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Abstract: Epigenetic regulators play a crucial role in establishing and maintaining gene expres-
sion states. To date, the main efforts to study cellular heterogeneity have focused on elucidating
the variable nature of the chromatin landscape. Specific chromatin organisation is fundamental
for normal organogenesis and developmental homeostasis and can be affected by different envi-
ronmental factors. The latter can lead to detrimental alterations in gene transcription, as well as
pathological conditions such as cancer. Epigenetic marks regulate the transcriptional output of cells.
Centromeres are chromosome structures that are epigenetically regulated and are crucial for accurate
segregation. The advent of single-cell epigenetic profiling has provided finer analytical resolution,
exposing the intrinsic peculiarities of different cells within an apparently homogenous population. In
this review, we discuss recent advances in methodologies applied to epigenetics, such as CUT&RUN
and CUT&TAG. Then, we compare standard and emerging single-cell techniques and their relevance
for investigating human diseases. Finally, we describe emerging methodologies that investigate
centromeric chromatin specification and neocentromere formation.

Keywords: epigenetics; centromere; chromatin regulation; single-cell epigenetics; emerging technolo-
gies; epigenetics in human health & disease

1. Introduction

In 1942, for the first time, Waddington coined the term ‘epigenetic’ as the branch of
biology that studies the causal interactions between genes and their cellular products and
implements the phenotype [1].

In past decades, the concept of epigenetic regulation has evolved, thanks to technologi-
cal advances that have revolutionised the investigation of biological phenomena. Currently,
epigenetics is defined as the science that studies stable and potentially heritable changes in
gene expression and the phenotype occurring without alterations in the DNA sequence [2].

The main epigenetic mechanisms include DNA methylation [3], histone modifica-
tions [4] and non-coding RNAs (ncRNAs) [5] (Figure 1). These mechanisms are dynamically
regulated in response to developmental and environmental stimuli; thus, they establish
feedback in the control of several biological processes such as gene expression, genome
architecture, growth, apoptosis, alternative splicing, DNA repair and ultimately, evolu-
tion [6–8].

Most often, DNA methylation is found in association with silent chromatin states and
typically takes the form of methylation of cytosine; such a modification mainly occurs
on CpG islands, which are typically found in regulatory regions such as enhancers and
promoters of genes or in repetitive DNA sequences [9].

Histone modifications (methylation, acetylation, phosphorylation, ubiquitination and
many others) are key regulatory modifications resulting in changes in transcription, DNA
replication and chromosome condensation [6,10,11]. Generally, acetylation is associated
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with euchromatin, a general term for transcriptionally active chromatin states [12], while
methylation may be found in both euchromatin or heterochromatin (transcriptionally
inactive) regions depending on the specific lysine/arginine residues that are modified [7].

Figure 1. Schematic representation of the main epigenetic mechanisms: DNA methylation, histone
post-translational modifications (PMTs) and non-coding RNAs. In the nucleus, chromatin is organised
in peculiar chromosome structures composed of DNA wrapped around nucleosomes. Nucleosomes
are formed by four histones that can be modified in their N-terminal tails to open or compact
chromatin, for example, acetylation, phosphorylation and methylation. DNA methylation usually
occurs at 5′-position cytosine residues on CpG islands. Non-coding RNAs can be transcribed but not
translated in a protein playing a crucial role in epigenetic regulation of the genome. All epigenetic
modifications work together to determine an epigenetic code to regulate chromatin organisation and
gene expression.

Non-coding RNAs (ncRNAs) are a heterogeneous class of regulatory molecules de-
rived from genes that are transcribed but not translated into proteins. They can be further
classified in small-interfering RNAs (siRNAs), microRNAs (miRNAs), Piwi-interacting
RNAs (piRNAs) and long non-coding RNAs (lncRNAs) which have key roles in many
biological processes [13,14].

Epigenetic modifications are continuously and dynamically modulated, especially by
environmental factors. Indeed, the main benefit they provide lies in the ability to ‘fine-tune’
gene expression in line with progressive ontogenic and environmental changes. Thus,
epigenetic markers are preferred developmental indicators [15–17], being more stable,
accurate and specific than transcriptional markers [18].

Human health is impacted by epigenetics, and disruption in the correct balance of
open and closed chromatin states can result in the onset of epigenetic machinery disorders.
Growing evidence support that epigenetic machinery may profoundly affect human health.

Mendelian disorders of the epigenetic machinery (MDEMs) are genetic diseases caused
by mutations in genes coding for epigenetic factors and are often associated with intellectual
disability, revealing that epigenetic mechanisms are very crucial for normal neurological
development [19].

In addition to monogenic diseases, epigenetic mechanisms are significantly involved
in multifactorial diseases such as neurodegenerative disorders [20], metabolic dysfunc-
tion [21] and cancer progression [22], although it is unclear the degree by which epigenetic
alterations are the cause or the consequence of pathogenesis. For example, epigenetic
variability between cancer cells that may arise in response to environmental stimuli may
exacerbate cell-to-cell heterogeneity and contribute to cancer progression and resistance to
therapy [23]. For many years, cell variability has been hard to quantify due to the lack of
specific methodologies. For instance, chromatin immunoprecipitation followed by sequenc-
ing (ChIP-seq) is a major technique to profile chromatin accessibility and DNA–protein
interactions in a population of cells but is not sufficiently sensitive to quantify epigenetic
features at the level of single cells. In recent years, single-cell sequencing techniques have
been developed and applied to the study of epigenetics. For instance, Bolhaqueiro and
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colleagues have developed a methodology to analyse single-cell DNA sequencing data to
reveal genome changes and chromosomal aberrations, such as duplication or deletions, to
explore cell-to-cell variability in a heterogeneous cancer cell population [24].

Chromosomal instability (CIN) is a hallmark of many types of cancer. However, how
CIN contributes to cancer progression remains to be elucidated. CIN is characterised by
loss or rearrangement of genetic material during cell division, resulting in aneuploidy,
chromosome structural alterations and segregation errors. Thus, CIN can increase genetic
heterogeneity between tumour cells. A key structure for chromosome segregation is
a chromatin region called the ‘centromere’. Centromeres recruit the kinetochore complex,
a proteinaceous structure that provides the physical attachment to the microtubules of
the mitotic spindle. Any alteration in the architecture of the centromere can result in cell
cycle defects, leading to chromosomal instability. Indeed, the overexpression of CENP-A,
the main epigenetic centromere marker, has been reported in several types of tumours,
and it correlates with poor prognosis for patients. The molecular consequences of CENP-A
overexpression in cancer cells are still unclear [25–27]. However, CENP-A overexpression
drives chromosomal instability and aneuploidy, as shown in a cancer cell line and in
a xenograft mouse model [28].

Epigenetic marks can affect the cells’ transcriptional output, and consequently, their
function. Therefore, understanding their effects on single-cell resolution can determine
variations that occur in cell fate and function. Owing to this need, new techniques for
studying single-cell epigenomics have been developed and previously deepened in some
respects [29–34]. In summary, although epigenetic profiling of cell populations has con-
tributed new insights on the role that epigenetic marks have on cellular function, un-
derstanding the effects of these marks at single-cell resolution is needed to appreciate
cell-to-cell variability in fate determination and function in health and disease [30–33].

In this review, we discuss single-cell methodologies that have recently emerged and
that may provide new impetus in achieving the goals of ‘personalised medicine’. We
present a critical review of such techniques examining strengths, challenges and limitations
and offering insight in the epigenetic field into molecular components of the genome and
its functional output.

2. Single-Cell Sequencing and Common Applications

Over the last few years, single-cell sequencing (SCS) has emerged as a powerful set of
technologies applied to a multitude of biological questions. Before the widespread adop-
tion of single-cell genomics, RNA (in the form of cDNA) or (genomic) DNA sequencing was
performed on nucleic acids isolated from whole tissue. Tissues are made of different cell
types that are difficult to separate. Moreover, even within a single cell type, the population
is heterogeneous, which in large part is due to the stochastic accumulation of mutations
introduced during DNA replication [35]. In this regard, physiological functions in health
and disease are distinguished by the interplay between cells, but traditional sequencing
technologies afford low resolution to the problem. Conversely, SCS can detect heterogeneity
among individual cells and can lead to the discovery of new cell types (or sub-types), re-
building the cell development trajectory. Generally, SCS is used to analyse gene expression,
to identify events of sister chromatin exchange and to define the methylation status of
genes of interest. [36]. For instance, SCS applied on post-mortem brain tissue has allowed
studying the cellular composition of some isolated neurons and their involvement in some
neurodegenerative diseases or brain lesions [37]. SCS technologies have been applied
in stem, neuronal or glial cells to study the epigenetic profiles of open chromatin and
investigate its role in the pathogenesis of diseases. In combination with single-cell immune
profiling, SCS also allows obtaining immune profiling with the possibility to characterise
new immune cell types and states. From this point of view, SCS can aid in identifying new
drug targets and verify whether they work as expected.
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3. Single-Cell Technology Approaches to the Study of Neurodegenerative, Metabolic
and Multifactorial Diseases

In light of the potential impact on several diseases’ development, epigenetics is a pow-
erful field to study all mechanisms and risk factors contributing to their progression.
Indeed, in an organism, the epigenome is normally established at the end of embryonic
development and subsequently subjected to several modifications, which in not common
cases, can unbalance the activation state of a gene, resulting in the onset of cancer [38].
Even if the functional relationship between epigenomic and transcriptional dysregula-
tions and neurodegenerative and other age-linked disorders is not clear, the introduction
of single-cell sequencing technology has certainly provided more insights about gene-
expression differences that originate from specific cell types. Several evidences show
that DNA methylation and histone post-translational modifications could play a pivotal
function in Alzheimer’s disease (AD), in which RNA-seq analysis reveals widespread tran-
scriptomic dysregulation with altered splicing [39]; in ageing-associated phenotype [40], as
demonstrated in podocytes of aged mice, in which RNA-seq analysis showed differentially
expressed genes to distinct targeting of the ageing process; and in Atherosclerosis, where
several genome-wide epigenomic mapping techniques have been performed in a low set of
cells [41,42], as also confirmed by the epigenetic alterations in auto-immune disorders [43].
Recently, Mathys et al. demonstrated the key role of glial–neuronal interactions in re-
sponse to AD pathology thanks to a single-cell transcriptomic analysis through which
important myelinisation regulators, such as LINGO1, have been identified as alternating
between neuronal and glial cells, suggesting their high therapeutic potential [44]. Addi-
tionally, in AD, reference maps of genome-wide distribution of DNA methylation state
were created to characterise epigenetic alterations during the disease progression [45].
General deregulation of epigenetic machinery has also been shown in AD with a histone-
deacetylation alteration [46], a ‘global’ DNA methylation and hydroxy-methylation profile
observed in the patients [47], that along with ncRNA-associated gene silencing, are taking
on an increasingly relevant role as biomarkers and therapeutic targets for AD [48]. In this
regard, Garcidueñas et al. demonstrated a general decrease of the H3K9me2 and H3K9me3
(H3K9me2/me3) both in AD patients with higher levels of the DNA double-strand-break
marker γ-H2AX in young adults who resided in metropolitan versus low-pollution areas,
suggesting the important relationship between epigenetic gene regulation and environ-
mental exposure [49]. Environmental factors and ageing have been included in important
human-induced pluripotent stem cell (iPSC)-based models for the recapitulation of cy-
topathic phenotypes and drug screening of many neurodegenerative diseases, in which
single-cell technologies play a significant role [50]. Indeed, epigenetic changes have as-
sumed a prominent value as biomarkers in the treatment not only of neurodegenerative
diseases but also in the normal development of the brain in response to different environ-
mental stimuli [51]. In this context, the role as biomarkers of the Transposable elements
(TE) and the epigenetic marks associated with them has also been highlighted in order to
understand the tissue or cell-specific epigenomic impact of environmental exposures and
related diseases [52].

In recent years, more attention has been paid to the phenomenon of cellular hetero-
geneity in which metabolism can play a role. The complexity of the mechanisms underlying
the functioning of the metabolome, both in pathological and non-pathological conditions,
is a topic of high interest to which transcriptomic and proteomics single-cell analysis
have contributed enormously [53]. In this regard, there are several correlations between
metabolic disorders and recent technological improvements in single-cell and omics epi-
genetic profiling that shed light on new opportunities for research and therapy discovery.
Furthermore, the transcriptomic profiling by single-cell RNA sequencing (scRNA-seq) has
helped to understand important gene expression dynamics during the different stages of
development in mouse and human germ cells [54–56], mouse liver development [57] and
human fetal kidney growth [58].
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Additionally, in cancer cells, many global epigenetic alterations have been observed,
suggesting that epigenetic aberrations play a key role in cancer initiation and progres-
sion. In order to ensure effective diagnosis and treatment for cancer, scRNA-seq helps in
the detection of genetic information, in the control of genes and in the difference between
gene expressions in individual cells. Recently, Park et al. using scRNA-seq, revealed
that the major contribution in pathogenicity in several mouse kidney diseases could be
found in cell-type-specific markers, conversely to that which has previously been shown
by transcriptomic studies studying the global influence of different cell groups [59].

