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Abstract: Chromatin consists of a complex of DNA and histone proteins as its core components and
plays an important role in both packaging DNA and regulating DNA metabolic pathways such as
DNA replication, transcription, recombination, and chromosome segregation. Proper functioning
of chromatin further involves a network of interactions among molecular complexes that modify
chromatin structure and organization to affect the accessibility of DNA to transcription factors leading
to the activation or repression of the transcription of target DNA loci. Based on its structure and
compaction state, chromatin is categorized into euchromatin, heterochromatin, and centromeric chro-
matin. In this review, we discuss distinct chromatin factors and molecular complexes that constitute
euchromatin—open chromatin structure associated with active transcription; heterochromatin—less
accessible chromatin associated with silencing; centromeric chromatin—the site of spindle binding in
chromosome segregation.
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1. Introduction

Chromatin is a complex of DNA and histone proteins with many functions, including
packaging genetic material to fit inside the cell and regulating gene expression. Walther
Flemming first described chromatin around 1880 to describe the stainable threads he ob-
served in the nucleus during mitosis [1]. Although the chemical composition of chromatin
was discovered as DNA and protein, shortly after, the interest in chromatin structure only
spiked after the discoveries that DNA was the “transforming principle” and that genes
correlated with chromosomal bands [2–4]. In 1974, Kornberg proposed that the repeating
unit of chromatin is made up of two copies of each of the four canonical histone proteins
(H2A, H2B, H3, and H4) and approximately 200 bp of DNA [5]. Olins and Olins visualized
chromatin structure as ‘beads on a string’ that were later termed as nucleosomes [4]. Among
several models proposed for chromatin structure using low angle X-ray diffraction, the
superhelical structure model garnered attention [6–8]. In 1997, the X-ray crystal structure
of the nucleosome core particle at 2.8 Å revealed that 146 bp DNA is wrapped around the
histone octamer in 1.65 turns of a left-handed superhelix [9].

Chromatin is divided into different categories based on the higher-order packaging of
nucleosomes, histone post-translational modifications (PTMs) and histone variants [10–12].
Histone PTMs consist of the addition and removal of small chemical molecules such as
methyl and acetyl groups to the histone tails [12]. Histone methylation is associated
with the silencing of genes, while acetylation is associated with actively transcribing
DNA by reducing the affinity of the histone octamer to DNA, rendering transcription
easier [12–15]. Histone variants are the proteins that replace canonical histones from the
nucleosomes at specific genomic locations and modify chromatin structures and functions.
Common histone variants are H3.3 which replaces H3 in nucleosomes of active genes and
Centromeric Protein A (CENP-A) found at centromeres [16].
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The majority of chromatin is present as heterochromatin, a condensed chromatin
structure that is transcriptionally less active and is mainly present at pericentric regions,
telomeres, and other transcriptionally repressed regions. The second type of chromatin
called euchromatin is more open, highly transcriptionally active and present in gene-rich
genomic loci. The third specialized chromatin is present at centromeres where canonical
histone H3 is replaced by its variant CENP-A. In addition to the core chromatin components,
each type of chromatin is tightly associated and regulated by chromatin modifying proteins
and protein complexes such as chromatin remodelers, histone-modifying enzymes, and
architectural proteins that alter chromatin compaction [17–22]. Here in this review, we
will discuss molecular complexes involved in the structural organization and function of
euchromatin, heterochromatin and centromeric chromatin (Table 1).

Table 1. Features of euchromatin, heterochromatin and centromeric chromatin.

Euchromatin Heterochromatin Centromeric Chromatin References

Function Active transcription Gene silencing, genome integrity Chromosome segregation [23]

Structure Open/unfolded Closed/condensed Somewhat compact [24]

Histone modifications
H3K4me3
H3K27ac
H3K36me

H3K9me3
H3k27me3
H3K119ub

H3K4me2
H4K20me [25,26]

Histone variants
H2A.Z
H3.3

H2A.B

MacroH2A
H2A.W CENP-A (CenH3) [11,27]

Chaperones

Asf1
CAF-1
HIRA
NAP1
FACT

Daxx
FACT HJURP [28,29]

2. Euchromatin

Euchromatin is characterized by active genes, wider spacing between nucleosomes,
higher accessibility to transcription machinery, histone modifications and variants that
facilitate active transcription [30–36]. The more open, unfolded structure of euchromatin
allows transcriptional machinery to bind to the DNA, thereby facilitating its transcription.
Euchromatin also contains the highest fraction of nucleosomes with exact nucleosomal
positions relative to the underlying DNA sequence [37]. This nucleosome positioning is
associated with the precise recognition of DNA sequence motifs by their protein partners
and play an important role in transcription regulation near transcription initiation sites [38].

2.1. Genomic Regions Associated with Euchromatin

Euchromatin is mainly present on actively transcribing genes and regulatory elements
such as promoters and enhancers, which regulate the access of transcription factors and
chromatin remodelers to facilitate the opening of the chromatin and subsequent activation
of transcription [31].

2.1.1. Transcriptionally Active Gene Bodies

Transcriptionally active genes constitute a minor fraction of the genome and are
usually located in the interior of the interphase nucleus where euchromatin is enriched. The
gene body is the transcriptional region, including introns and exons, from the start site to the
end of the transcript and is marked by activating histone modifications to help keep gene
bodies in a more open chromatin state [39]. DNA methylation occurs on approximately
70–80% of the mammalian genome, but gene bodies are even more enriched for DNA
methylation (80–90%) than intergenic sequences [40]. DNA methylation on gene bodies is
believed to prevent intragenic transcription initiation in highly expressed genes [41–43].
Nucleosome positioning is weak on gene bodies as compared to the transcription initiation
sites and further decreases gradually along the length of gene bodies [44].
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2.1.2. Promoters

Promoters are regions where transcription is initiated and are found typically up-
stream of or at the 5′ end of a protein-coding gene or non-coding genes. Promoters of
RNA polymerase II (RNAPII) contain a core promoter, the minimal sequence required to
properly initiate transcription, such as the TATA box and additional motifs [32]. The core
promoter binds to general transcription factors (GTFs) such as TATA-binding protein, TFIIB,
TFIIE, TFIIF, and TFIIH. These GTFs and RNAPII form the pre-initiation complex (PIC),
which is sufficient to initiate transcription but with a lower basal activity [45]. Promoters
are associated with activating histone modifications and contain a ∼150-bp nucleosome
depleted region (NDR) adjacent to the transcription start site (TSS). However, recently
NDRs have been shown to contain highly dynamic nucleosomes containing the histone
variants H3.3 and H2A.Z [36,46]. NDRs are flanked by highly positioned nucleosomes [38].
Promoters are characterized by the presence of CpG islands, regions of GC-rich DNA that
are found at approximately 70% of vertebrate promoters. Although the exact role of DNA
methylation in transcription is not clear, the right amount of methylation at the promoter
regions is required for proper gene expression and mice with reduced methylation levels
resulting from lack of a particular DNA methyltransferase (DNMT) die early in develop-
ment [47–50]. Additionally, Histone regulator A (HIRA) mediates histone H3.3 localization
at active promoters and transcribed gene bodies [51].

