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Abstract

In eukaryotes, the genome does not emerge in a specific shape but rather as a hierarchial bundle within the nucleus. This
multifaceted genome organization consists of multiresolution cellular structures, such as chromosome territories, compart-
ments, and topologically associating domains, which are frequently defined by architecture, design proteins including CTCF
and cohesin, and chromatin loops. This review briefly discusses the advances in understanding the basic rules of control,
chromatin folding, and functional areas in early embryogenesis. With the use of chromosome capture techniques, the latest
advancements in technologies for visualizing chromatin interactions come close to revealing 3D genome formation frame-
works with incredible detail throughout all genomic levels, including at single-cell resolution. The possibility of detecting
variations in chromatin architecture might open up new opportunities for disease diagnosis and prevention, infertility treat-
ments, therapeutic approaches, desired exploration, and many other application scenarios.
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Introduction

The DNA within the nucleus of mammalian cells is hierar-
chically packed to form chromatin fibers, and the genome’s
3D structure is crucial in a variety of biological processes
(Hug, et al. 2018; Bortle and Corces 2012). For instance,
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high-order chromatin patterns are commonly related to gene
regulation over a long distance and consequently control
cell fate and development (Beagrie et al. 2017). Moreover,
chromatin decondensation and condensation are necessary
for correcting chromosomal division throughout meiosis
and mitosis (Hagstrom and Meyer 2003); errors in a high-
order chromatin structure might result in clinical illnesses
and developmental abnormalities (Lupiaifiez, et al. 2016). In
animal development, the shape of the 3D genome is highly
complex, particularly during notable lineage determination,
gametogenesis, and early embryonic growth. Throughout
mammalian species, primordial germinal cells (PGCs)
undergo a number of processes at meiosis I (MI) and meio-
sis IT (MII) to produce mature gametes (1n) (Schlecht et al.
2004). In males, spermatogonia quickly undergo two rounds
of meiotic division and the M-phase before producing hap-
loid spermatids. Throughout spermiogenesis, spermatids
are driven to develop mature sperm through multilateral
chromatin condensation and genome-wide transcription
silencing (Schagdarsurengin and Steger 2016); meanwhile,
protamine replaces the majority of histones and serves as a
DNA-binding protein (Ooi and Henikoff 2007; Gatewood
et al. 1990). PGCs stay at the diplotene stage of meiosis I
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for days to weeks in female mice but take relatively long
in humans (Hilscher et al. 1974). A small proportion of
oocytes leaving the diplotene phase are paused to start
meiosis I after being stimulated by hormones, including
follicle-stimulating hormone and luteinizing hormone, only
to be halted again during the M-phase of meiosis II prior
to fertilization (MacLennan et al. 2015). The two parental
nuclei fuse after fertilization to form a totipotent zygote;
this process implies severe epigenetic reprogramming (Xu
and Xie 2018). In oocytes and sperms, DNA methylation
and histone modifications are altered in distinct manners
(Hales et al. 2011). Transcription is triggered at a specific
moment during the conception of zygote genome activation
(ZGA). The change from maternal-to-zygotic is known as
a maternal-to-zygotic transition (Langley et al. 2014). ZGA
develops in two-cell stages in mice and between four and
eight-cell stages in humans (Lee et al. 2014a). Epigenomic
architecture undergoes extensive remodeling throughout this
event (Eckersley-Maslin et al. 2018). Before ZGA, topologi-
cally associating domain (TAD) structures are largely dis-
organized, and TADs are re-established during ZGA (Hug
et al. 2017). Owing to the shortage of techniques for explor-
ing the 3D genome, the molecular basis of the chromatin
architecture that enables these crucial developmental events
remains difficult to resolve (Sigal et al. 2018). In the last
several years, substantial progress has been achieved in the
development of cutting-edge technology (FISH) for studying
chromatin structures (Levsky and Singer 2003). In combina-
tion with CRISPR-Cas genome editing techniques, micros-
copy has enabled the dynamic spatiotemporal imaging of
genomic areas in living cells (Wu et al. 2019). Furthermore,
chromosomal conformation capture, capture-C, 3C, and its
derived techniques (including circularized chromosome con-
formation capture [4C], chromosome conformation capture
carbon copy [5C], and Hi-C) are effective in identifying 3D
chromatin structures at the DNA level (Hughes et al. 2014).
These new technologies have greatly expanded the num-
ber of techniques available for exploring the 3D genome
and improved our understanding of high-order chromatin
structure.