It has also been shown that obesity and the alteration of genes related to fat metabolism
are important negative regulators of histone methylation and autophagic processes, as
demonstrated by Pan et al. with single-cell RNA transcriptome sequencing in mouse
embryos [60]. Additionally, this approach further revealed how specific inflammatory-
related genes are also altered in the oocytes of obese women compared to those with normal
body weight [61], suggesting the useful contribution of scRNA-seq in the exploration of
complex biological systems such as the immune system.

Of note, studies in Drosophila melanogaster have significantly contributed to deepening
our knowledge of human diseases, unlocking molecular pathogenesis pathways in different
fields, such as neurodegenerative disease, cardiovascular, metabolic and immunological
disorders [62]. In an interesting study, the expression of genes linked to several important
metabolic pathways has also been investigated in Drosophila eye-disc development process,
in which the authors have identified an altered glycolytic activity in Rbf (retinoblastoma
family protein) mutant cells compared to wild-type, using a scRNA-seq study [63].

Drosophila’s blood system has also been used as a useful tool for identifying new cell
types that have not yet been discovered and potentially expressed even in the human
immune system, acknowledging the analysis of single subtypes of cellular populations
that with a common sequencing would not be recognisable [64].

In this regard, considering the importance as common epigenetic markers of miRNAs
detection, histone variants and PMTs, and also histone detection in patient’s blood, could
be a non-invasive system to research epigenetic markers that distinguish health from
pathological conditions. Furthermore, in the last decade, new technological approaches
have been emerged to develop strategies to employ epigenetic biomarkers in diagnostics
for human health. Moreover, epigenetic compound development could be advantageous
to heal several disorders that display resistance to standard treatment, leading to solutions
for biomedical problems.

Since diverse mutations can be encountered during the early cell divisions and some-
times cause genetic disorders and the onset of genetic variations, single-cell sequencing
has allowed more clues on the cell type involved and on the disease progression. In-
deed, single-cell genomics has made it possible to carry out wide-ranging studies of
action in an organism’s life cycle, highlighting the effects of increased vulnerability during
the early stages of development. The methods developed so far can allow the dissection
of the single-cell genetic content in normal organs, pre-malignant states and established
tumours, providing insights into the functioning of maintaining the genome in health
and disease.

4. Chromatin Immunoprecipitation (Chip) as a General Method to Study
Protein–DNA Interactions

Cellular differentiation is a highly dynamic process that involves continuous inter-
actions between DNA and proteins such as transcription factors, histones and histone-
modifying enzymes. Years ago, a lack of information on the genomic distribution of
histone modifications prevented the full understanding of the ‘histone code’. This refers
to the instructive role conferred by specific histone modifications and their combinations
to the structural organisation and expression of the genome [65]. Major advances were
made possible by the development of approaches that combine protein-specific chromatin
immunoprecipitation (ChIP) [66] with techniques for the identification of the associated
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DNA, such as PCR amplification of target sequences (ChIP-PCR) [67], DNA microarray
hybridisation (ChIP-on-chip) and genome sequencing (ChIP-seq) [68–70] (Figure 2).

Figure 2. Overview of ChIP-seq and sequencing variants. ChIP-Seq combines chromatin immunoprecipitation with DNA
sequencing to show specific transcription factor binding sites. DNase-seq reveals regions of open chromatin after DNase I
endonuclease digestion as also in MNAse-seq, in which Micrococcal nuclease digests DNA to create a sequencing library.
Additionally, ATAC-seq is used to study chromatin accessibility genome-wide in DNase I hypersensitive sites, in which
an engineered Tn5 transposase cleaves DNA that is tagmented with primer DNA sequences to NGS sequencing. This
method appears as complementary technique to DNAse-seq, MNase-seq and FAIRE-seq. In FAIRE-seq, used to detect
the nucleosome-free regions of the genome, the chromatin is crosslinked with formaldehyde in vivo, sheared by sonication
and phenol-chloroform extracted to NGS sequencing (created with biorender.com).

The aim of ChIP techniques is to identify which DNA sequences are bound to variants
of structural or functional proteins in the chromatin. ChIP-PCR is limited to investigating
candidate sequences, whereas the development of ChIP-on-chip has opened the door to
unbiased genome-wide studies. However, ChIP-on-chip approaches suffer substantial
technical limitations. A microarray chip is a solid substrate on which thousands of DNA
sequences called ‘probes’ are arranged in rows and columns such that position reflects

biorender.com
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identity. Thus, the identification of the DNA sequences part of the immune-precipitated
chromatin relies on their hybridisation to the probes after an amplification step [71]. Biases
introduced during the amplification reaction, unspecific hybridisation signals and the need
to probe several arrays to cover the entire human genome are the most noticeable limitations
of this technique. An improvement was introduced with the advent of ChIP-SAGE (SAGE,
serial analysis of gene expression) [72], useful to analyse histone modifications and DNA-
binding proteins in entire unknown genomes. Generally, this method is based on short
sequence tags, containing information about an mRNA and sequencing them to identify
the abundance of a transcript in a cell. The ability to detect unknown genes is a useful
advantage of ChIP-SAGE over microarray studies, making sets of experiments more
comparable with each other and reducing background noise. However, the best results
are obtained with ChIP-seq, currently the main method in epigenomic research [69,73,74].
Here, second-generation sequencing is used to identify the precipitated immune DNA,
a very sensitive technique that is becoming progressively more affordable [75].

For many years ChIP-seq has been the method of choice for genome-wide mapping
of protein–DNA interactions. However, some concerns have been raised recently [76,77].
In a typical chromatin immunoprecipitation reaction, first, the proteins are cross-linked
to the DNA by chemical or physical means (such as formaldehyde or UV light). Then,
the chromatin is precipitated using antibodies and fragmented by sonication or enzymatic
activity. The DNA is extracted, modified (for example, by ligating ‘adapters’) and amplified
to make libraries for sequencing. All these steps are vulnerable to bias. For example,
cross-linking can cause epitope masking, leading to false negatives results [78]. Mechan-
ical fragmentation by sonication can generate a heterogeneous pool of DNA fragments
depending on the configuration of the chromatin and consequently sample-specific biases.
Conversely, DNA fragmentation by enzymatic activity presents a risk because the en-
zyme could more efficiently cut some genomic regions (for instance, A/T rich) compared
to others.

Recent advances on the traditional ChIP-seq method include the ChIP-exo assay
that introduces a significant improvement in mapping protein–DNA interaction sites.
It achieves up to a single base-pair resolution by employing an endo and exonuclease
combination to cleave and remove all exposed DNA sequences but preserving those
engaged in interactions with proteins [79]. Additionally, Nano-ChIP–seq [80] and single-
tube linear DNA amplification (LinDA) assays have greatly improved sensitivity and
require just a few hundred cells from which a few pg of DNA can be extracted (Figure 2).
LinDA is also compatible with high-speed sequencing and an optimised T7 phage RNA
polymerase linear amplification protocol because the whole reaction takes place in a single
tube and with a single buffer [81]. Additionally, the ultra-low-input micrococcal nuclease-
based native ChIP (ULI-NChIP) assay (Figure 2) can generate histone profiling from
little starting material, for instance, from a low number of embryonic stem cells [82].
The primary constituents of chromatin, the nucleosomes, are organised at various levels
of compaction that reflects different activation states. Several methods generate genome-
wide profiles of nucleosome occupancy. Indexing-first chromatin immunoprecipitation
(iChIP) works by barcoding total cellular chromatin [83]. Chromatin interaction analysis
by Paired-End Tag sequencing (ChIA-PET) uses a Paired-End Tag (PET) strategy to detect
long-range chromatin interactions mediated via a protein of interest [84]. This method
aims to identify distal interactions between promoters and regulatory regions through tag
mapping and identification of chromatin protein binding sites. Drop-ChIP and scChIP-seq
analyse chromatin states in multiple single cells in parallel using molecular barcoding,
combining droplet microfluidics with single-cell DNA barcoding technologies. Single cells
are isolated into droplets containing lysis buffer and micrococcal nuclease (MNase). After,
oligonucleotides-dependent cell-specific barcoding chromatin is introduced into the pooled
droplets before immunoprecipitation to perform ChIP-seq [85]. ChIP-seq has also been
incorporated in methods to study gene regulation, such as DNase-seq [86,87], FAIRE-
seq [88] and ATAC-seq [89] (Figure 2). DNase-seq is used to identify nucleosome-free
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regulatory regions of the genome accessible to DNase I, an endonuclease of E. coli, which
can only access DNA regions not wrapped around histones. After, lysis DNA fragments are
generated by DNase I restriction and identified by Next Generation sequencing (NGS) [90].
FAIRE-Seq (Formaldehyde-Assisted Isolation of Regulatory Elements Sequencing) is based
on a similar principle [88]. However, instead of permeabilising the cells, crosslinking
takes place directly between DNA and genomic portions that are nucleosome-free (with
open chromatin). After DNA fragmentation, DNA is extracted, amplified and analysed
by NGS sequencing [88]. Further advancement in the study of chromatin accessibility
was introduced in 2013 by Buenrostro and colleagues with the ATAC-seq method [89].
This assay is a better alternative to the DNAse-seq and FAIRE-seq methods, significantly
reducing the amount of sample required (~20,000 cells compared to the millions needed
by the other two techniques). ATAC-seq identifies accessible regions of the genome using
Tn5, a mutant hyperactive prokaryotic transposase. Tn5 simultaneously fragments and
tags with adapters (tagmentation) unprotected regions of the DNA. Thus, Tn5 probes
the accessibility of the chromatin at the genomic level [91]. Compared to other methods,
ATAC-seq affords better resolution with less starting material and shorter execution time.

The techniques described above have been applied to the study of epigenetics in
several contexts, including development, cell differentiation and cancer.

5. DamID, Chec-seq and Chic-seq Enzyme-Tethering Strategies Applied to the Study
of Chromatin Profiling

Enzyme-tethering strategies such as DamID (DNA Adenine Methyltransferase Identi-
fication) [92], ChEC (Chromatin Endogenous Cleavage) and ChIC (Chromatin Immuno-
cleavage) [93], are alternative systems to standard ChIP-seq. Their common strategy is to
target the DNA of interest directly inside the nucleus of cells rather than after precipitation
of DNA–protein complexes (Figure 3).

In 2000, Bas van Steensel and Steven Henikoff introduced a method based on the fu-
sion between the DNA adenine methyltransferase (Dam) enzyme of Escherichia coli and
a chromatin protein of interest to map the protein contact sites on the DNA. Dam methy-
lates the adenines of adjacent GATC sites in vivo. After DNA extraction, methylated GATC
motifs are first enriched using a methylation-sensitive endonuclease (DpnI) that restricts
unmethylated sites and then are mapped by sequencing to produce a genome-wide binding
profile [92]. Unlike ChIP, DamID does not require antibodies or other affinity reagents.
Interestingly, mapping studies using DamID have shown that the nuclear lamina (NL)
is mainly associated with inactive chromatin, either directly modulated by epigenetic
changes such as histone deacetylation, H3K9me2 or indirectly through secondary targets
such as Oct1 in order to repress genes that are located in domains associated with the lamin
(LAD) [94]. Thus, DAmID is a method of choice for profiling chromatin proteins asso-
ciated with nuclear lamina [94] for studying RNA–chromatin interactions, long-range
chromosome interactions and chromatin accessibility [95]. Indeed, the study of open
chromatin has benefitted from the development of the Chromatin Accessibility Targeted
DamID (CATaDA) protocol [95], which has been used extensively in a wide range of model
organisms [96–99].

Subsequently, two complementary methods, ChEC and ChIC, were developed to
avoid the bias introduced by the chromatin fragmentation–solubilisation step in ChIP.
The two approaches were first used to map the DNA binding sites of CBPs in the baker
yeast Saccharomyces cerevisiae [93]. In ChEC a chromatin-associated protein of interest is
fused to MNase, a calcium-dependent exo-/endonuclease. After gentle permeabilisation,
the addition of calcium induces the cleavage activity of MNase and the generation of
double-strand breaks around loci bound by the fusion protein [93]. In ChIC, a specific
antibody binds the target protein in situ and tethers a protein A-MNase (pA-MNase) fusion.
Conveniently, this avoids producing a specific MNase fusion for each protein of interest if
efficient antibodies are available [93]. Additionally, after extraction, the total DNA can be
size-selected before library preparation, with increased efficiency [93,100]. The proficiency
of these methods was demonstrated in yeast by Zentner et al., who mapped the binding of
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the general transcription factors Reb1, Abf1 and Rap1 [101], and by Grünberg et al., who
profiled the Mediator complex, a necessary transcriptional coactivator [102]. In summary,
these methods reduce the incidence of background observed in ChIP-based experiments
providing high-resolution profiling [103].