2.1.3. Enhancers

Enhancers are DNA sequences that activate transcription independent of their dis-
tance or orientation with respect to the promoters of genes to be transcribed by binding to a
variety of transcription factors. Enhancers regulate transcription in a tissue-specific manner,
thereby playing an important role in development and differentiation [52,53]. Enhancers
transcribe bidirectionally into non-coding RNAs (ncRNAs) that are involved in regulating
transcription [54]. The current model for long-range transcriptional regulation is that the
distal enhancers are brought into physical proximity to their target promoters by chromatin
looping mechanisms [55–57]. A recent study using super-resolution 3-dimensional (3D)
fluorescence in situ hybridization and chromosome conformation capture revealed a de-
creased spatial proximity between the Sonic hedgehog gene and its enhancers during the
differentiation of embryonic stem cells (ESCs) to neural progenitors, suggesting that mod-
els of enhancer–promoter communication need to encompass chromatin conformations
other than looping [58]. Enhancers are associated with nucleosomes that are primarily
modified by activating histone modifications and contain the histone variants H3.3 and
H2A.Z, which are deposited in a replication-independent manner [36,59]. The nucleo-
somes that flank the transcription factor binding sites of enhancers are less mobile than the
H3.3/H2A.Z hypermobile nucleosomes [60].

2.2. Histone Modifications Associated with Euchromatin

Euchromatic histone PTMs include lysine acetylation and methylation. While lysine
acetylation is almost always associated with chromatin accessibility and transcriptional
activity, methylation can have different effects depending on which amino acid residue
is modified. Histone modifications have been shown to play an important role in many
biological processes including memory formation and storage, the aging of tissues, and
differentiation [61–63].

2.2.1. H3K4me3

The trimethylation of histone 3 at lysine 4 (H3K4me3) PTM is a characteristic feature
of chromatin present at promotor regions near TSS [64]. In mammals, H3K4 methylation
is catalyzed by six related homologs of the yeast histone lysine methyltransferase SET1
(SETD1A, SETD1B, MLL1, MLL2, MLL3, and MLL4) [65]. SET1 associates with RNAPII
and is deposited co-transcriptionally [66]. Promoters with low and high H3K4me3 levels
are enriched for MLL2 and the CFP1 subunit of SETD1, respectively [67,68]. CFP1 has a
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PHD finger domain known to read H3K4me3 and mediate the interaction between SETD1
and H3K4me3 [69]. The third PHD domain in MLL1 is important for H3K4me3 binding
and MLL1 recruitment to target sites in the Hox locus [70]. These mechanisms of H3K4me
writers suggest that once established, H3K4me modification may positively reinforce its
own deposition [12].

2.2.2. H3K27ac

The acetylation of histone H3 at lysine 27 (H3K27ac) PTM is a well-recognized marker
for active but not poised enhancers and is imparted by histone acetyltransferase (HAT)
complexes [60]. However, H3K27ac alone does not functionally determine enhancer activity
as substituting lysine 27 in histone variant H3.3 with arginine in mouse ESCs, does not
perturb the transcription [71]. H3K27 acetylation is found concurrently with H3K4me3 at
promoters and the TSS of active genes. H3K4me3 readers have been identified in many
HAT complexes. For instance, SGF29, a component of the SAGA HAT complex, contains
a domain that binds H3K4me3 and overlaps with H3K4me3 at gene promoters [72]. TSS-
associated histone H3K27 acetylation signals the Super Elongation Complex (SEC) to
regulate transcriptional elongation of the ESR1 (ERα) gene by interacting with its scaffold
protein AFF4, suggesting that the TSS H3K27ac is involved in bridging the transition from
transcriptional initiation to elongation [73].

2.2.3. H3K36me

Gene bodies of transcriptionally active genes are enriched mainly for activating methy-
lation of histone H3 at lysine 36 (H3K36me3) PTM, which is imparted by SET2, the first
H3K36 methyltransferase. SET2 is recruited for depositing H3K36me3 on gene bodies
during transcription elongation by RNAPII phosphorylated at serine 2 [74]. SWT2 marks
the H3K36 residue with mono-, di-, tri-methylation which are enriched over the 5′ ends,
mid-coding regions, and the 3′ ends of genes, respectively, and each of these modifications
has a distinct functional role but H3K36me1/2 and H3K36me3 have also been shown
to act redundantly in many cellular contexts [34,75]. The H3K36me3 deposited by SET2
also serves as the binding site for histone deacetylase (HDAC) complexes to suppress
excessive transcription initiation [76]. In yeast, the SET2-mediated H3K36me prevents hy-
peracetylation and histone exchange leading to well-spaced nucleosomes over the coding
regions [33].

2.3. Histone Variants Associated with Euchromatin

Histone variants associated with euchromatic regions are found at regulatory elements
such as enhancers and promoters as well as gene bodies. Histone variants play roles in
cell fate decisions and development and are found to be deregulated in cancers at the
transcriptional level [77].

2.3.1. H2A.Z

H2A.Z is a replication-independent variant of canonical histone H2A. The C-terminal
region of the yeast H2A.Z protein interacts with RNAPII, promoting its recruitment at
promoters [30]. H2A.Z is recruited onto chromatin by the chromatin remodeling Swr1
complex, a member of the Snf2 family of ATPases [78]. The crystal structure of the central
Swr1 enzyme in complex with the H2A.Z-H2B dimer revealed that Swr1 delivers the
H2A.Z-H2B dimer to the nucleosome as a histone chaperone and partially unwraps the
DNA from the histone core [20,79]. H2A.Z combined with H4 acetylation recruits Brd2, a
double-bromodomain-containing protein known to function in transcriptional activation, to
chromatin during transcription activation [35]. Furthermore, the acetyltransferase activity
of the something about silencing (SAS) complex can stimulate H2A.Z incorporation in
yeast, suggesting that histone acetylation facilitates H2A.Z deposition [80].
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2.3.2. H3.3

H3.3 is a conserved histone variant found at euchromatic actively transcribed regions
and is incorporated into the nucleosome throughout the cell cycle, unlike canonical histones
that are primarily deposited during replication [10,81–83]. H3.3 is enriched throughout the
gene body of transcribed genes as well as at the promoter regions of both active and inactive
genes that might be in their poised state [59,84]. In euchromatic regions, H3.3 deposition is
mediated by the chaperone HIRA throughout the cell cycle [85]. However, H3.3 deposition
also occurs at telomeres and pericentric heterochromatin, where it is catalyzed by the
chaperone dimer, Atrx/Daxx [86,87]. A study using a H3.3K4A mutant has suggested that
the Lysine 4 residue of histone H3.3 is required for ESC differentiation and transcription
accuracy [88].

