that 60 percent of 1,776 identified
peaks were primary locations or clusters, this is
quite significant to the improvement of specificity.
Furthermore, the false positive rate was less than
0.05% in the ChIP-exo dataset, demonstrating the
high accuracy of this protocol [71].

ChIP-Seq is flawed because its specificity, while
substantial, is not at its maximum potential, leading
to ambiguity of binding sites. Furthermore, it is also
subject to false-positives and background noise
because there isn’t a protocol to confirm that the
obtained DNA fragments are truly bound to
proteins. Through the addition of the lambda
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exonuclease, these aspects are drastically improved
in ChIP-exo.

6. COMMON ANALYSIS TOOLS

The final section explores the different tools that are
applied to the obtained ChlP-Seq data for means of
analysis. ChIP-Seq is an excellent technology for
acquiring raw data, but it is rendered meaningless
without proper data analysis. Proper steps in
analysis includes aligning sequences and
aggregating data for statistical and comparative
analysis. The most popular tools currently in use are
MultiQC and ELAND.

6.1 MultiQC

MultiQC is a bioinformatics tool that is popular for
its ability to combine data from multiple samples
into a single report. This facilitates comparison
between data, providing insight into differences and
similarities that could have easily been overlooked,
had the data been separate. By compiling data
across multiple samples in a single summary, it
makes it easier for the user to scan through statistics
of interest. Thus, it removes the need for the
repetition of finding and compiling reports from
single samples, which is not only time consuming
but also subject to potential errors.

MultiQC generates an easily accessible HTMIx
report that contains interactive plots. The user can
manipulate features on the report: hiding or
highlighting samples and resizing plots make the
report easy to adjust based on user’s interest.
Although MultiQC itself is compatible with a wide
variety of bioinformatics tools, a custom code
makes it easy for users to control the functionality
and inner workings of the program. Thus, it can be
personalized for the specific individual needs of
users.

With the ability to accommodate many samples at
once, parse data with massive power (“thousands of
samples within minutes”), and serve as a quality
control for data, MultiQC is rising in popularity in
the field of bioinformatics. It serves as the pipeline
endpoint for the aggregation of multiple samples
and is, therefore, best used in comparative studies of
single cells and populations. Using this tool, it is

possible to filter out bias and identify abnormal
samples, which are derived from the convenience in
placing multiple samples against one another.

This technology has revolutionized the platform that
researchers use for data analysis; with a more
convenient platform comes the reduction in time
and work that is required for conventional methods
of analysis [72].

6.2 ELAND

ELAND is a program developed by Illumina with
the purpose of aligning short sequence reads to a
reference genome in order to pinpoint genetic
variations and is well known for its high sensitivity.
More specifically, ELAND can guarantee full
sensitivity for reads that contain a maximum of 2
mismatches with the reference. It is a fast and
accurate software that is useful in combining short
reads that were generated in parallel and detecting
SNPs, which eaptlire genetic variation in a
population Adentifying SNPs can be extremely
useful.in,indexing causes for genetic diseases [73].

16 order to do this, ELAND divides a read into four
parts and creates six “seed templates” through a
combination of two of the four parts. The templates
are applied on the reference genome to index it, and
then the reference genome is scanned base-by-base
to find hits/mismatches. As a result, ELAND
efficiently aligns the reads to the reference genome
and identifies all reads with 2 hits [74]. ELAND’s
sequence read alignment and identification of
mismatches in said aligned sequences is crucial to
pinpointing mutations and structural rearrangements
in samples [75].

Despite its efficiency and accuracy, ELAND has its
limitations because it is incapable of supporting
reads longer than 32bp at the same power and
sensitivity. If the first 32 bases of an aligned read
are not unique, ELAND has an increased
probability of missing the alignment, as it mostly
depends on hits or mismatches. Novel algorithms
and ELAND itself continue to adapt in order to
overcome such limitations.

© 2020, iJournals All Rights Reserved

www.ijournals.in

Page 14




1Journals: International Journal of Software & Hardware Research in Engineering

ISSN-2347-9698
Volume 8 Issue 9 September 2020

7. CONCLUSION

The investigation of protein-DNA binding sites is
one of the crucial components to understanding the
biology of organisms. Protein-DNA interactions
govern many biological processes at a cellular level,
and the visualization and comprehension of those
processes aid scientists in identifying connections
between seemingly separate concepts or
phenomena. ChlP-Seq is one of the best tools
tailored for this purpose, as it inherently assays
interactions between proteins and DNA.

While ChlP-Seq has flaws, alternatives such as
ChlP-exo or PLAC-seq prove weaker in the areas
where ChlIP-Seq excels. As a result, it would be
beneficial to consider the cost and benefits of each
method, or to run multiple trials to empirically
determine which methodology meets the intended
application.

Another reason for the popularity of ChIP-Seq is its
versatility. The NGS component provides the
researcher with data that are compatible with many
different software packages. One can refine

such data with algorithms such as SISSRs peak-
finder, or analyze and interpret the data with
programs such as MultiQC and ELAND.

Bioinformatics is a relatively new field of study, but
advanced tools like ChlP-Seq open up an infinitude
of possibilities. Scientists are just beginning to
uncover the true potential of incorporating such
technologies into the biological sciences.
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