Figure 3. Enzyme-tethering analysis. DamID is used to map the binding sites of DNA and chromatin-binding proteins
and consists of fusing DNA methyltransferase to a protein of interest (usually a transcription factor), which methylates
adenine in GATC sequences. The genome is digested by DpnI, which cuts only methylated GATCs, that are amplified
in PCR assay and subsequently analysed. In ChEC-seq analysis, Micrococcal Nuclease (MNase) cleaves DNA after Ca2+

addition, allowing chromatin-associated protein profiling. ChIC-seq procedure is based on binding of the primary antibody
(AB) to chromatin-associated protein of interest and on subsequent fusion of protein pA-MN to the secondary AB that
produces DNA fragments used for sequencing library creation and data analysis (created with biorender.com).

More recently, Donczew et al. used these methods to map the specific transcrip-
tion coactivator’s localisation both in normal and pathological events [104]. Furthermore,
Tebbji et al. have used a modified ChEC-seq protocol to unravel the occupancy of the chro-
matin remodelling complex (SWI/SNF) in Candida albicans, which is implicated in fungal
fitness and drug resistance [105]. Additionally, scChIC-seq coupled with normal ChIC
protocol was able to detect specific histone modifications target sites in the human blood
cell clusters [106]. The many advantages obtained in terms of resolution, efficiency and
specificity by ChIC and ChEC have highlighted the experimental potential of the enzyme-
tethering methods in the elucidation of the epigenetic features and functions of chromatin,
paving the way for further improvements in this field. The possibility of studying single-cell
chromatin dynamics has opened new frontiers to complementary methods or extensions
of ChIP-seq, such as enzyme-tethering, to better understand genomic relationships of
protein–DNA interactions (Table 1).

biorender.com
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Table 1. Main features of the epigenetic techniques discussed in this review.

Method Typical Cell Input
(Cells) Advantages Disadvantages Reference

ChIP-seq ≥5 × 105

• Methodology for genome-wide
mapping of protein-DNA
interactions

• Availability of database
sequences

• Sonication and
crosslinking-related
interferences

• Dependent on antibody
efficiency

[69]

DNAse-seq ≥106
• Identification of regulatory

regions

• High cell input typically
required

• Specificity for DNA regions not
wrapped on histones

[86]

FAIRE-seq ≥105

• Simple and rapid protocol
• Crosslinking takes place

directly between DNA and
genomic portions
nucleosomes-free

• Low signal-to-noise ratio
• Dependent on correct crosslink

efficiency
[88]

MNAse-seq ≥106

• Map nucleosome and TF
information

• Chromatin processing by
Micrococcal Nuclease (MNAse)
action

• High cell input typically
required [89]

ATAC-seq ≥5 × 104

• Low cell input requirement
• Fast and easy protocol
• Native conditions

• Correct combination in
adapter-transposase mixture
needs to be optimized

• Distance between adapter sites
must be checked for library
amplification

[92]

Dam-ID ≥104

• No antibody, sonication and
crosslink-dependent

• Low base-pair resolution
• GATC motifs-dependence of

Dam action

• Use of fusion protein
• Dependent on GATC

sequences
[93]

CHEC-seq ≥5 × 107

• No antibody, sonication and
• Crosslink-dependent
• Inducible

• Chromatin-MN fusion protein
expression [85]

CUT&RUN ≥105

• Very low cellular input
• Fast and easy protocol
• High-throughput

genome-wide mapping
• Native conditions and

inducible system

• Quality antibody-dependence [100,107]
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Table 1. Cont.

Method Typical Cell Input
(Cells) Advantages Disadvantages Reference

CUT&TAG ≥5 × 105

• Low-cost and very fast
technique

• High-throughput genome wide
mapping

• Low background and high
resolution

• pA-Tn5 loaded with
sequencing adapters

• Native conditions and
inducible system

• Quality antibody-dependence [108–110]

6. Emerging Strategies for Efficient Genome-Wide Chromatin Profiling: CUT&RUN
and CUT&TAG

Chromatin is crucial in regulating gene expression. Features such as occupancy by
transcription factors (TFs), regions of DNA accessibility and histone modifications can vary
between cell types, in response to stimuli and in pathological versus healthy conditions.

Thus, a genome-wide understanding of chromatin profiling is needed to characterise
pathological changes that occur in disease.

Generally, from its first application, genome-wide chromatin profiling has been per-
formed using the ChIP-seq method [111], but in the last year, some biases have been
emerged [76].

Cleavage Under Targets and Release Using Nuclease (CUT&RUN) is an efficient
chromatin profiling technique similar to ChIC [100,107]. It is performed on permeabilised
nuclei fixed to a solid support. After in situ incubation with a specific antibody against
a protein of interest, the addition of pA-MNase and Ca2+ results in DNA cleavage. The DNA
fragments that have been generated are then used for library preparation. In contrast
to other strategies, CUT&RUN has low backgrounds, resulting in a high-throughput
genome-wide mapping. It is an attractive strategy that has overcome some methodological
limitations such as crosslink and solubilisation issues [100].

In addition to this advantage and in contrast to standard ChIP-seq methodology,
CUT&RUN can be carried out in few hours, beginning from only 100 cells for a histone
modification profiling and starting from 1000 cells for a transcription factor [100,107].

CUT&RUN has been employed successfully in several model systems. For instance,
in Arabidopsis, it has been used to generate a genome-wide map of the histone modification
H3K27me3 (tri-methylation at lysine 27 of histone 3) in nuclei of the endosperm [112],
in the human cancer cell line to profile RNApol II [113] and in a few cell populations as
those of early embryos, as reported by Hainer and colleagues, who used some variations
to the original technique to profile chromatin proteins occupancy at the single-cell level,
rendering this method very adaptable also for cell populations hard to achieve in large
numbers [114].

Furthermore, an automated CUT-RUN procedure has been reported (AutoCUT&RUN),
providing a high-throughput chromatin profiling of patients for clinical use in the biomedicine
field [115].

Derived from CUT&RUN, a modification called Cleavage Under Targets and Tagmen-
tation (CUT &TAG) has emerged in the last few years [108–110]. The main improvement
is the use of pA-Tn5 loaded with sequencing adapters instead of pA-MNase. This results
in the production of DNA fragments ready for sequencing by tagmentation [108–110]
(Figure 4).
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Figure 4. Graphic illustration of the principal technological approaches for epigenetic chromatin
profiling. ChIP-seq is a well-used method to profile DNA–protein interactions. In this method, after
crosslink and DNA fragmentation, a hybridisation step with a specific antibody against a protein
of interest is needed. After DNA extraction, library preparation can be performed. CUT&RUN is
an enzyme-tethering strategy that, after in situ incubation with a specific antibody, makes use of
a micrococcal nuclease fusion protein (pA-MNase) for DNA fragment generation. CUT&TAG is
the most recent methodology introduced for epigenome features profiling. As with CUT&RUN, it
begins with an antibody incubation but exploits the transposome Tn5-transposase-protein A (pA-Tn5)
fusion protein loaded with sequencing adapters for tagmentation and sequencing.

CUT&TAG is quite inexpensive, fast and suitable for single-cell sequencing applica-
tions. The main limitation is that it requires access to specific antibodies whose affinity
determines the overall efficacy of the reaction [108–110].

Compared to ChIP-seq that requires a high number of starting materials, making
it not suitable for diagnostic applications, CUT&TAG is a higher-sensitivity technique
that can be performed starting from a low number of cells. In addition, CUT&RUN and
CUT&TAG have been carried out on unfixed and permeabilised cells, avoiding epitope
masking generally associated with the ChIP method, in which DNA and proteins have
cross-linked with formaldehyde or UV lights.

CUT&TAG is a low-cost genome-wide chromatin profiling and show crucial advan-
tageous features that allow it to be employed for clinical and diagnostic application in
the biomedicine field. In fact, it is not so expensive, can give results in only a day and it
does not need a great number of cells, resulting in a single-cell methodology. Indeed, it
could be suitable to explore cell-to-cell heterogeneity, a hallmark of cancer cells.

Despite being a very new technique, there are several publications describing CUT&TAG
applications. For instance, the genomic profiling of native R loops, which plays a pivotal
function in many biological processes with consequences in human disease [116]. Yu et al.
have employed the H3K27Ac CUT&Tag protocol to investigate BMP-dependent active
enhancers during osteoblast differentiation [117].

Bartosovic et al. used CUT&TAG to profile histone modifications and transcription
factors occupancy at the single-cell level in the mouse brain [118].
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In addition to mammalian cells, the CUT&TAG technique has been recently used
for epigenetic profiling in cotton cells, leading to improvement in plant epigenetic re-
search and giving the opportunity to widely employ this methodology in other model
systems [119,120].

CUT&TAG can be regarded as an ideal method to investigate cellular heterogeneity in
physiological conditions and in human disorders such as in a patient tumour mass.

In particular, we have already mentioned that the cancer cells population is char-
acterised by a high heterogeneity that drives crucial issues in diagnosis and mostly in
therapy and drug resistance. For this reason, single-cell omics techniques appear as opti-
mal methodologies to investigate alterations at the single-cell level in cancer mass.

Of note, Wu and colleagues developed the CUT&TAG technique for single-cell chro-
matin profile of brain tumour cells from an autopsy of a patient before and after cancer
therapy, giving the opportunity to explore tumour heterogeneity [121].

Therefore, the improvement of methodologies helps us to understand better physio-
logical epigenetic mechanisms, clarifying alterations involved in diseases.

The centromere is a typical example of epigenetic regulation. Indeed, it is an epigenet-
ically regulated chromosome structure critical for fidelity in cell divisions. Alterations in
centromere regulation can induce aberrant mitosis and chromosome instability observed
in cancer and many pathologies.

Therefore, it is crucial to gain insight into mechanisms that control epigenetic regula-
tion of the centromere to control aneuploidy in cancer cells since several evidences show
a correlation between centromere dysfunction and neoplasia [122,123].

These emerging single-cell techniques could be used in the next few years to elucidate
more in-detail epigenetic regulation of the centromere, contributing to understanding
pathological mechanisms in diseases.

Finally, these enzyme-tethering techniques, and in particular CUT&TAG, are efficient
methods for epigenetic factors profiling in a high-resolution manner and low background,
using low cell numbers or single cells, opening the way to epigenetic studies in any field of
biological research.

7. Epigenetics Approaches to Explore the Architecture of Centromeric Chromatin

Centromeres are regions of the chromatin that are crucial for the faithful segregation
of chromosomes during mitosis. They are the site of assembly of the kinetochore complex,
a proteinaceous structure that binds to the microtubules of the mitotic spindle driving
chromosome segregation. Their disfunction can lead to genome instability or to an aberrant
cell cycle resulting in tumorigenesis [124].

Centromeres are characterised by repetitive DNA sequences [125,126] and retroele-
ments [127–130]. However, it seems that specific DNA sequences are neither necessary
nor sufficient for centromere specification. Instead, centromeres are defined epigeneti-
cally by the presence of the centromere-specific histone H3 variant, centromeric protein A
(CENP-A). This is a highly conserved protein found in many organisms [131–133].

A specific type of centromeric chromatin, named ‘centrochromatin’ is found in ad-
dition to CENP-A. This is characterised by a specific pattern of histone modifications
that is crucial for CENP-A recruitment and centromere function [134–136]. Using human
artificial chromosome (HAC) it has been possible to identify histone modifications such as
H3K9me, H3K4me and H3K27ac and to show that centromeric transcription is required for
centromere function. Additionally, tethering repressive and heterochromatic factors such
as Suv39h1 and HP1 or enzymes that demethylate H3K4, a marker of active chromatin,
causes loss of centromeric transcription and inactivation of centromere function [136–138].

A correct balance between specific epigenetic modifications is required to promote
the loading of CENP-A to centromeric regions and to prevent the spreading of heterochro-
matin, avoiding centromere and kinetochore inactivation [136].

ChIP experiments have enabled most studies on the epigenetic regulation of the cen-
tromere. Notably, it has been difficult to map histone modifications on centromeric repet-
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itive DNA sequences employing ChIP-seq methodologies [139] as they require a large
number of cells and they do not consider a heterogeneous population of cells.

As with other histones, CENP-A is also modified by post-translational modifications,
including phosphorylation, methylation, acetylation and ubiquitination, which are critical
for centromere specification [140–143].

The characterisation of CENP-A post-translational modifications can have a pivotal
role in cancer research. Because they may lead to chromosome segregation defects and chro-
mosomal instability, they could be helpful diagnostic markers or therapeutic targets [144].
Moreover, the complex relationship between CENP-A overexpression and defects in chro-
mosomal stability needs further investigation [145].