2.3.3. H2A.B

The histone variant H2A.B (formerly named H2A.Bbd in humans) binds preferentially
to H4 hyperacetylated regions and was named Barr body-deficient due to its exclusion
from the inactive female X chromosome (Xi) [89,90]. When ectopically expressed in HeLa
cells, H2A.Bbd is enriched on active genes and is involved in transcriptional activation
and mRNA processing [91–93]. Factors involved in DNA replication are enriched in
GFP-H2A.Bbd containing nucleosomal arrays in an asynchronous population of cells [94].
GFP-H2A.Bbd localization strongly correlates with sites of DNA replication, suggesting
that H2A.Bbd is targeted to newly synthesized DNA during replication and repair [94].
H2A.B has been recently identified as a novel parental effect gene, where the H2A.B status
of both the father and mother, but not the zygote, affects embryonic viability and growth
during gestation [95].

2.4. Histone Chaperones

Histone chaperones are a group of proteins that bind to soluble histones and reg-
ulate nucleosome assembly. Histone chaperones can be categorized based on their as-
sembly mechanism, either as replication-dependent (replication coupled) or replication-
independent (Figure 1). Following synthesis, new H3-H4 molecules form distinct com-
plexes with different histone chaperones to regulate free histone levels and nuclear import,
likely impacting the deposition of new H3-H4 onto DNA.
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Figure 1. Nuclear import and deposition of newly synthesized H3-H4 molecules by histone chaper-
ones into nucleosomes. Newly synthesized H3.1 associates with different chaperones in the process of
nuclear import. The H3.1-H4 dimer is then assembled into a nucleosome in a replication-dependent
method by its chaperone CAF-1, which is being recruited by proliferating cell nuclear antigen (PCNA)
at replicating DNA. Newly synthesized H3.3-H4 is deposited onto DNA by the HIRA chaperone.



Int. J. Mol. Sci. 2021, 22, 6922 6 of 28

2.4.1. Replication-Dependent Nucleosome Assembly

Coupling of DNA replication to nucleosome assembly was established early on [96,97].
Subsequently, by studying lagging-strand synthesis, Okazaki fragments were found to be
similar in size to the nucleosomal repeat length and the deletion of a subunit of histone
chaperone CAF-1 involved in replication-coupled nucleosome assembly caused Okazaki
fragments to increase in length [98]. Newly synthesized H3.1 associates with the protein
chaperone Hsc70 before being assembled into a larger complex containing histone chaper-
one t-NASP, histone H4, and protein chaperone Hsp90 [99]. Then, H3-H4 associates with
Hat1-RbAp46, a lysine acetyltransferase, Asf1 histone chaperone, and importin-4 [99]. Asf1
bound new H3-H4 is imported into the nucleus and assembled into nucleosomes by other
chaperones. Although both H3 and H4 were considered to be imported into the nucleus
as heterodimers, using a tether-and-release system and immunofluorescence, H3 and H4
were detected alone without binding partners, suggesting they may exist in the cytoplasm
as monomers [100]. CAF-1 is a central replication-dependent chaperone and primarily
functions to deposit newly synthesized H3-H4 onto newly synthesized DNA [101]. CAF-1
is recruited to the replication fork by proliferating cell nuclear antigen (PCNA), where
it receives H3-H4 dimers from Asf1 and deposits them onto DNA to form a tetrasome,
initiating nucleosome assembly [102].

2.4.2. Replication Independent Nucleosome Assembly

Nucleosomes pose as barriers for transcriptional machinery and therefore they must be
remodeled and reassembled following transcription through DNA replication-independent
assembly [103]. Replication-independent nucleosome assembly is also the predominant
way of histone replacement in non-dividing cells [104]. Many histone chaperones mediate
replication-independent assembly of H3.3-H4 into nucleosomes. HIRA is the canonical
histone chaperone involved in the replication-independent assembly of H3.3-H4 [85]. It
has been shown that cells lacking HIRA do not have any effect on the localization of H3.3
to telomeres or regulatory elements, but H3.3 localization is reduced at gene bodies, thus
suggesting HIRA is required for assembly and exchange of H3.3 at genic regions [59]. Daxx,
another H3.3 histone chaperone, forms a complex with ATRX and a lack of ATRX leads to
defects in H3.3 at telomeres and pericentric regions [59,105].

After H3-H4 tetramer deposition, H2A-H2B dimers are incorporated to complete the
nucleosome with the help of chaperone Nap1 [106]. While H3-H4 tetramer is relatively
stable, H2A-H2B dimers rapidly exchange with free H2A-H2B [107,108]. Nap1 regu-
lates nucleosome assembly by facilitating H2A-H2B import, disrupting non-productive
histone–DNA interactions, and depositing histones onto DNA. Nap1 facilitates histone
import by mediating the interactions between KAP114 and H2A-H2B [106]. Nap1 pro-
motes nucleosome formation by disassembling non-productive histone interactions [109].
Nap1 acts with ATP-dependent chromatin and remodeling factor complex to assemble
regularly spaced nucleosomes and deposits both H3-H4 and H2A-H2B for nucleosome
formation [110,111]. Another histone chaperone, FACT (facilitates chromatin transcription)
binds to both oligomers of H2A-H2B and H3-H4. FACT binds H2A-H2B dimers by interac-
tions with Spt16 MD and the CTDs of those subunits [112,113]. Partial DNA unwinding
has been proposed to allow for FACT to bind both H2A-H2B dimers simultaneously during
reorganization [113,114].

2.5. Chromatin Remodelers

Chromatin remodelers catalyze a variety of nucleosome restructuring reactions, in-
cluding nucleosome sliding, conformation changes of nucleosomal DNA, and histone
variant exchange, that play a role in chromatin accessibility and are necessary for all DNA-
dependent biological processes [115]. Chromatin remodelers contain an ATP hydrolyzing-
DNA translocase unit that performs nucleosomal DNA translocation to disrupt the contacts
between histones and DNA by utilizing energy from ATP hydrolysis. ATP-dependent chro-
matin remodelers are classified into four families that perform distinct modes of remodel-
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ing: switch/sucrose-non-fermenting (SWI/SNF), imitation switch (ISWI), chromodomain-
helicase-DNA binding (CHD), and inositol requiring 80 (INO80) (Figure 2). Besides a
common ATPase domain, chromatin remodeler families contain specific domains, for ex-
ample bromodomain in SWI/SNF remodelers, HAND-SANT-SLIDE (HSS) molecules in
ISWI remodelers, tandem chromodomains in CHD remodelers and finally, HAS domains
in INO80 remodelers [116].