Employing emerging techniques, it would be interesting to analyse CENP-A mod-
ifications at the single-cell level in cancer cells to better evaluate their contribution to
cancer initiation and progression, which could become a helpful diagnostic marker or
therapeutic target.

Thus, investigating specific histone modifications, including CENP-A modifications,
could be an exciting topic for future perspectives in order to further explore epigenetic
mechanisms in centromere regulation.

Indeed, innovative genome-wide approaches to study epigenetic features as chromatin
modifications are recently developed, revealing new aspects of biology. The application of
these techniques has greatly advanced our knowledge of epigenetic processes and how
they are regulated and could be used for centromere regulation exploration.

In the last decade, C. elegans centromeres have been analysed using ChIP-on-chip
with CENP-A antibodies. These investigations have confirmed CENP-A presence along
the chromosome arms. In addition, a link has emerged between transcription and CENP-A
deposition in nematodes. In fact, CENP-A is found in chromosome regions that are not
transcribed in the germline and in the first stages of embryonic development [146].

Usually, centromeres occupy specific chromosome regions, but sporadicallym they
shift to ectopic sites driving neocentromere formation. Neocentromeres have been iden-
tified in different organisms. Generally, they are formed following a chromosomal rear-
rangement to stabilise an acentric chromosome. Such events are still poorly understood,
although some models have been proposed [147–152].

Different methodologies provide an opportunity to investigate such rare events. For
instance, ChIP-seq has been instrumental in exploring the epigenetic environment sur-
rounding neocentromeres. Shang et al. have described a chromosome-engineering system
to experimentally generate neocentromere in chicken DT40 cells. Using a specific CENP-A
antibody and ChIP-seq, they demonstrated the presence of CENP-A in ectopic centromeres
and clarified the epigenetic features occurring in those regions [153].

Recently, Pineda and colleagues described for the first time a system to charac-
terise a ‘spontaneous’ neocentromere in human culture cells, opening a new era for
centromere research.

In this work, they could observe early driven events and subsequently step-by-step
neocentromere maturation in cellular generations. First, using CENP-A immunoprecipi-
tation followed by long-read DNA sequencing, they identify genomic features of neocen-
tromere confirming the epigenetic nature of the event supposed previously [154,155].

In some cases, new centromeres have been observed in patients with developmental
disorders during karyotyping analysis [147] and in human cancer such as lipomatous
tumours and acute myeloid leukaemia (AML) [150].

Indeed, chromosomal aberrations are a common feature in cancer pathogenesis, and
genomic anomalies can contribute to neoplastic progression and metastasis [156,157].

CENP-A is often overexpressed in some type of tumors, and for this reason, its
detection could have diagnostic and prognostic values [25–27]. In fruit flies, overexpression
of CENP-A results in new centromere formation [158–160], suggesting that CENP-A is
sufficient to initiate the assembly of de novo centromeres. Evidence from human cells shows
that CENP-A incorporation in ectopic sites leads to the recruitment of other centromeric
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components. In cancer cells, CENP-A overexpression can be detrimental, leading to
neocentromere formation, chromosomal instability and growth advantage, increasing
tumour malignancy [28].

For instance, CENP-A deposition in ectopic sites can generate a neocentromere, lead-
ing to a dicentric chromosome and chromosome rearrangements. Moreover, CENP-A can
change endogenous transcription and alter gene expression.

Recent studies have shown that CENP-A plays a protective role in centromere integrity,
preventing centromeric satellite DNA from rearrangements. This suggests that centromere
aberrations in cancer cells could be associated with CENP-A dysfunction [161].

Chromosomal instability is a hallmark of human cancer. Tumorigenesis is a stepwise
process that leads to heterogeneity in cell populations. Therefore, it may be helpful to
monitor cell diversity over time to characterise cancer evolution and to inform therapeu-
tic strategies.

Recently, Bolhaqueiro et al. reported a system to detect chromosomal instability in
human colorectal tumour cells during cell division using microscopy. In addition, they
repeatedly performed sc-Karyo-seq, a single-cell DNA sequencing technique, to detect
chromosomal changes across cell divisions, revealing karyotype heterogeneity [24].

To study centromeric chromatin in native conditions, Thakur and Henikoff have em-
ployed CUT & RUN combined with salt fractionation (CUT&RUN Salt). CUT and RUN, as
previously described, is a powerful method for chromatin profiling. The authors demon-
strated that even slight differences in centromeric satellite sequences could cause changes in
the architecture of the chromatin and in the binding of proteins to the centromere [34,162].

Using innovative single-cell techniques such as CUT&TAG, it would be interesting to
study in detail if CENP-A islands in non-canonical regions of the genome differ from one
cell type to another and investigate whether CENP-A occupancy in ectopic sites occurs at
random or if it localises in defined genome regions following some sequence-specificity.

Hence, the CUT&TAG methodology could be useful to investigate CENP-A attendance
in the genome at the single-cell level.

Finally, we have shown how ChIP-seq and other omics techniques have been helpful
to investigate epigenetic features on centromeric chromatin such as CENP-A distribu-
tion and histone post-translation modifications in endogenous centromere and in ectopic
centromeres. Indeed, these techniques have contributed to clarifying epigenetic mech-
anisms that drive neocentromere formation and characterising genomic features of de
novo centromeres.

In light of this, we can speculate that innovative technological approaches could be
suitable to rather explore epigenetic involvement in centromere specification and useful
for epigenetic studies in clinical research and biomedicine.

8. Conclusions

Epigenetic modifications are what determine the specialisation of a cell, and for this
reason, epigenetic mechanisms impinge on fundamental biological phenomena such as
gene expression and chromosome integrity.

Alterations of epigenetic processes have been associated with multiple diseases, for
example, behaviour plasticity, memory, cancer, autoimmunity, addiction as well as neu-
rodegenerative and psychological disorders. Thus, epigenetic studies have become crucial
for understanding physiological and pathological conditions. Dissecting the regulation
of epigenetic pathways and establishing their connection with environmental changes is
technically challenging, but novel approaches have become available in the last few years.

The most widely used technique for chromatin profiling is ChIP-seq which has been
instrumental in describing chromatin features such as protein binding sites, transcription
factors occupancy and correlated histone modifications.

However, biases have emerged, especially when applying the technique to smaller
and smaller samples, leading researchers to develop other methodological approaches to
bypass ChIP-seq limitations.
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Technically, ChIP methods are afflicted by high background due to cross-linking,
poor solubility of DNA–proteins complexes and poor affinity of some antibodies. Thus,
traditional ChIP assays can provide a snapshot of DNA–protein interactions at any one
time but are quite poor at providing kinetic information.

A powerful counterpart to ChIP comes from the strategy of using tethered enzymes.
ChIC-seq and ChEC-seq allow the investigation of protein–DNA interactions over time,
providing an independent means by which to compare the results of ChIP-seq and discover
new insights on genomic regulation.

Finally, CUT&RUN and CUT&TAG allow producing high-quality chromatin profiling
from low cell numbers using a relatively quick and easy protocol.

Indeed, we reported how single-cell methodologies play a key role in dissecting
epigenetic mechanisms underlying pathologies and chromosomal instability in cancer cells.

Recent enhancements in technical methods have offered opportunities to elucidate
the epigenetic environment in human disorders. Other single-cell methodologies need to
be developed in the future for personalised medicine.

Author Contributions: Conceptualisation, L.L. and N.C.R.; writing—original draft preparation, L.L.
and N.C.R.; writing—review and editing, L.L. and N.C.R. Both authors have read and agreed to
the published version of the manuscript.

Funding: The APC was funded by the PhD School in Genetics and Molecular Biology—Sapienza
University of Rome.

Data Availability Statement: Not applicable.

Acknowledgments: We thank Laura Fanti, Simona Giunta and Roberto Feuda for critical reading
and Ezio Rosato for English revision.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Waddington, C.H. The Epigenotype. Int. J. Epidemiol. 2012, 41, 10–13. [CrossRef] [PubMed]
2. Dupont, C.; Armant, D.; Brenner, C. Epigenetics: Definition, mechanisms and clinical perspective. Semin. Reprod. Med. 2009, 27,

351–357. [CrossRef] [PubMed]
3. Bird, A. DNA methylation patterns and epigenetic memory. Genes Dev. 2002, 16, 6–21. [CrossRef]
4. Imhof, A. Epigenetic regulators and histone modification. Brief. Funct. Genom. Proteom. 2006, 5, 222–227. [CrossRef]
5. Wei, J.-W.; Huang, K.; Yang, C.; Kang, C.-S. Non-coding RNAs as regulators in epigenetics. Oncol. Rep. 2016, 37, 3–9. [CrossRef]

[PubMed]
6. Kouzarides, T. Chromatin modifications and their function. Cell 2007, 128, 693–705. [CrossRef]
7. Allis, C.D.; Jenuwein, T. The molecular hallmarks of epigenetic control. Nat. Rev. Genet. 2016, 17, 487–500. [CrossRef]
8. Agirre, E.; Oldfield, A.J.; Bellora, N.; Segelle, A.; Luco, R.F. Splicing-associated chromatin signatures: A combinatorial and

position-dependent role for histone marks in splicing definition. Nat. Commun. 2021, 12, 682. [CrossRef]
9. Holliday, R.; Pugh, E.J. DNA modification mechanisms and gene activity during development. Science 1975, 187, 226–232.

[CrossRef]
10. Fischle, W.; Tseng, B.S.; Dormann, H.L.; Ueberheide, B.; Garcia, B.A.; Shabanowitz, J.; Hunt, D.F.; Funabiki, H.; Allis, C.D.

Regulation of HP1–chromatin binding by histone H3 methylation and phosphorylation. Nature 2005, 438, 1116–1122. [CrossRef]
11. Vakoc, C.R.; Mandat, S.A.; Olenchock, B.A.; Blobel, G.A. Histone H3 lysine 9 methylation and HP1gamma are associated with

transcription elongation through mammalian chromatin. Mol. Cell 2005, 19, 381–391. [CrossRef]
12. Di Cerbo, V.; Schneider, R. Cancers with wrong HATs: The impact of acetylation. Brief. Funct. Genom. 2013, 12, 231–243. [CrossRef]

[PubMed]
13. Mattick, J.S.; Makunin, I.V. Non-coding RNA. Hum. Mol. Genet. 2006, 15, R17–R29. [CrossRef] [PubMed]
14. Liu, H.; Chi, Z.; Jin, H.; Yang, W. MicroRNA miR-188-5p as a mediator of long non-coding RNA MALAT1 regulates cell

proliferation and apoptosis in multiple myeloma. Bioengineered 2021, 12, 1611–1626. [CrossRef]
15. Ladd-Acosta, C. Epigenetic signatures as biomarkers of expose. Curr. Environ. Health Rep. 2015, 2, 117–125. [CrossRef]
16. Andersen, A.M.; Dogan, M.V.; Beach, S.R.; Philibert, R.A. Current and future prospects for epigenetic biomarkers of substance

use disorders. Genes 2015, 6, 991–1022. [CrossRef]
17. Schmidl, C.; Delacher, M.; Huehn, J.; Feuerer, M. Epigenetic mechanisms regulating T-cell responses. J. Allergy Clin. Immunol.