Int. J. Mol. Sci. 2021, 22, x FOR PEER REVIEW 8 of 30 
 

 

 
Figure 2. ATP-dependent chromatin remodelers. The SWI/SNF family of remodelers eject and slide nucleosomes to facil-
itate chromatin access. ISWI and CHD family remodelers assemble and regularly space nucleosomes. The INO80 family 
remodelers can have unique functions but are known to partake in histone variant exchange. 

2.5.1. SWI/SNF Complex 
The first ATP-dependent chromatin remodeler described was the yeast SWI/SNF 

complex. The complex is targeted to acetylated histones through the bromodomain subu-
nit [117]. The SWI/SNF complex also contains actin and/or actin-related proteins (ARPs) 
at its catalytic core [21]. The SWI/SNF complex is mostly involved in gene transcriptional 
activation [118]. The SWI/SNF family of remodelers typically facilitate chromatin access 
as they slide and eject nucleosome, and thus, they can be used for either gene activation 
or gene repression [119]. 

2.5.2. The ISWI Family 
The ISWI family of remodelers contains an ATPase domain containing two RecA-like 

lobes separated by a small insertion sequence [120]. They also contain a carboxy-terminal 
HSS domain that binds the unmodified histone H3 tail and the linker DNA flanking the 
nucleosome [121–123]. Most ISWI subfamily complexes assemble and regularly space nu-
cleosomes to limit chromatin accessibility and gene expression. However, a subset of the 
ISWI family, such as the nucleosome remodeling factor (NURF) complex, has other subu-
nits that result in activation of transcription [124,125]. 

2.5.3. The CHD Remodeler Family 
The CHD remodeler family is unique due to the presence of tandemly arranged chro-

modomains [126,127]. CHD remodelers take part in several processes in metazoans, in-
cluding nucleosome assembly/spacing, providing access to promoters, and incorporation 
of histone H3.3 [126,128,129]. The nucleosome remodeling deacetylase (NuRD) complex 
helps repressors bind to chromatin and repress genes through its deacetylases [128,130]. 

Figure 2. ATP-dependent chromatin remodelers. The SWI/SNF family of remodelers eject and slide
nucleosomes to facilitate chromatin access. ISWI and CHD family remodelers assemble and regularly
space nucleosomes. The INO80 family remodelers can have unique functions but are known to
partake in histone variant exchange.

2.5.1. SWI/SNF Complex

The first ATP-dependent chromatin remodeler described was the yeast SWI/SNF
complex. The complex is targeted to acetylated histones through the bromodomain sub-
unit [117]. The SWI/SNF complex also contains actin and/or actin-related proteins (ARPs)
at its catalytic core [21]. The SWI/SNF complex is mostly involved in gene transcriptional
activation [118]. The SWI/SNF family of remodelers typically facilitate chromatin access as
they slide and eject nucleosome, and thus, they can be used for either gene activation or
gene repression [119].

2.5.2. The ISWI Family

The ISWI family of remodelers contains an ATPase domain containing two RecA-like
lobes separated by a small insertion sequence [120]. They also contain a carboxy-terminal
HSS domain that binds the unmodified histone H3 tail and the linker DNA flanking the
nucleosome [121–123]. Most ISWI subfamily complexes assemble and regularly space
nucleosomes to limit chromatin accessibility and gene expression. However, a subset of
the ISWI family, such as the nucleosome remodeling factor (NURF) complex, has other
subunits that result in activation of transcription [124,125].
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2.5.3. The CHD Remodeler Family

The CHD remodeler family is unique due to the presence of tandemly arranged
chromodomains [126,127]. CHD remodelers take part in several processes in metazoans,
including nucleosome assembly/spacing, providing access to promoters, and incorporation
of histone H3.3 [126,128,129]. The nucleosome remodeling deacetylase (NuRD) complex
helps repressors bind to chromatin and repress genes through its deacetylases [128,130].
In contrast to this, yeast Chd1 acts as a monomeric remodeler and mainly functions in
chromatin assembly [127].

2.5.4. The INO80 Subfamily

The INO80 subfamily of remodelers contains a large insertion between its RecA-
like lobes. The N terminus of INO80 remodeler ATPases contains a HAS domain that
nucleates actin and ARPs [131]. The INO80 subfamily contains various subtypes that
have unique functions. The subtype INO80C moderates chromatin access and nucleosome
spacing, while subtypes SWR1C, p400, and Snf2-related CBP activator protein (SRCAP)
complex replace canonical H2A-H2B dimers with H2A.Z histone variant dimers [78,132].
Additionally, the p400 subtype has been shown to replace H3.1 with H3.3 [133].

2.6. Role of ncRNA in Euchromatin Organization

A significant fraction of nuclear RNA associates with chromatin and has been sug-
gested to plan an architectural role in chromatin structure [134–137]. Besides structural
RNAs, a large number of euchromatic proteins also bind to regulatory long ncRNAs (lncR-
NAs) that originate from loci in trans, suggesting a role for RNA in holding together
two or more distant sites [138–141]. NEAT1 and MATAL1 lncRNAs are components of
paraspeckles and nuclear speckles, respectively, and interact with transcripts from several
euchromatic loci [141]. Enhancer derived ncRNAs are also involved in chromatin interac-
tions such as looping, but it is unclear whether or not the effect is due to the RNA or just a
consequence of enhancer activation [138,142,143].

Transcription of the male X chromosome in Drosophila is doubled to ensure equal
levels of X-linked genes in males and females. This dosage compensation process is carried
out by the dosage compensation complex (DCC, or MSL complex). Upregulation of the
X chromosome transcription is partly due to a key component of DCC, the MOF (males
absent on the first), which hyperacetylates histone H4 at lysine 16 [144]. Two noncoding
RNAs exist in the DCC, roX1 and roX2, that, while functionally redundant, loss of both
dramatically affects male viability [144]. The DCC components are thought to assemble
at ~35 chromatin entry sites along the X chromosome, including two of which encode the
roX genes. The sites serve as nucleation sites for spreading the DCC complex into the
flanking chromatin [145]. The roX RNAs play an essential role in targeting the DCC to the
X chromosome, and deletion of them both results in mislocalization of DCC and acetylation
of histone H4 at Lys 16 by the MOF histone acetyltransferase [146,147].