2018, 142, 728–743. [CrossRef]
18. Leygo, C.; Williams, M.; Jin, H.C.; Chan, M.; Chu, W.K.; Grusch, M.; Cheng, Y.Y. DNA Methylation as a noninvasive epigenetic

biomarker for the detection of cancer. Dis. Markers 2017, 2017, 3726595. [CrossRef]

http://doi.org/10.1093/ije/dyr184
http://www.ncbi.nlm.nih.gov/pubmed/22186258
http://doi.org/10.1055/s-0029-1237423
http://www.ncbi.nlm.nih.gov/pubmed/19711245
http://doi.org/10.1101/gad.947102
http://doi.org/10.1093/bfgp/ell030
http://doi.org/10.3892/or.2016.5236
http://www.ncbi.nlm.nih.gov/pubmed/27841002
http://doi.org/10.1016/j.cell.2007.02.005
http://doi.org/10.1038/nrg.2016.59
http://doi.org/10.1038/s41467-021-20979-x
http://doi.org/10.1126/science.1111098
http://doi.org/10.1038/nature04219
http://doi.org/10.1016/j.molcel.2005.06.011
http://doi.org/10.1093/bfgp/els065
http://www.ncbi.nlm.nih.gov/pubmed/23325510
http://doi.org/10.1093/hmg/ddl046
http://www.ncbi.nlm.nih.gov/pubmed/16651366
http://doi.org/10.1080/21655979.2021.1920325
http://doi.org/10.1007/s40572-015-0051-2
http://doi.org/10.3390/genes6040991
http://doi.org/10.1016/j.jaci.2018.07.014
http://doi.org/10.1155/2017/3726595


Int. J. Mol. Sci. 2021, 22, 8809 17 of 22

19. Fahrner, A.J.; Bjornsson, H.T. Mendelian disorders of the epigenetic machinery: Postnatal malleability and therapeutic prospects.
Hum. Mol. Genet. 2019, 28, R254–R264. [CrossRef]

20. Berson, A.; Nativio, R.; Berger, S.L.; Bonini, N.M. Epigenetic regulation in neurodegenerative diseases. Trends Neurosci. 2018, 41,
587–598. [CrossRef] [PubMed]

21. Izzo, L.T.; Affronti, H.C.; Wellen, K.E. The bidirectional relationship between cancer epigenetics and metabolism. Annu. Rev.
Cancer Biol. 2021, 5, 235–257. [CrossRef] [PubMed]

22. Fujimura, A.; Pei, H.; Zhang, H.; Sladitschek, H.L.; Chang, L. Editorial: The role of epigenetic modifictions in cancer progression.
Front Oncol. 2021, 10, 617178. [CrossRef]

23. Lim, Z.F.; Ma, P.C. Emerging insights of tumor heterogeneity and drug resistance mechanisms in lung cancer targeted therapy. J.
Hematol. Oncol. 2019, 12, 134. [CrossRef]

24. Bolhaqueiro, A.C.F.; Ponsioen, B.; Bakker, B.; Klaasen, S.J.; Kucukkose, E.; van Jaarsveld, R.H.; Vivié, J.; Verlaan-Klink, I.; Hami, N.;
Spierings, D.C.J.; et al. Ongoing chromosomal instability and karyotype evolution in human colorectal cancer organoids. Nat.
Genet. 2019, 51, 824–834. [CrossRef]

25. Sun, X.; Jiao, W.; Helgason, C.D.; Gout, P.W.; Wang, Y.; Qu, S.; Clermont, P.-L. Elevated expression of the centromere protein-
A(CENP-A)-encoding gene as a prognostic and predictive biomarker in human cancers. Int. J. Cancer 2016, 139, 899–907.
[CrossRef]

26. Zhang, Y.; Yang, L.; Shi, J.; Lu, Y.; Chen, X.; Yang, Z. The oncogenic role of CENP-A in hepatocellular carcinoma development:
Evidence from bioinformatic analysis. Biomed. Res. Int. 2020, 2020, 3040839.

27. Xu, Y.; Liang, C.; Cai, X.; Zhang, M.; Yu, W.; Shao, Q. High centromere protein-a (CENP-A) expression correlates with progression
and prognosis in gastric cancer. Onco. Targets Ther. 2020, 13, 13237–13246. [CrossRef]

28. Shrestha, R.L.; Rossi, A.; Wangsa, D.; Hogan, A.K.; Zaldana, K.S.; Suva, E.; Chung, Y.J.; Sanders, C.L.; Difilippantonio, S.;
Karpova, T.S.; et al. CENP-A overexpression promotes aneuploidy with karyotypic heterogeneity. J. Cell Biol. 2021, 220,
e202007195. [CrossRef]

29. Schwartzman, O.; Tanay, A. Single-cell epigenomics: Techniques and emerging applications. Nat. Rev. Genet. 2015, 16, 716–726.
[CrossRef]

30. Kelsey, G.; Stegle, O.; Reik, W. Single-cell epigenomics: Recording the past and predicting the future. Science 2017, 358, 69–75.
[CrossRef]

31. Kashima, Y.; Sakamoto, Y.; Kaneko, K.; Seki, M.; Suzuki, Y.; Suzuki, A. Single-cell sequencing techniques from individual to
multiomics analyses. Exp. Mol. Med. 2020, 52, 1419–1427. [CrossRef] [PubMed]

32. Lo, P.-K.; Yao, Y.; Zhou, Q. Single-Cell RNA-seq reveals obesity-induced alterations in the Brca1-mutated mammary gland
microenvironment. Cancers 2020, 12, 2235. [CrossRef]

33. Policastro, A.R.; Zentner, E.G. Enzymatic methods for genome-wide profiling of protein binding sites. Brief. Funct. Genom. 2017,
17, 138–145. [CrossRef]

34. Klein, D.C.; Hainer, S.J. Genomic methods in profiling DNA accessibility and factor localization. Chromosom. Res. 2020, 28, 69–85.
[CrossRef]

35. Ley, T.J.; Mardis, E.R.; Ding, L.; Fulton, B.; McLellan, M.D.; Chen, K.; Dooling, D.; Dunford-Shore, B.H.; McGrath, S.;
Hickenbotham, M.; et al. DNA sequencing of a cytogenetically normal acute myeloid leukaemia genome. Nature 2008, 456, 66–72.
[CrossRef]

36. Tang, X.; Huang, Y.; Lei, J.; Luo, H.; Zhu, X.; Tang, X.; Huang, Y.; Lei, J.; Luo, H.; Zhu, X. The single-cell sequencing: New
developments and medical applications. Cell Biosci. 2019, 9, 53. [CrossRef] [PubMed]

37. Maitra, M.; Nagy, C.; Turecki, G. Sequencing the human brain at single-cell resolution. Curr. Behav. Neurosci. Rep. 2019, 6, 197–208.
[CrossRef]

38. Marcum, A.J. The cancer epigenome: A review. J. Biotechnol. Biomed. 2019, 2, 067–083. [CrossRef]
39. Raj, T.; Li, Y.I.; Wong, G.; Humphrey, J.; Wang, M.; Ramdhani, S.; Wang, Y.-C.; Ng, B.; Gupta, I.; Haroutunian, V.; et al. Integrative

transcriptome analyses of the aging brain implicate altered splicing in Alzheimer’s disease susceptibility. Nat. Genet. 2018, 50,
1584–1592. [CrossRef]

40. Wang, Y.; Eng, D.G.; Kaverina, N.V.; Loretz, C.J.; Koirala, A.; Akilesh, S.; Pippin, J.W.; Shankland, S.J. Global transcriptomic
changes occur in aged mouse podocytes. Kidney Int. 2020, 98, 1160–1173. [CrossRef]

41. Zaina, S.; Heyn, H.; Carmona, F.J.; Varol, N.; Sayols, S.; Condom, E.; Ramírez-Ruz, J.; Gomez, A.; Goncalves, I.; Moran, S.; et al.
DNA Methylation Map of Human Atherosclerosis. Circ. Cardiovasc. Genet. 2014, 7, 692–700. [CrossRef]

42. Khyzha, N.; Alizada, A.; Wilson, M.D.; Fish, J.E. Epigenetics of atherosclerosis: Emerging mechanisms and methods. Trends Mol.
Med. 2017, 23, 332–347. [CrossRef]

43. Mazzone, R.; Zwergel, C.; Artico, M.; Taurone, S.; Ralli, M.; Greco, A.; Mai, A. The emerging role of epigenetics in human
autoimmune disorders. Clin. Epigenetics 2019, 11, 34. [CrossRef]

44. Mathys, H.; Davila-Velderrain, J.; Peng, Z.; Gao, F.; Mohammadi, S.; Young, J.Z.; Menon, M.; He, L.; Abdurrob, F.; Jiang, X.; et al.
Single-cell transcriptomic analysis of Alzheimer’s disease. Nature 2019, 570, 332–337. [CrossRef]

45. Fetahu, I.S.; Ma, D.; Rabidou, K.; Argueta, C.; Smith, M.; Liu, H.; Wu, F.; Shi, Y.G. Epigenetic signatures of methylated DNA
cytosine in Alzheimer’s disease. Sci. Adv. 2019, 5, eaaw2880. [CrossRef]

http://doi.org/10.1093/hmg/ddz174
http://doi.org/10.1016/j.tins.2018.05.005
http://www.ncbi.nlm.nih.gov/pubmed/29885742
http://doi.org/10.1146/annurev-cancerbio-070820-035832
http://www.ncbi.nlm.nih.gov/pubmed/34109280
http://doi.org/10.3389/fonc.2020.617178
http://doi.org/10.1186/s13045-019-0818-2
http://doi.org/10.1038/s41588-019-0399-6
http://doi.org/10.1002/ijc.30133
http://doi.org/10.2147/OTT.S263512
http://doi.org/10.1083/jcb.202007195
http://doi.org/10.1038/nrg3980
http://doi.org/10.1126/science.aan6826
http://doi.org/10.1038/s12276-020-00499-2
http://www.ncbi.nlm.nih.gov/pubmed/32929221
http://doi.org/10.3390/cancers12082235
http://doi.org/10.1093/bfgp/elx030
http://doi.org/10.1007/s10577-019-09619-9
http://doi.org/10.1038/nature07485
http://doi.org/10.1186/s13578-019-0314-y
http://www.ncbi.nlm.nih.gov/pubmed/31391919
http://doi.org/10.1007/s40473-019-00192-3
http://doi.org/10.26502/jbb.2642-91280011
http://doi.org/10.1038/s41588-018-0238-1
http://doi.org/10.1016/j.kint.2020.05.052
http://doi.org/10.1161/CIRCGENETICS.113.000441
http://doi.org/10.1016/j.molmed.2017.02.004
http://doi.org/10.1186/s13148-019-0632-2
http://doi.org/10.1038/s41586-019-1195-2
http://doi.org/10.1126/sciadv.aaw2880


Int. J. Mol. Sci. 2021, 22, 8809 18 of 22

46. Sharma, R.; Sahota, P.; Thakkar, M.M. Chronic alcohol exposure reduces acetylated histones in the sleep-wake regulatory brain
regions to cause insomnia during withdrawal. Neuropharmacology 2020, 180, 108332. [CrossRef] [PubMed]

47. Yokoyama, J.S.; Wang, Y.; Schork, A.J.; Thompson, W.K.; Karch, C.; Cruchaga, C.; McEvoy, L.K.; Witoelar, A.; Chen, C.-H.;
Holland, D.; et al. Association between genetic traits for immune-mediated diseases and alzheimer disease. JAMA Neurol. 2016,
73, 691–697. [CrossRef] [PubMed]

48. Zusso, M.; Barbierato, M.; Facci, L.; Skaper, S.D.; Giusti, P. Neuroepigenetics and Alzheimer’s disease: An update. J. Alzheimers
Dis. 2018, 64, 671–688. [CrossRef]

49. Calderón-Garcidueñas, L.; Herrera-Soto, A.; Jury, N.; Maher, B.A.; González-Maciel, A.; Reynoso-Robles, R.; Ruiz-Rudolph, P.;
van Zundert, B.; Varela-Nallar, L. Reduced repressive epigenetic marks, increased DNA damage and Alzheimer’s disease
hallmarks in the brain of humans and mice exposed to particulate urban air pollution. Environ Res 2020, 183, 109–226. [CrossRef]
[PubMed]

50. Chang, C.Y.; Ting, H.C.; Liu, C.A.; Su, H.L.; Chiou, T.W.; Lin, S.Z.; Harn, H.J.; Ho, T.J. Induced pluripotent stem cell (iPSC)-based
neurodegenerative disease models for phenotype recapitulation and drug screening. Molecules 2020, 25, 2000. [CrossRef]

51. Cristancho, A.G.; Marsh, E.D. Epigenetics modifiers: Potential hub for understanding and treating neurodevelopmental disorders
from hypoxic injury. J. Neurodev. Disord. 2020, 12, 37. [CrossRef]

52. Perera, B.; Faulk, C.; Svoboda, L.K.; Goodrich, J.M.; Dolinoy, D.C. The role of environmental exposures and the epigenome in
health and disease. Environ. Mol. Mutagen. 2020, 61, 176–192. [CrossRef]

53. Evers, T.M.J.; Hochane, M.; Tans, S.J.; Heeren, R.M.A.; Semrau, S.; Nemes, P.; Mashaghi, A. Deciphering metabolic heterogeneity
by single-cell analysis. Anal. Chem. 2019, 91, 13314–13323. [CrossRef]

54. Li, W.V.; Li, J.J. An accurate and robust imputation method scImpute for single-cell RNA-seq data. Nat Commun 2018, 9, 997.
[CrossRef]

55. Guo, F.; Li, L.; Li, J.; Wu, X.; Hu, B.; Zhu, P.; Wen, L.; Tang, F. Single-cell multi-omics sequencing of mouse early embryos and
embryonic stem cells. Cell Res. 2017, 27, 967–988. [CrossRef]

56. Chen, L.; Zheng, S. BCseq: Accurate single cell RNA-seq quantification with bias correction. Nucleic Acids Res. 2018, 46, e82.
[CrossRef] [PubMed]

57. Su, X.; Shi, Y.; Zou, X.; Lu, Z.-N.; Xie, G.; Yang, J.Y.H.; Wu, C.-C.; Cui, X.-F.; He, K.-Y.; Luo, Q.; et al. Single-cell RNA-Seq analysis
reveals dynamic trajectories during mouse liver development. BMC Genom. 2017, 18, 946. [CrossRef] [PubMed]

58. Hochane, M.; Berg, P.R.V.D.; Fan, X.; Bérenger-Currias, N.; Adegeest, E.; Bialecka, M.; Nieveen, M.; Menschaart, M.;
Lopes, S.M.C.D.S.; Semrau, S. Single-cell transcriptomics reveals gene expression dynamics of human fetal kidney development.
PLoS Biol. 2019, 17, e3000152. [CrossRef]

59. Park, J.; Shrestha, R.; Qiu, C.; Kondo, A.; Huang, S.; Werth, M.; Li, M.; Barasch, J.; Suszták, K. Single-cell transcriptomics of
the mouse kidney reveals potential cellular targets of kidney disease. Science 2018, 360, 758–763. [CrossRef] [PubMed]

60. Pan, M.; Zhu, C.; Ju, J.; Xu, Y.; Luo, S.; Sun, S.; Ou, X. Single-cell transcriptome analysis reveals that maternal obesity affects DNA
repair, histone methylation, and autophagy level in mouse embryos. J. Cell. Physiol. 2021, 236, 4944–4953. [CrossRef]

61. Ruebel, M.L.; Cotter, M.; Sims, C.R.; Moutos, D.M.; Badger, T.M.; Cleves, M.A.; Shankar, K.; Andres, A. Obesity Modulates
Inflammation and lipid metabolism oocyte gene expression: A single-cell transcriptome perspective. J. Clin. Endocrinol. Metab.
2017, 102, 2029–2038. [CrossRef]

62. Allocca, M.; Zola, S.; Bellosta, P. The Fruit Fly, Drosophila melanogaster: Modeling of Human Diseases (Part II); IntechOpen: London,
UK, 2018; pp. 131–156.