3. Heterochromatin

Heterochromatin is transcriptionally less active and associated with gene silenc-
ing, less accessible than euchromatin. Emil Heitz first coined the term ‘heterochromatin’
when preparing cytological samples of chromosomes to distinguish regions that remained
strongly stained throughout the cell cycle from those that became invisible during in-
terphase [148]. Heterochromatin spatially segregates from euchromatin in the nucleus
and is localized preferentially toward the nuclear periphery and regions surrounding the
nucleolus [149,150]. Due to the compacted state of the heterochromatin, Heitz hypothe-
sized that the zones were genetically inactive, paving the way for future studies on how
chromatin compaction regulates gene expression. The connection between gene silencing
and heterochromatin was established when X-ray-induced chromosome rearrangements
relocated a gene into the proximity of a heterochromatic region and caused variegated
pigmentation of fly eyes due to gene expression inactivation without any alteration to



Int. J. Mol. Sci. 2021, 22, 6922 9 of 28

gene expression [151,152]. Heterochromatin is categorized into facultative and constitutive
heterochromatin. Facultative heterochromatin usually assembles on regions that contain
developmentally regulated genes that are kept silent upon developmental cues. In contrast
to this, constitutive heterochromatin occurs at the same genomic regions in every cell type
and once established, it is propagated throughout the life of an individual. Unlike euchro-
matin, which shows characteristic nucleosome positioning at promoters due to specific
DNA sequence guided DNA–protein interactions (i.e., interactions between core promoters
and transcription factors), heterochromatin is largely defined by sequence independent
epigenetic mechanisms and lacks nucleosome positioning.

3.1. Constitutive Heterochromatin

Constitutive heterochromatin is a more static structure that ensures a condensed and
transcriptionally less active chromatin conformation. Constitutive heterochromatin is
characterized by the presence of histone marks such as Histone 3 Lysine 9 trimethylation
(H3K9me3) and occurs at highly repetitive and gene-poor regions such as pericentric re-
gions, sub-telomeric regions and transposable elements [153,154]. H3K9me3 is imparted
by histone methyltransferases (HMTs), including Suv39h in mammals, Su(var)3–9 in
Drosophila, and Clr4 in yeast [155,156]. Classes of repetitive DNA previously thought to
have no known biological function and were referred to as “junk DNA”, have appeared
to play important cellular roles [157]. For example, pericentric regions consist of repet-
itive tandem satellite repeats and are responsible for accurate chromosome segregation
by preventing premature chromatid separation [158]. Satellites underlying constitutive
heterochromatin are not conserved and can greatly vary between different organisms,
further suggesting that constitutive heterochromatin is controlled epigenetically.

3.1.1. Position Effect Variegation (PEV)

PEV is a phenomenon caused when a gene normally located in euchromatin under-
goes abnormal juxtaposition to heterochromatic regions by genomic rearrangements is
silencing in some cells [151]. PEV silencing results due to the compact packaging of the
newly positioned gene in a heterochromatic environment. Multiple euchromatic genes
become inactive when placed near or in heterochromatin as a consequence of heterochro-
matin “spreading” along the chromosome from the adjacent constitutive heterochromatin
region [159]. In Drosophila, most rearrangements that have been shown to result in PEV
map to pericentric regions and the genes involved in PEV are involved in constitutive
heterochromatin formation.

3.1.2. Constitutive Heterochromatin Establishment and Maintenance

The mechanism of constitutive heterochromatin formation is well characterized in
the fission yeast S. pombe, where the RNAi pathway plays the key role in the establish-
ment of heterochromatin. S. pombe genome contains only one homolog each of the core
RNAi machinery, Dicer (Dcr), Argonaute (Ago), and RNA-dependent RNA polymerase
(RdRP) [160,161]. In the absence of RNAi components, reporter gene silencing near cen-
tromeres is lost and is accompanied by the accumulation of transcripts derived from
heterochromatic repeats [162]. Deletion of genes coding for the RNAi machinery also
results in the loss of histone H3K9 methylation, heterochromatin assembly and defects in
chromosome segregation [162,163]. Pericentric regions in S. pombe consist of inverted re-
peats called dg and dh repeats that transcribe into ncRNAs. Resulting ncRNAs are processed
by the Dicer ribonuclease into small interfering RNAs (siRNAs), which then recruit the
RNA-induced transcriptional silencing (RITS) complex in cis onto pericentric regions [164].
The RITS complex recruits the H3K9me3 HMT, Clr4, which places H3K9me3 modifica-
tion onto the pericentric chromatin. H3K9me3 modification is specifically recognized by
Heterochromatin protein 1 (HP1) or Swi6 in S. pombe [165]. HP1 is a heterochromatin
protein that binds the H3K9 methyl-marked constitutive heterochromatin and condenses
reconstituted H3K9me containing nucleosome arrays in vitro [166,167]. HP1 further re-
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cruits Clr4, the main producer of the H3K9me mark, and establishes a feedback loop for
heterochromatin assembly [156]. Pericentric regions are surrounded by boundary elements
that prevent heterochromatin from spreading into euchromatic regions that contain their
own histone modifications (Figure 3).
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3.1.3. Heterochromatin Compaction

The most striking feature of constitutive heterochromatin is highly compact packaging
and a variety of functions impacted by heterochromatin, including heritable gene repression
and maintenance of chromosome integrity, are due in part to compaction of the underlying
chromatin. HP1 uses oligomerization to compact chromatin into phase-separated conden-
sates [168–171]. The ability of HP1 to compact nucleosomal arrays in vitro is relatively
lesser than the immense compaction at pericentric regions seen in vivo, suggesting that
additional factors are required to condense H3K9me heterochromatin in the nucleus [167].
HP1 contains an RNA-binding domain and RNA binding is required for heterochromatin
localization of mammalian HP1 to pericentric regions [172]. Studies also suggest that
architectural RNAs and RNA-binding proteins contribute to H3K9me heterochromatin
compaction [135,167,173–175]. Depletion of RNA leads to dispersion of H3K9me foci and
compromises the ability of recombinant HP1 to bind to pericentric heterochromatin [172].
In mouse, specific depletion of pericentric repeat transcripts leads to a decreased number
of chromocenters (clusters of pericentric regions) [173]. Similar to constitutive heterochro-
matin, it is also possible that chromatin–RNA bridging interactions occur within domains
of facultative heterochromatin that are compacted by the PRC1 complex. The functions of
PRC1 in both development and gene silencing are thought to involve lncRNAs [17,176,177].
For example, CAT7, a long non-coding RNA, has been found to tune PRC1 function during
human development [177].
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While there are many histone variants associated with heterochromatic regions, a
well-characterized one is MacroH2A, a variant generally considered transcriptionally
repressive and associates with the inactive X-chromosome and inactive genes [178,179].
MacroH2A is enriched on heterochromatic regions during development and ESC differ-
entiation [180]. Another histone variant in Arabidopsis, H2A.W, was found to enhance
chromatin condensation by promoting fiber–fiber interactions [27].

Recently it has been demonstrated that heterochromatin forms phase-separated liquid
condensates [170,171,181]. Chromatin compaction by HP1 protein, Swi6, results in phase-
separated liquid condensates. Swi6 increases the accessibility and dynamics of buried
histone residues in a nucleosome, thus indicating that Swi6 couples oligomerization to the
phase separation of chromatin by dynamic exposure of buried nucleosomal regions [19].

3.2. Facultative Heterochromatin

Facultative heterochromatin is assembled on developmentally regulated loci, which
can switch between transcriptionally active and inactive chromatin states during devel-
opment and differentiation. As a result, not all cell types will have an identical pattern
of facultative heterochromatin distribution in the genome. Facultative heterochromatin is
regulated by polycomb group (PcG) proteins that impart histone 3 lysine 27 trimethylation
(H3K27me3) marks. Facultative heterochromatin can be found on an entire chromosome,
as seen in X-chromosome inactivation, or on discrete domains that are distributed genome-
wide (Figure 4).
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Figure 4. Establishment of facultative heterochromatin. Left–domain-wide facultative heterochromatin formation on
developmentally regulated loci such as HOX gene clusters distributed throughout chromosomes. PRC1 deposits H3K27me,
which is recognized by PRC2 that catalyzes H3K27me3 and H3K119ub formation on these domains. Right–chromosome-
wide facultative heterochromatin over an entire Xi. The lncRNA Xist binds to the X-chromosome, which then recruits PcG
proteins, HMTs, and histone ubiquitin ligases to deposit H3K119ub, H3K9me, and H3K27me modifications to establish
compact heterochromatin.
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3.2.1. Chromosome-Wide Facultative Heterochromatin Formation on the Xi

X chromosome inactivation (XCI), is a classic example of the developmentally con-
trolled silent facultative heterochromatin formation, allowing only one X chromosome
to be expressed in female mammals. [182]. One random X chromosome is subjected to
chromosome-wide chromatin condensation, which is maintained throughout the entire life
of the organism. The suppression of X-linked genes depends on several chromatin modifi-
cations and trans-acting factors, including the lncRNA Xist (X-inactive specific transcript)
that appears on the Xi. Xi territory occupies the perinucleolar location [183]. In the early
embryo, Xist transcribes and spreads in cis on the entire Xi and recruits PcG complexes,
such as Polycomb repressive complex 1 (PRC1), which catalyzes ubiquitylation of histone
H2A at lysine 119 (H2AK119ub1) and PRC2 complex, which catalyzes trimethylation
of H3K27me3 [184–186]. The coating of the Xi with repressive H3K27me3 excludes the
transcriptional machinery, thereby silencing the entire Xi [187]. The formation of repressive
chromatin is accompanied by the absence of histone marks associated with active genes,
such as histone acetylation or H3K4me [188,189]. Xist uses 3D proximal contacts to spread
across the entire chromosome and recruits machinery for catalyzing repressive chromatin
modifications [190,191].

3.2.2. Genome-Wide Facultative Heterochromatin Formation

Facultative heterochromatin is also present at discrete genomic loci, including autoso-
mal imprinted genomic loci and HOX gene clusters. Facultative heterochromatin of im-
printed autosomal genes is characterized by histone hypoacetylation, H3K9me2, H3K27me,
and DNA methylation with the inactive alleles [192]. Notably, the H2A variant, macroH2A,
was also found on imprinted autosomal genes and can serve as a marker to identify im-
printed genes [193]. HOX genes are a subset of homeobox genes that specify regions of the
body plan of an embryo along the head–tail axis and facultative heterochromatin controls
the expression of these domains during development. In Drosophila, establishment and
maintenance of facultative heterochromatin over HOX gene clusters via PcG machinery
involves ncRNA transcribed from polycomb response elements (PREs) [194]. The PRE
ncRNAs are processed by RNAi machinery into small RNAs [194]. Dicer-2, PIWI, and
Argonaute1, three RNAi components colocalize with PcG proteins and the frequency of
PcG-dependent chromosomal associations of endogenous homeotic genes are reduced in
the mutants of these proteins suggesting that RNAi and PcG proteins mediate long-distance
physical interactions [194]. PREs have been shown to control transgene expression up to
100 kb downstream, suggesting that PRE-bound PcG proteins contact distal regions [22].
A lncRNA, HOTAIR, can bring H3K27 methylated and H3K4 unmethylated sites in close
proximity to one another by binding two distinct histone-modifying complexes, PRC2 and
LSD1/CoREST/REST complex at their 5’ and 3’ ends, respectively [195]. The multiple
zinc-finger containing architectural protein CCCTC-binding factor (CTCF), which acts as an
insulator between facultative heterochromatin and euchromatin, contains an RNA-binding
domain and is known to interact with Xist and Tsix [196–199]. CTCF RNA binding mutants
show compromised self-association, binding to chromatin, and chromatin loop formation,
suggesting that CTCF–RNA interactions regulate chromatin looping [199–201]. Multiple
ncRNA components cooperate in cis or in trans with PcG proteins to provide context
specificity to PcG protein recruitment and function in facultative heterochromatin forma-
tion [202–205]. Furthermore, many PREs form R-loops that are recognized by both PRC1
and PRC2 in vitro where they open DNA bubbles [206]. Once PRC1 and PRC2 are recruited
to the target loci, they mediate the methylation of H3K27 and the monoubiquitination of
H2AK119 along with chromatin compaction [207].

4. Centromeric Chromatin

Centromeres are the sites of spindle binding, where replicated chromatids or homolo-
gous chromosomes are pulled apart in chromosome segregation during meiosis and mitosis.
While the overall chromosome segregation machinery is highly conserved across eukary-
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otes, the DNA and protein components of centromeric chromatin are evolving rapidly.
The incompatibilities generated by evolving centromeric components may be responsible
for the reproductive isolation of emerging species [208]. Centromeric sequences range
from small ~100 bp point centromeres of budding yeast to several megabase long highly
repetitive centromeres of plants and mammals. Centromeres of plants and mammals
consist of long arrays of tandemly arranged DNA repeats called satellites. The length
of satellite monomers in most plants and mammals is around nucleosomal DNA length.
Rice centromeric satellites confer translational and rotational phasing on centromeric nu-
cleosomes [209,210]. Centromeric chromatin is highly specialized and is characterized
by the presence of nucleosomes in which histone H3 is replaced by its variant CENP-A.
The CENP-A chromatin acts as the foundation for the assembly of a multiproteinaceous
structure called the kinetochore. Dimethylation of H3K4, which is associated with “poised”
euchromatin, has also been found to colocalize with CENP-A [211]. Centromeric chromatin
lacks H3K9 di or trimethylation and is hypoacetylated [211].