63. Ariss, M.M.; Islam, A.B.M.M.K.; Critcher, M.; Zappia, M.P.; Frolov, M.V. Single cell RNA-sequencing identifies a metabolic aspect
of apoptosis in Rbf mutant. Nat. Commun. 2018, 9, 5024. [CrossRef] [PubMed]

64. Fu, Y.; Huang, X.; Zhang, P.; van de Leemput, J.; Han, Z. Single-cell RNA sequencing identifies novel cell types in Drosophila
blood. J. Genet. Genom. 2020, 47, 175–186. [CrossRef]

65. Young, R.A. Control of the Embryonic Stem Cell State. Cell 2011, 144, 940–954. [CrossRef] [PubMed]
66. Orlando, V. Mapping chromosomal proteins in vivo by formaldehyde-crosslinked-chromatin immunoprecipitation. Trends

Biochem. Sci. 2000, 25, 99–104. [CrossRef]
67. Orlando, V.; Paro, R. Mapping polycomb-repressed domains in the bithorax complex using in vivo formaldehyde cross-linked

chromatin. Cell 1993, 75, 1187–1198. [CrossRef]
68. Ren, B.; Robert, F.; Wyrick, J.J.; Aparicio, O.; Jennings, E.G.; Simon, I.; Zeitlinger, J.; Schreiber, J.; Hannett, N.; Kanin, E.; et al.

Genome-wide location and function of DNA binding proteins. Science 2000, 290, 2306–2309. [CrossRef]
69. Johnson, D.S.; Mortazavi, A.; Myers, R.M.; Wold, B. Genome-wide mapping of in vivo protein-DNA interactions. Science 2007,

316, 1497–1502. [CrossRef] [PubMed]
70. Albert, I.; Mavrich, T.; Tomsho, L.P.; Qi, J.; Zanton, S.J.; Schuster, S.C.; Pugh, B.F. Translational and rotational settings of H2A.Z

nucleosomes across the Saccharomyces cerevisiae genome. Nature 2007, 446, 572–576. [CrossRef]
71. Voet, D.; Voet, J.G. Biochemistry, 2nd ed.; John Wiley & Sons Inc.: New York, NY, USA, 1995.
72. Wong, E.; Wei, C.-L. ChIP’ing the mammalian genome: Technical advances and insights into functional elements. Genome Med.

2009, 1, 89. [CrossRef]
73. Barski, A.; Cuddapah, S.; Cui, K.; Roh, T.-Y.; Schones, D.E.; Wang, Z.; Wei, G.; Chepelev, I.; Zhao, K. High-Resolution Profiling of

Histone Methylations in the Human Genome. Cell 2007, 129, 823–837. [CrossRef]

http://doi.org/10.1016/j.neuropharm.2020.108332
http://www.ncbi.nlm.nih.gov/pubmed/32961200
http://doi.org/10.1001/jamaneurol.2016.0150
http://www.ncbi.nlm.nih.gov/pubmed/27088644
http://doi.org/10.3233/JAD-180259
http://doi.org/10.1016/j.envres.2020.109226
http://www.ncbi.nlm.nih.gov/pubmed/32045727
http://doi.org/10.3390/molecules25082000
http://doi.org/10.1186/s11689-020-09344-z
http://doi.org/10.1002/em.22311
http://doi.org/10.1021/acs.analchem.9b02410
http://doi.org/10.1038/s41467-018-03405-7
http://doi.org/10.1038/cr.2017.82
http://doi.org/10.1093/nar/gky308
http://www.ncbi.nlm.nih.gov/pubmed/29718338
http://doi.org/10.1186/s12864-017-4342-x
http://www.ncbi.nlm.nih.gov/pubmed/29202695
http://doi.org/10.1371/journal.pbio.3000152
http://doi.org/10.1126/science.aar2131
http://www.ncbi.nlm.nih.gov/pubmed/29622724
http://doi.org/10.1002/jcp.30201
http://doi.org/10.1210/jc.2016-3524
http://doi.org/10.1038/s41467-018-07540-z
http://www.ncbi.nlm.nih.gov/pubmed/30479347
http://doi.org/10.1016/j.jgg.2020.02.004
http://doi.org/10.1016/j.cell.2011.01.032
http://www.ncbi.nlm.nih.gov/pubmed/21414485
http://doi.org/10.1016/S0968-0004(99)01535-2
http://doi.org/10.1016/0092-8674(93)90328-N
http://doi.org/10.1126/science.290.5500.2306
http://doi.org/10.1126/science.1141319
http://www.ncbi.nlm.nih.gov/pubmed/17540862
http://doi.org/10.1038/nature05632
http://doi.org/10.1186/gm89
http://doi.org/10.1016/j.cell.2007.05.009


Int. J. Mol. Sci. 2021, 22, 8809 19 of 22

74. Mikkelsen, T.S.; Ku, M.; Jaffe, D.B.; Isaac, B.; Lieberman, E.; Giannoukos, G.; Alvarez, P.; Brockman, W.; Kim, T.K.; Koche, R.P.;
et al. Genome-wide maps of chromatin state in pluripotent and lineage-committed cells. Nature 2007, 448, 553–560. [CrossRef]

75. Hui, P. Next generation sequencing: Chemistry, technology and applications. Top. Curr. Chem. 2012, 336, 1–18. [CrossRef]
76. Baranello, L.; Kouzine, F.; Sanford, S.; Levens, D. ChIP bias as a function of cross-linking time. Chromosome Res. 2016, 24, 175–181.

[CrossRef]
77. Poorey, K.; Viswanathan, R.; Carver, M.N.; Karpova, T.S.; Cirimotich, S.M.; McNally, J.G.; Bekiranov, S.; Auble, D.T. Measuring

chromatin interaction dynamics on the second time scale at single-copy genes. Science 2013, 342, 369–372. [CrossRef]
78. Kidder, B.L.; Hu, G.; Zhao, K. ChIP-Seq: Technical considerations for obtaining high-quality data. Nat. Immunol. 2011, 12, 918–922.

[CrossRef]
79. Rhee, H.S.; Pugh, B.F. Genome-wide structure and organization of eukaryotic pre-initiation complexes. Nature 2012, 483, 295–301.

[CrossRef]
80. Adli, M.; Bernstein, B.E. Whole-genome chromatin profiling from limited numbers of cells using nano-ChIP-seq. Nat. Protoc.

2011, 6, 1656–1668. [CrossRef]
81. Shankaranarayanan, P.; Mendoza-Parra, M.-A.; Van Gool, W.; Trindade, L.M.; Gronemeyer, H. Single-tube linear DNA amplifica-

tion for genome-wide studies using a few thousand cells. Nat. Protoc. 2012, 7, 328–339. [CrossRef]
82. Brind’Amour, J.; Liu, S.; Hudson, M.; Chen, C.; Karimi, M.M.; Lorincz, M.C. An ultra-low-input native ChIP-seq protocol for

genome-wide profiling of rare cell populations. Nat. Commun. 2015, 6, 6033. [CrossRef]
83. Lara-Astiaso, D.; Weiner, A.; Vivas, E.L.; Zaretsky, I.; Jaitin, D.A.; David, E.; Keren-Shaul, H.; Mildner, A.; Winter, D.; Jung, S.; et al.

Chromatin state dynamics during blood formation. Science 2014, 345, 943–949. [CrossRef]
84. Fullwood, M.; Han, Y.; Wei, C.; Ruan, X.; Ruan, Y. Chromatin interaction analysis using paired-end tag sequencing. Curr. Protoc.

Mol. Biol. 2010, 89, 21.15.1–21.15.25. [CrossRef]
85. Rotem, A.; Ram, O.; Shoresh, N.; Sperling, R.A.; Goren, A.; Weitz, D.A.; Bernstein, B.E. Single-cell ChIP-seq reveals cell

subpopulations defined by chromatin state. Nat. Biotechnol. 2015, 33, 1165–1172. [CrossRef] [PubMed]
86. Boyle, A.; Guinney, J.; Crawford, G.E.; Furey, T.S. F-Seq: A feature density estimator for high-throughput sequence tags.

Bioinformatics 2008, 24, 2537–2538. [CrossRef] [PubMed]
87. Song, L.; Crawford, G.E. DNase-seq: A high-resolution technique for mapping active gene regulatory elements across the genome

from mammalian cells. Cold Spring Harb. Protoc. 2010, 2010, 5384. [CrossRef] [PubMed]
88. Giresi, P.G.; Kim, J.; McDaniell, R.M.; Iyer, V.R.; Lieb, J.D. FAIRE (Formaldehyde-Assisted Isolation of Regulatory Elements)

isolates active regulatory elements from human chromatin. Genome Res. 2007, 17, 877–885. [CrossRef]
89. Buenrostro, J.D.; Giresi, P.G.; Zaba, L.C.; Chang, H.Y.; Greenleaf, W.J. Transposition of native chromatin for fast and sensitive

epigenomic profiling of open chromatin, DNA-binding proteins and nucleosome position. Nat. Methods 2013, 10, 1213–1218.
[CrossRef] [PubMed]

90. He, H.H.; Meyer, C.A.; Hu, S.S.; Chen, M.-W.; Zang, C.; Liu, Y.; Rao, P.K.; Fei, T.; Xu, H.; Long, H.; et al. Refined DNase-seq
protocol and data analysis reveals intrinsic bias in transcription factor footprint identification. Nat. Methods 2014, 11, 73–78.
[CrossRef]

91. Buenrostro, J.D.; Wu, B.; Chang, H.Y.; Greenleaf, W.Y. ATAC-seq: A method for assaying chromatin accessibility genome-wide.
Curr. Protoc. Mol. Biol. 2015, 5, 21.29.1–21.29.9. [CrossRef] [PubMed]

92. Van Steensel, B.; Henikoff, S. Identification of in vivo DNA targets of chromatin proteins using tethered Dam methyltransferase.
Nat. Biotechnol. 2000, 18, 424–428. [CrossRef]

93. Schmid, M.; Durussel, T.; Laemmli, U.K. ChIC and ChEC: Genomic mapping of chromatin proteins. Mol. Cell 2004, 16, 147–157.
[CrossRef] [PubMed]

94. Kind, J.; Pagie, L.; De Vries, S.S.; Nahidiazar, L.; Dey, S.S.; Bienko, M.; Zhan, Y.; Lajoie, B.; De Graaf, C.A.; Amendola, M.; et al.
Genome-wide maps of nuclear lamina interactions in single human cells. Cell 2015, 163, 134–147. [CrossRef] [PubMed]

95. Aughey, G.; Cheetham, S.W.; Southall, T.D. DamID as a versatile tool for understanding gene regulation. Development 2019, 146,
dev173666. [CrossRef]

96. Germann, S.; Juul-Jensen, T.; Letarnec, B.; Gaudin, V. DamID, a new tool for studying plant chromatin profiling in vivo, and its
use to identify putative LHP1 target loci. Plant J. 2006, 48, 153–163. [CrossRef]