In the absence of conserved centromeric DNA sequences, CENP-A chromatin has
been considered as the epigenetic mark of centromeres [209,212–214]. The epigenetic
nature of centromeric chromatin is supported by the occurrence of neocentromeres, ectopic
functional centromeres that form on non-centromeric locations that lack native centromeric
satellite sequences [215]. Neocentromeres assemble CENP-A chromatin efficiently and
have been reported in various organisms [216–220].

4.1. CENP-A

Unlike histone H3, which is highly conserved across eukaryotes, CENP-A is strikingly
divergent likely because H3 interacts with the entire genome while CENP-A interacts with
centromeric DNA, which is rapidly evolving [221–224]. The rapid evolution of centromeric
DNA and essential centromere proteins is explained by the centromeric drive model
that suggests that the asymmetric meiosis in which one product of meiosis becomes the
oocyte nucleus and the remaining three meiotic products are lost as polar bodies and
lost, provides an opportunity for centromeric sequence variants to preferentially transmit
to the next generation [208,221]. There is evidence that the asymmetry of the meiotic
tetrad allows chromosomes to compete for their orientation to become the oocyte during
meiosis [225,226]. To suppress the harmful effect of centromere drive in males where
meiosis is symmetric, CENP-A has been proposed to act as the suppresser of centromere
drive by accumulating mutations that stabilize its interactions with centromeric DNA
variants [227–230].

Depletion of CENP-A results in mislocalization of kinetochore proteins, but depletion
of kinetochore proteins does not affect CENP-A localization suggesting that CENP-A
assembly acts upstream of the kinetochore formation [231,232]. When CENP-A is over-
expressed, it mislocalizes to non-centromeric regions and forms ectopic kinetochores
leading to chromosome segregation defects [233]. Centromeric DNA replicates mid to late
S phase in Drosophila and human cells and early S phase in S. pombe. Unlike canonical H3
nucleosomes deposited during the rS phase, CENP-A nucleosome assembly is replication-
independent and, in humans, occurs in late mitosis and throughout G1 [234–238]. Human
CENP-A nucleosomes are stable and segregate to daughter chromatids during S phase, thus
offering a mechanism for centromere inheritance [238]. Replenishment of CENP-A during
the cell cycle is critical to centromere stability. CENP-A nucleosomes are strongly associated
with other DNA-bound centromere-specific proteins, including CENP-B, CENP-C, and the
CENP-TWSX histone-fold complex, to form a coherent assemblage [229,239,240].

4.2. Holliday Junction Recognition Protein

CENP-A is recruited to centromeres by a CENP-A-specific histone chaperone called
Holliday Junction Recognition Protein (HJURP). HJURP stabilizes soluble CENP-A-H4
dimers before incorporation into centromeric nucleosomes [241–243]. The CENP-A-H4
binding region of HJURP, in the N-terminal region, is what defines a class of CENP-A
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assembly factors with common ancestry. This includes Scm3 in Saccharomyces cerevisiae,
which acts as a deposition factor for the CENP-A ortholog Cse4, and the only sequence
similarity of Scm3 and HJURP is that binding domain [244–247]. Human HJURP’s central
domain (CD), or mid domain (HMD), has been implicated in DNA binding [248]. While
HJURP was originally described as a protein that binds cruciform structures, it has been
proposed that HJURP recognizes centromeric satellites through their predicted DNA
structures that are enriched on satellite centromeres and neocentromeres [249]. HJURP
expression is associated with colorectal cancer and has been suggested to be a potential
prognostic biomarker and a novel target for drug discovery due to the higher survival rate
of patients with high HJURP expression compared to those with low expression [250].

Several centromeric proteins control the timing and localization of HJURP recruitment.
To deposit new CENP-A to centromeres, soluble HJURP-CENP-A complex associates with
the Mis18 complex, which consists of centromeric proteins Mis18α, Mis18β, and M18BP1
(Figure 5) [213,251–260]. Additionally, binding to CENP-A or CENP-C nucleosomes con-
tributes to the centromeric recruitment of the MIS18 complex [25,254–264] (Figure 5).
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4.3. CENP-A Chromatin Structure and Organization

Many approaches have been used to study centromeric chromatin, including biochem-
istry, biophysics, and genomics and a significant number of these studies have reported
alternative CENP-A nucleosomal forms in centromeres, leading to different findings. Us-
ing elegant, functional centromeric plasmid-based genetic assays in the budding yeast,
Furuyama and Henikoff demonstrated that centromeric DNA that assembles CENP-A
nucleosomes undergoes positive supercoiling, which was proposed to arise due to the right-
handed wrapping of centromeric DNA superhelix around CENP-A nucleosomes [265].
The positive supercoiling likely resists the stress generated on centromeric chromatin
during pulling apart of sister chromatids at centromeres during anaphase. Although
these findings have tremendous implications in understanding the structure of CENP-A
nucleosomes, the inability to construct centromeric plasmids and extreme repetitiveness
of centromeric sequences in other organisms make it difficult to further study the role of
positive supercoiling in centromere function.
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4.3.1. Biochemistry and Biophysics-Based Findings

The widely assumed octameric nature of CENP-A nucleosomes where two copies of
each of the four core histones form the nucleosome octamer was revisited when native
Drosophilia CID arrays were found to contain all four histones in a heterotypic tetramer
or “hemisome” configuration [266]. Immunoprecipitated endogenous CID particle ar-
rays showed an average particle height half of a canonical nucleosome in atomic force
microscopy (AFM) visualization. The half-height histone cores could be released from
CID chromatin and were confirmed to contain CID by imaging [267]. The lack of DNA in
these particles rules out the possibility that differences in the DNA wrap account for the
differences in AFM height [268]. Hemisomes were also later documented in native human
CENP-A arrays using AFM with recognition imaging and electron microscopy immunola-
beling [269]. Subsequently, sucrose gradient purification of overexpressed FLAG-tagged
CID-containing nucleosomes revealed Drosophila CID particles that were octamers [270].
However, the centromeric CID arrays were not confirmed to belong to centromeres and
might have been derived from the misincorporation of overexpressed CID into chromosome
arms. Overexpression of yeast CENP-A has been shown to misincorporate octamer-sized
particles in non-centromeric locations [271,272]. More recently, AFM analysis suggests that
the apparent differences in height between H3 and CENP-A nucleosomes might arise due
to wrapping differences [273].

Although AFM is well suited to visualize the DNA and protein components of nu-
cleosomes to probe the structures of molecular complexes at the single-molecule level
both label-free and with sub-nanometer resolution, the measurements of structural pa-
rameters by AFM suffer from (1) the convolution of the molecular and AFM tip geometry,
(2) the typically small sample sizes, and (3) inconsistencies associated with manual data
analysis [274–279]. These problems compromise the accuracy and precision of AFM mea-
surements and thus, care should be taken while interpreting AFM data, especially in regard
to CENP-A chromatin.