97. Schuster, E.; McElwee, J.J.; Tullet, J.M.A.; Doonan, R.; Matthijssens, F.; Reece-Hoyes, J.S.; Hope, I.A.; Vanfleteren, J.R.; Thornton,
J.M.; Gems, D. DamID in C. elegans reveals longevity-associated target of DAF-16/FoxO. Mol. Syst. Biol. 2010, 6, 399. [CrossRef]

98. Tosti, L.; Ashmore, J.; Tan, B.S.N.; Carbone, B.; Mistri, T.; Wilson, V.; Tomlinson, S.R.; Kaji, K. Mapping transcription factor
occupancy using minimal numbers of cells in vitro and in vivo. Genome Res. 2018, 28, 592–605. [CrossRef]

99. Vogel, M.J.; Guelen, L.; de Wit, E.; Hupkes, D.P.; Lodén, M.; Talhout, W.; Feenstra, M.; Abbas, B.; Classen, A.-K.; Van Steensel, B.
Human heterochromatin proteins form large domains containing KRAB-ZNF genes. Genome Res. 2006, 16, 1493–1504. [CrossRef]

100. Skene, P.J.; Henikoff, S. An efficient targeted nuclease strategy for high-resolution mapping of DNA binding sites. eLife 2017, 6,
e21856. [CrossRef]

101. Zentner, G.E.; Kasinathan, S.; Xin, B.; Rohs, R.; Henikoff, S. ChEC-seq kinetics discriminates transcription factor binding sites by
DNA sequence and shape in vivo. Nat. Commun. 2015, 6, 8733. [CrossRef] [PubMed]

102. Grünberg, S.; Henikoff, S.; Hahn, S.; Zentner, G.E. Mediator binding to UASs is broadly uncoupled from transcription and
cooperative with TFIID recruitment to promoters. EMBO J. 2016, 35, 2435–2446. [CrossRef]

http://doi.org/10.1038/nature06008
http://doi.org/10.1007/128_2012_329
http://doi.org/10.1007/s10577-015-9509-1
http://doi.org/10.1126/science.1242369
http://doi.org/10.1038/ni.2117
http://doi.org/10.1038/nature10799
http://doi.org/10.1038/nprot.2011.402
http://doi.org/10.1038/nprot.2011.447
http://doi.org/10.1038/ncomms7033
http://doi.org/10.1126/science.1256271
http://doi.org/10.1002/0471142727.mb2115s89
http://doi.org/10.1038/nbt.3383
http://www.ncbi.nlm.nih.gov/pubmed/26458175
http://doi.org/10.1093/bioinformatics/btn480
http://www.ncbi.nlm.nih.gov/pubmed/18784119
http://doi.org/10.1101/pdb.prot5384
http://www.ncbi.nlm.nih.gov/pubmed/20150147
http://doi.org/10.1101/gr.5533506
http://doi.org/10.1038/nmeth.2688
http://www.ncbi.nlm.nih.gov/pubmed/24097267
http://doi.org/10.1038/nmeth.2762
http://doi.org/10.1002/0471142727.mb2129s109
http://www.ncbi.nlm.nih.gov/pubmed/25559105
http://doi.org/10.1038/74487
http://doi.org/10.1016/j.molcel.2004.09.007
http://www.ncbi.nlm.nih.gov/pubmed/15469830
http://doi.org/10.1016/j.cell.2015.08.040
http://www.ncbi.nlm.nih.gov/pubmed/26365489
http://doi.org/10.1242/dev.173666
http://doi.org/10.1111/j.1365-313X.2006.02859.x
http://doi.org/10.1038/msb.2010.54
http://doi.org/10.1101/gr.227124.117
http://doi.org/10.1101/gr.5391806
http://doi.org/10.7554/eLife.21856
http://doi.org/10.1038/ncomms9733
http://www.ncbi.nlm.nih.gov/pubmed/26490019
http://doi.org/10.15252/embj.201695020


Int. J. Mol. Sci. 2021, 22, 8809 20 of 22

103. Grünberg, S.; Zentner, G.E. Genome-wide characterization of Mediator recruitment, function, and regulation. Transcription 2017,
8, 169–174. [CrossRef] [PubMed]

104. Donczew, R.; Warfield, L.; Pacheco, D.; Erijman, A.; Hahn, S. Two roles for the yeast transcription coactivator SAGA and a set of
genes redundantly regulated by TFIID and SAGA. eLife 2020, 9, 50109. [CrossRef] [PubMed]

105. Tebbji, F.; Khemiri, I.; Sellam, A. High-resolution genome-wide occupancy in candida spp. Using ChEC-seq. mSphere 2020, 5,
e00646-20. [CrossRef]

106. Ku, W.L.; Nakamura, K.; Gao, W.; Cui, K.; Hu, G.; Tang, Q.; Ni, B.; Zhao, K. Single-cell chromatin immunocleavage sequencing
(scChIC-seq) to profile histone modification. Nat. Methods 2019, 16, 323–325. [CrossRef] [PubMed]

107. Skene, P.J.; Henikoff, J.G.; Henikoff, S. Targeted in situ genome-wide profiling with high efficiency for low cell numbers. Nat.
Protoc. 2018, 13, 1006–1019. [CrossRef]

108. Kaya-Okur, H.S.; Wu, S.J.; Codomo, C.A.; Pledger, E.S.; Bryson, T.D.; Henikoff, J.G.; Ahmad, K.; Henikoff, S. CUT&Tag for
efficient epigenomic profiling of small samples and single cells. Nat. Commun. 2019, 10, 1930. [CrossRef]

109. Kaya-Okur, H.S.; Janssens, D.H.; Henikoff, J.G.; Ahmad, K.; Henikoff, S. Efficient low-cost chromatin profiling with CUT&Tag.
Nat. Protoc. 2020, 15, 3264–3283. [CrossRef]

110. Henikoff, S.; Henikoff, J.G.; Kaya-Okur, H.S.; Ahmad, K. Efficient chromatin accessibility mapping in situ by nucleosome-tethered
tagmentation. eLife 2020, 9, 963274. [CrossRef]

111. Solomon, M.J.; Varshavsky, A. Formaldehyde-mediated DNA-protein crosslinking: A probe for in vivo chromatin structures.
Proc. Natl. Acad. Sci. USA 1985, 82, 6470–6474. [CrossRef]

112. Zheng, X.-Y.; Gehring, M. Low-input chromatin profiling in Arabidopsis endosperm using CUT&RUN. Plant Reprod. 2019, 32,
63–75. [CrossRef]

113. Miura, M.; Chen, H. CUT&RUN detects distinct DNA footprints of RNA polymerase II near the transcription start sites.
Chromosom. Res. 2020, 28, 381–393. [CrossRef]

114. Hainer, S.J.; Fazzio, T.G. High-Resolution Chromatin Profiling Using CUT&RUN. Curr. Protoc. Mol. Biol. 2019, 126, e85. [CrossRef]
115. Janssens, D.H.; Wu, S.; Sarthy, J.F.; Meers, M.P.; Myers, C.H.; Olson, J.M.; Ahmad, K.; Henikoff, S. Automated in situ chromatin

profiling efficiently resolves cell types and gene regulatory programs. Epigenetics Chromatin 2018, 11, 74. [CrossRef]
116. Wang, K.; Wang, H.; Li, C.; Yin, Z.; Xiao, R.; Li, Q.; Xiang, Y.; Wang, W.; Huang, J.; Chen, L.; et al. Genomic profiling of native R

loops with a DNA-RNA hybrid recognition sensor. Sci. Adv. 2021, 7, eabe3516. [CrossRef]
117. Yu, S.; Guo, J.; Sun, Z.; Lin, C.; Tao, H.; Zhang, Q.; Cui, Y.; Zuo, H.; Lin, Y.; Chen, S.; et al. BMP2-dependent gene regulatory

network analysis reveals Klf4 as a novel transcription factor of osteoblast differentiation. Cell Death Dis. 2021, 12, 197. [CrossRef]
118. Bartosovic, M.; Kabbe, M.; Castelo-Branco, G. Single-cell CUT&Tag profiles histone modifications and transcription factors in

complex tissues. Nat. Biotechnol. 2021, 39, 825–835. [CrossRef]
119. Tao, X.; Feng, S.; Zhao, T.; Guan, X. Efficient chromatin profiling of H3K4me3 modification in cotton using CUT&Tag. Plant

Methods 2020, 16, 120. [CrossRef]
120. Ouyang, W.; Zhang, X.; Peng, Y.; Zhang, Q.; Cao, Z.; Li, G.; Li, X. Rapis and low-input profiling of histone marks in plants using

nucleus CUT&TAG. Front Plant Sci. 2021, 12, 634679. [PubMed]
121. Wu, S.J.; Furlan, S.N.; Mihalas, A.B.; Kaya-Okur, H.S.; Feroze, A.H.; Emerson, S.N.; Zheng, Y.; Carson, K.; Cimino, P.J.; Keene, C.D.;

et al. Single-cell CUT&Tag analysis of chromatin modifications in differentiation and tumor progression. Nat. Biotechnol. 2021, 39,
819–824. [CrossRef] [PubMed]

122. Vig, B.K.; Sternes, K.L.; Paweletz, N. Centromere structure and function in neoplasia. Cancer Genet. Cytogenet. 1989, 43, 151–178.
[CrossRef]

123. Saha, A.K.; Mourad, M.; Kaplan, M.H.; Chefetz, I.; Malek, S.N.; Buckanovich, R.; Markovitz, D.M.; Contreras-Galindo, R.
The genomic landscape of centromeres in cancers. Sci. Rep. 2019, 9, 11259. [CrossRef]

124. Dobie, K.W.; Hari, K.L.; Maggert, A.K.; Karpen, G.H. Centromere proteins and chromosome inheritance: A complex affair. Curr.
Opin. Genet. Dev. 1999, 9, 206–217. [CrossRef]

125. Balzano, E.; Pelliccia, F.; Giunta, S. Genome (in)stability at tandem repeats. Semin. Cell Dev. Biol. 2021, 113, 97–112. [CrossRef]
126. Balzano, E.; Giunta, S. Centromeres under Pressure: Evolutionary innovation in conflict with conserved function. Genes 2020, 11,

912. [CrossRef] [PubMed]
127. Cheng, Z.; Dong, F.; Langdon, T.; Ouyang, S.; Buell, C.R.; Gu, M.; Blattner, F.R.; Jiang, J. Functional rice centromeres are marked

by a satellite repeat and a centromere-specific retrotransposon. Plant Cell 2002, 14, 1691–1704. [CrossRef]
128. Chueh, A.C.; Northrop, E.L.; Brettingham-Moore, K.H.; Choo, K.H.A.; Wong, L.H. LINE Retrotransposon RNA is an essential

structural and functional epigenetic component of a core neocentromeric chromatin. PLoS Genet. 2009, 5, e1000354. [CrossRef]
129. Chang, C.-H.; Chavan, A.; Palladino, J.; Wei, X.; Martins, N.M.C.; Santinello, B.; Chen, C.-C.; Erceg, J.; Beliveau, B.J.; Wu, C.-T.;

et al. Islands of retroelements are major components of Drosophila centromeres. PLoS Biol. 2019, 17, e3000241. [CrossRef]
[PubMed]

130. Liu, Y.; Su, H.; Zhang, J.; Liu, Y.; Feng, C.; Han, F. Back-spliced RNA from retrotransposon binds to centromere and regulates
centromeric chromatin loops in maize. PLoS Biol. 2020, 18, e3000582. [CrossRef] [PubMed]

131. Earnshaw, W.; Rothfield, N. Identification of a family of human centromere proteins using autoimmune sera from patients with
scleroderma. Chromosoma 1985, 91, 313–321. [CrossRef]

http://doi.org/10.1080/21541264.2017.1291082
http://www.ncbi.nlm.nih.gov/pubmed/28301289
http://doi.org/10.7554/eLife.50109
http://www.ncbi.nlm.nih.gov/pubmed/31913117
http://doi.org/10.1128/mSphere.00646-20
http://doi.org/10.1038/s41592-019-0361-7
http://www.ncbi.nlm.nih.gov/pubmed/30923384
http://doi.org/10.1038/nprot.2018.015
http://doi.org/10.1038/s41467-019-09982-5
http://doi.org/10.1038/s41596-020-0373-x
http://doi.org/10.7554/eLife.63274
http://doi.org/10.1073/pnas.82.19.6470
http://doi.org/10.1007/s00497-018-00358-1
http://doi.org/10.1007/s10577-020-09643-0
http://doi.org/10.1002/cpmb.85
http://doi.org/10.1186/s13072-018-0243-8
http://doi.org/10.1126/sciadv.abe3516
http://doi.org/10.1038/s41419-021-03480-7
http://doi.org/10.1038/s41587-021-00869-9
http://doi.org/10.1186/s13007-020-00664-8
http://www.ncbi.nlm.nih.gov/pubmed/33912205
http://doi.org/10.1038/s41587-021-00865-z
http://www.ncbi.nlm.nih.gov/pubmed/33846646
http://doi.org/10.1016/0165-4608(89)90028-9
http://doi.org/10.1038/s41598-019-47757-6
http://doi.org/10.1016/S0959-437X(99)80031-8
http://doi.org/10.1016/j.semcdb.2020.10.003
http://doi.org/10.3390/genes11080912
http://www.ncbi.nlm.nih.gov/pubmed/32784998
http://doi.org/10.1105/tpc.003079
http://doi.org/10.1371/annotation/3b497aec-b7d3-442e-9086-751251f649dd
http://doi.org/10.1371/journal.pbio.3000241
http://www.ncbi.nlm.nih.gov/pubmed/31086362
http://doi.org/10.1371/journal.pbio.3000582
http://www.ncbi.nlm.nih.gov/pubmed/31995554
http://doi.org/10.1007/BF00328227


Int. J. Mol. Sci. 2021, 22, 8809 21 of 22

132. Sullivan, K.; Hechenberger, M.; Masri, K. Human CENP-A contains a histone H3 related histone fold domain that is required for
targeting to the centromere. J. Cell Biol. 1994, 127, 581–592. [CrossRef]

133. Buchwitz, B.J.; Ahmad, K.; Moore, L.L.; Roth, M.B.; Henikoff, S. A histone-H3-like protein in C. elegans. Nature 1999, 401, 547–548.
[CrossRef] [PubMed]

134. Sullivan, B.A.; Karpen, G.H. Centromeric chromatin exhibits a histone modification pattern that is distinct from both euchromatin
and heterochromatin. Nat. Struct. Mol. Biol. 2004, 11, 1076–1083. [CrossRef]

135. Bergmann, J.H.; Rodríguez, M.G.; Martins, N.; Kimura, H.; Kelly, A.D.; Masumoto, H.; Larionov, V.; Jansen, L.; Earnshaw, W.C.
Epigenetic engineering shows H3K4me2 is required for HJURP targeting and CENP-A assembly on a synthetic human kinetochore.
EMBO J. 2010, 30, 328–340. [CrossRef]

136. Ohzeki, J.-I.; Bergmann, J.H.; Kouprina, N.; Noskov, V.N.; Nakano, M.; Kimura, H.; Earnshaw, W.; Larionov, V.; Masumoto, H.
Breaking the HAC Barrier: Histone H3K9 acetyl/methyl balance regulates CENP-A assembly. EMBO J. 2012, 31, 2391–2402.
[CrossRef] [PubMed]

137. Martins, N.M.C.; Bergmann, J.H.; Shono, N.; Kimura, H.; Larionov, V.; Masumoto, H.; Earnshaw, W.C. Epigenetic engineering
shows that a human centromere resists silencing mediated by H3K27me3/K9me3. Mol. Biol. Cell 2016, 27, 177–196. [CrossRef]

138. Molina, O.; Vargiu, G.; Abad, M.A.; Zhiteneva, A.; Jeyaprakash, A.A.; Masumoto, H.; Kouprina, N.; Larionov, V.; Earnshaw,
W.C. Epigenetic engineering reveals a balance between histone modifications and transcription in kinetochore maintenance. Nat.
Commun. 2016, 7, 13334. [CrossRef] [PubMed]

139. Stimpson, K.M.; Sullivan, B. Epigenomics of centromere assembly and function. Curr. Opin. Cell Biol. 2010, 22, 772–780. [CrossRef]
[PubMed]

140. Yu, Z.; Zhou, X.; Wang, W.; Deng, W.; Fang, J.; Hu, H.; Wang, Z.; Li, S.; Cui, L.; Shen, J.; et al. Dynamic phosphorylation of
CENP-A at Ser68 orchestrates its Cell-Cycle-Dependent deposition at centromeres. Dev. Cell 2015, 32, 68–81. [CrossRef]

141. Niikura, Y.; Kitagawa, R.; Ogi, H.; Abdulle, R.; Pagala, V.; Kitagawa, K. CENP-A K124 ubiquitylation is required for CENP-A
deposition at the centromere. Dev. Cell 2015, 32, 589–603. [CrossRef] [PubMed]

142. Sathyan, K.M.; Fachinetti, D.; Foltz, D.R. α-amino trimethylation of CENP-A by NRMT is required for full recruitment of
the centromere. Nat. Commun. 2017, 8, 14678. [CrossRef]

143. Fukagawa, T. Critical histone post-translational modifications for centromere function and propagation. Cell Cycle 2017, 16,
1259–1265. [CrossRef] [PubMed]

144. Shrestha, R.L.; Ahn, G.S.; Staples, M.I.; Sathyan, K.M.; Karpova, T.; Foltz, D.R.; Basrai, M.A. Mislocalization of centromeric histone
H3 variant CENP-A contributes to chromosomal instability (CIN) in human cells. Oncotarget 2017, 8, 46781–46800. [CrossRef]

145. Mahlke, M.A.; Nechemia-Arbely, Y. Guarding the Genome: CENP-A-Chromatin in Health and Cancer. Genes 2020, 11, 810.
[CrossRef] [PubMed]

146. Gassmann, R.; Rechtsteiner, A.; Yuen, K.W.; Muroyama, A.; Egelhofer, T.; Gaydos, L.; Barron, F.; Maddox, P.; Essex, A.; Monen, J.;
et al. An inverse relationship to germline transcription defines centromeric chromatin in C. elegans. Nature 2012, 484, 534–537.
[CrossRef] [PubMed]

147. Voullaire, L.E.; Slater, H.R.; Petrovic, V.; Choo, K.H. A functional marker centromere with no detectable alpha-satellite, satellite
III, or CENP-B protein: Activation of a latent centromere? Am. J. Hum. Genet. 1993, 52, 1153–1163. [PubMed]

148. Du Sart, D.; Cancilla, M.R.; Earle, E.; Mao, J.-I.; Saffery, R.; Tainton, K.M.; Kalitsis, P.; Martyn, J.; Barry, A.; Choo, K.H.A.
A functional neo-centromere formed through activation of a latent human centromere and consisting of non-alpha-satellite DNA.
Nat. Genet. 1997, 16, 144–153. [CrossRef]

149. Choo, K.A. Centromere DNA dynamics: Latent centromeres and neocentromere formation. Am. J. Hum. Genet. 1997, 61,
1225–1233. [CrossRef]

150. Amor, D.; Choo, K.H.A. Neocentromeres: Role in human disease, evolution, and centromere study. Am. J. Hum. Genet. 2002, 71,
695–714. [CrossRef] [PubMed]

151. Zeitlin, S.G.; Baker, N.M.; Chapados, B.R.; Soutoglou, E.; Wang, J.Y.J.; Berns, M.; Cleveland, D.W. Double-strand DNA breaks
recruit the centromeric histone CENP-A. Proc. Natl. Acad. Sci. USA 2009, 106, 15762–15767. [CrossRef]

152. Leo, L.; Marchetti, M.; Giunta, S.; Fanti, L. Epigenetics as an evolutionary tool for centromere flexibility. Genes 2020, 11, 809.
[CrossRef]

153. Shang, W.-H.; Hori, T.; Martins, N.; Toyoda, A.; Misu, S.; Monma, N.; Hiratani, I.; Maeshima, K.; Ikeo, K.; Fujiyama, A.; et al.
Chromosome engineering allows the efficient isolation of vertebrate neocentromeres. Dev. Cell 2013, 24, 635–648. [CrossRef]

154. Murillo-Pineda, M.; Valente, L.P.; Dumont, M.; Mata, J.F.; Fachinetti, D.; Jansen, L.E. Induction of spontaneous human neocen-
tromere formation and long-term maturation. J. Cell Biol. 2021, 220, e202007210. [CrossRef]

155. Carty, B.L.; Dunleavy, E.M. Truly epigenetic: A centromere finds a “neo” home. J. Cell Biol. 2021, 220, e202101027. [CrossRef]
156. McClelland, E.S. Role of chromosomal instability in cancer progression. Endocr. Relat. Cancer 2017, 24, T23–T31. [CrossRef]

[PubMed]
157. Sansregret, L.; Vanhaesebroeck, B.; Swanton, C. Determinants and clinical implications of chromosomal instability in cancer. Nat.

Rev. Clin. Oncol. 2018, 15, 139–150. [CrossRef] [PubMed]
158. Heun, P.; Erhardt, S.; Blower, M.D.; Weiss, S.; Skora, A.D.; Karpen, G.H. Mislocalization of the drosophila centromere-specific

histone cid promotes formation of functional ectopic kinetochores. Dev. Cell 2006, 10, 303–315. [CrossRef] [PubMed]

http://doi.org/10.1083/jcb.127.3.581
http://doi.org/10.1038/44062
http://www.ncbi.nlm.nih.gov/pubmed/10524621
http://doi.org/10.1038/nsmb845
http://doi.org/10.1038/emboj.2010.329
http://doi.org/10.1038/emboj.2012.82
http://www.ncbi.nlm.nih.gov/pubmed/22473132
http://doi.org/10.1091/mbc.E15-08-0605
http://doi.org/10.1038/ncomms13334
http://www.ncbi.nlm.nih.gov/pubmed/27841270
http://doi.org/10.1016/j.ceb.2010.07.002
http://www.ncbi.nlm.nih.gov/pubmed/20675111
http://doi.org/10.1016/j.devcel.2014.11.030
http://doi.org/10.1016/j.devcel.2015.01.024
http://www.ncbi.nlm.nih.gov/pubmed/25727006
http://doi.org/10.1038/ncomms14678
http://doi.org/10.1080/15384101.2017.1325044
http://www.ncbi.nlm.nih.gov/pubmed/28598241
http://doi.org/10.18632/oncotarget.18108
http://doi.org/10.3390/genes11070810
http://www.ncbi.nlm.nih.gov/pubmed/32708729
http://doi.org/10.1038/nature10973
http://www.ncbi.nlm.nih.gov/pubmed/22495302
http://www.ncbi.nlm.nih.gov/pubmed/7684888
http://doi.org/10.1038/ng0697-144
http://doi.org/10.1086/301657
http://doi.org/10.1086/342730
http://www.ncbi.nlm.nih.gov/pubmed/12196915
http://doi.org/10.1073/pnas.0908233106
http://doi.org/10.3390/genes11070809
http://doi.org/10.1016/j.devcel.2013.02.009
http://doi.org/10.1083/jcb.202007210
http://doi.org/10.1083/jcb.202101027
http://doi.org/10.1530/ERC-17-0187
http://www.ncbi.nlm.nih.gov/pubmed/28696210
http://doi.org/10.1038/nrclinonc.2017.198
http://www.ncbi.nlm.nih.gov/pubmed/29297505
http://doi.org/10.1016/j.devcel.2006.01.014
http://www.ncbi.nlm.nih.gov/pubmed/16516834


Int. J. Mol. Sci. 2021, 22, 8809 22 of 22

159. Mendiburo, M.J.; Padeken, J.; Fülöp, S.; Schepers, A.; Heun, P. Drosophila CENH3 is sufficient for centromere formation. Science
2011, 334, 686–690. [CrossRef]

160. Olszak, A.M.; van Essen, D.; Pereira, A.; Diehl, S.; Manke, T.; Maiato, H.; Saccani, S.; Heun, P. Heterochromatin boundaries are
hotspots for de novo kinetochore formation. Nat. Cell Biol. 2011, 13, 799–808. [CrossRef] [PubMed]

161. Giunta, S.; Funabiki, H. Integrity of the human centromere DNA repeats is protected by CENP-A, CENP-C, and CENP-T. Proc.
Natl. Acad. Sci. USA 2017, 114, 1928–1933. [CrossRef]

162. Thakur, J.; Henikoff, S. Unexpected conformational variations of the human centromeric chromatin complex. Genes Dev. 2018, 32,
20–25. [CrossRef]

http://doi.org/10.1126/science.1206880
http://doi.org/10.1038/ncb2272
http://www.ncbi.nlm.nih.gov/pubmed/21685892
http://doi.org/10.1073/pnas.1615133114
http://doi.org/10.1101/gad.307736.117

	Introduction 
	Single-Cell Sequencing and Common Applications 
	Single-Cell Technology Approaches to the Study of Neurodegenerative, Metabolic and Multifactorial Diseases 
	Chromatin Immunoprecipitation (Chip) as a General Method to Study Protein–DNA Interactions 
	DamID, Chec-seq and Chic-seq Enzyme-Tethering Strategies Applied to the Study of Chromatin Profiling 
	Emerging Strategies for Efficient Genome-Wide Chromatin Profiling: CUT&RUN and CUT&TAG 
	Epigenetics Approaches to Explore the Architecture of Centromeric Chromatin 
	Conclusions 
	References