4.3.2. Genomics-Based Chromatin Profiling of Centromeric Chromatin

Given that CENP-A chromatin is considered to contain an epigenetic component,
analysis of in vivo chromatin organization is crucial to understand the native structure of
centromeric chromatin, especially in the light of conflicting evidence regarding the histone
composition and stoichiometry of CENP-A nucleosomes. However, native centromeric re-
gions have been difficult to study due to the presence of long arrays of highly homogeneous
satellite repeat sequences and remain one of the last frontiers of the human genome. Al-
though centromeric maps have been recently generated for human centromeres, utilization
of these maps for functional studies remains to be attempted [280–282]. A bottom-up func-
tional genomics-based approach has been applied for de novo isolation and classification
of large pools of unassembled centromeric α-satellites based on CENP-A binding [227]. A
large majority of CENP-A bound human functional centromeres were found to be tandem
arrays of dimers [283]. Using these native α-satellite dimeric arrays as linear maps to profile
CENP-A and other centromeric proteins, CENP-A was found to be tightly associated with
another centromere-specific histone CENP-T and proteins CENP-B and CENP-C [229]. The
CENP-A chromatin complex that results is positioned on α-satellite dimers with specific
footprints, and sequence variations in α-satellite arrays are associated with changes in the
CENP-A chromatin complex footprints, thus suggesting that a sequence-dependent genetic
component underlies CENP-A assembly [229,230]. Additionally, these results suggest
that nucleosomes at centromeric chromatin are tightly associated with other centromeric
proteins and are likely more tightly packaged than those in the euchromatin. These studies
did not determine the composition of CENP-A nucleosomes but based on the length of the
protected DNA found in CENP-A chromatin immunoprecipitation, CENP-A nucleosomes
have been proposed to be octamers by a different genomics-based study [284].
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5. Health Implications

The regulation of chromatin is essential for controlled gene expression, development,
and cell identity. Abnormal chromatin regulation can lead to pathological conditions,
including cancer [285]. Chromatin deregulation is widely seen in neurodevelopmental
disorders, intellectual disabilities, neurodegenerative diseases, immunodeficiency and
muscle wasting syndromes [286–290]. Mutations in several chromatin remodeling ATPases
(SWI/SNF) are associated with inherited disorders such as α-thalassemia X-linked mental
retardation, B cell lymphoma, Cockayne syndrome type B and Schimke immuno-osseous
dysplasia [291,292]. Altered DNA methylation in Parkinson’s disease (PD), a progressive
loss of substantia nigra dopaminergic neurons and striatal projections that causes muscular
rigidity and tremors, can cause increased expression of α-synuclein leading to its accumu-
lation at sites of neuronal loss [293]. Furthermore, DNMT1 expression is reduced in PD
patient brains, and DNMT1 is thought to be sequestered in the cytoplasm by α-synuclein,
leading to hypo-methylated CpGs [294].

Epigenetic dysregulation and aberrant transcription of centromeric and heterochro-
matic satellite DNAs have been shown to contribute to chromosome instability, aging, and
cancers [295–301]. Centromere and pericentromeric regions are more prone to chromo-
some breakage, likely due to the highly repetitive nature of the underlying DNA [302].
Human immunodeficiency-centromere instability-facial anomalies (ICF) syndrome is often
diagnosed by the presence of stretched and fragile pericentromeric heterochromatin on
chromosomes 1 and 16 in activated lymphocytes which results in aneuploidy and mi-
cronuclei formation [303]. Human centromeres undergo aberrant rearrangements in many
tumors, causing chromosome fusions and genetic abnormalities [304,305]. Chromosome
instability has been frequently observed in human tumors and has been attributed to fission
events at centromeric locations [306]. Moreover, the severity of chromosome instability has
been shown to closely correlate with tumor severity and poor prognosis [307].

6. Conclusions and Future Perspectives

Chromatin is indispensable for both packaging DNA and regulating gene expres-
sion. The core chromatin components remain mostly the same throughout the genome,
but the higher-order structure and chromatin-associated regulatory proteins and protein
complexes differ strikingly on different chromatin types designated to perform distinct
functions. The primary outcome of these differences is a change in the accessibility of DNA
to the transcription machinery leading to the activation or repression of target DNA loci.
Although euchromatin forms only a small fraction of the total chromatin, it is associated
with a variety of chromatin remodelers, histone modifications, histone variants and chaper-
ones possibly to regulate the active transcription of different genes differentially and tightly.
Additionally, long-range interactions between enhancers and promoters have appeared
to play an important role by bringing together the core transcription machinery with
chromatin-associated factors that enhance the transcription and provide tissue-specificity
to the gene expression.

Heterochromatin forms the major fraction of the total chromatin and is associated
with two sets of heterochromatic proteins depending upon its constitutive and facultative
nature. Due to its ability to undergo strong compaction and silence the transcription, the
constitutive chromatin packages a large amount of our genome and preserves genome
integrity. Therefore, constitutive heterochromatin-associated factors such as H3K9me3
modifying enzymes and HP1 homologs and ncRNAs are mainly involved in establishing
the permanent compact state of their target substrate chromatin [169,308,309]. On the other
hand, facultative heterochromatin is more versatile as its structure and function change
during development and differentiation [191,204]. Its regulation involves a variety of
chromatin modifying complexes and ncRNAs. Although recently, the focus in the field
has shifted to investigating the phase separation properties of heterochromatin, it remains
to be seen if phase separation provides any mechanistic contribution to the structure and
function of heterochromatin [170,171,310].
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Finally, centromeric chromatin is the most unique among all types of chromatin as
it is dedicated to performing a single yet essential function of mediating chromosome
segregation and is characterized by the presence of histone variant CENP-A, one of the
least conserved histone variants. CENP-A chromatin marks the underlying genomic loci for
centromere function and provides the structural platform for kinetochore formation [311].
Unlike euchromatin and heterochromatin, where the structure of the nucleosome core
particle is well understood, the nucleosome composition and dimensions of CENP-A
chromatin are still being investigated to get a clear understanding. With the improvement
of long-read sequencing technology and chromatin profiling techniques, it is now becoming
feasible to understand centromeric chromatin in its native form in vivo [229,230,281,282].

Due to their fundamental role in gene expression, mechanistic understanding of chro-
matin complexes is crucial for both their biological function and biomedical relevance.
Chromatin factors including histone modifications, histone variants, and chromatin re-
modelers are important in several biological processes including differentiation, memory
formation, and cell fate, and altered chromatin regulation has been implicated in many
human diseases including PD, ICF, and many cancers [61–63,77,293,303–305].

In summary, the chromatin field has made significant progress and facilitated the un-
derstanding of both fundamental mechanisms underlying the regulation of gene expression
and genome packaging and involvement of chromatin components in several diseases.
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