TADs

In interphase, mammalian chromatin is organized hierar-
chically, starting with an extremely flexible chromatin fiber
that wraps DNA around a histone protein octamer complex
(Chaffey et al. 2003) (H4, H2B, H2A, and H3) at the center
of the nucleosome. Together with several other polypep-
tides, nucleosomes are arranged around a 10-nm “string
of bead” fiber that determines the chromatin (Bajpai and
Padinhateeri 2020). The chromatin features different layers
of regulatory modifications, including DNA methylation and
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hydroxymethylation (Edwards et al. 2017), post-translational
changes of exposing histone tails (Bannister and Kouzarides
2011), binding of chromatin remodelers (Bickmore and
Steensel 2013), and chromatin-associated RNAs (Fig. 1)
(Cech and Steitz 2014). Individual interphase chromo-
somes are usually located in distinct chromosomal regions
(Cremer and Cremer 2010), as proven by microscopy-based
techniques including chromosome painting and different C
technologies (3C, 4C, and 5C) shown in Table 1 (Bolzer
et al. 2005; Lieberman-Aiden et al. 2009; Nagano et al.
2017). TAD is a secondary chromosomal structure related
to histone modifications (Dixon et al. 2012), gene expres-
sion (Dixon et al. 2015), lamina association, and DNA rep-
lication (Bolton et al. 1984; Bilodeau et al. 2009). The 3D
genome is divided into layers that reflect the structural and
functional basic components within a genomic organization,
including TADs and basic compartments (Nora et al. 2012;
Sexton et al. 2012). From a different perspective, insulated
neighborhoods must be considered (Dowen et al. 2014).
Mammalian genomes contain TADs that range in size from
tens of kb to 1 or 2 Mb, with an average of about 800 kb.
Mammalian TADs have two important aspects: relative
invariance throughout differentiation and overall conserva-
tion of relative location across mice and man. A genome-
wide Hi-C investigation in mouse and human cells and a 5C
analysis of the X chromosome inactivation center (Xic) in
differentiated cells and in mouse ESCs both provided the
first evidence regarding TADs in mammals (Dekker and
Heard 2015). Furthermore, CCCTC-binding factor (CTCF)-
cohesin chromatin loops between CTCF convergent points
are visible on mammalian Hi-C maps, which is an additional
TAD characteristic (Szabo et al. 2019). The abundance of
inverted CTCF regions across TAD borders was reported
in zebrafish, indicating that this characteristic is conserved
throughout vertebrate lineages. CTCF, on the other hand,
was not detected in other organisms like Caenorhabditis
elegans, yeast, or plants, as loop-anchored domains are not
present in such species (Szabo et al. 2019). New research
has shown the CTCF insulator protein plays a crucial role
in forming the chromatin borders and loops that divide the
topologically associated domain. Gene expression can be
changed by genomic changes that eliminate CTCF-associ-
ated borders and promote abnormal enhancer-gene contacts
(Flavahan et al. 2016a). Nevertheless, a mechanistic study is
still required to fully understand the function of TADs at the
single-cell level (Arzate-Mejia, et al. 2018) using Hi-C and
other recent emerging novel techniques. Genomic regions
within each chromosomal territory are not randomly placed
and are linked through different transcriptional activations
(Bickmore and Steensel 2013; Misteli 2007). Transcribable
locus-rich areas are likely to be found at the boundaries of
chromatin territories (Fig. 2) (Shah et al. 2018; Schoenfelder
et al. 2010). Different chromosomal territories can interact
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Fig. 1 TADS and transcription-
ally active or inactive areas. The
nucleus consists of multiple
compartments, of which there
are two basic compartments:
the active compartment (the
yellow areas within the nucleus)
and the inactive compartment
(the purple areas within the
nucleus), which are randomly
and continuously present in

the nucleus (In nature, such
compartmentalization is not
present; however, at present, it
is shown for the ease of under-
standing). Both compartments
contain topologically associated
domains (TADs), which act
according to the characteristic
of a certain compartment. The
presence of a transcriptional
activator (VP64) (denoted as a
blue circle) and other tran-
scriptional components such as
nascent RNA, RNA polymerase
1I (pol II), and histone protein
(H3K39 me3) in the active
compartment make this region
transcriptionally active, and the
insertion of the transcriptional
repressor (SV39H1) (denoted as
a yellow circle) in the inactive
compartment makes this region
transcriptionally inactive (cre-
ated with BioRender.com)

Active compartment

®

Nucleus

Inactive compartment

RNA Polymerase Il

Nascent RNA

Transcriptional
Activator (VP64)

with one another, especially near their borders (Branco and
Pombo 2006). At the megabase level, genetic areas with
comparable chromatin properties likely communicate with
one another (Lieberman-Aiden et al. 2009).

Chromatin compartmentalization

TADs serve as the foundation for the A and B compart-
ments, which are high-level structures. In most cases,
the A compartment is active and the B compartment is

H3K36me3 H3K9me3

Trancriptional
Repressor (SV39H1)

inactive (Stevens et al. 2017). Gene expression is linked
to compartment stability. Hence, the swapping between B
and A compartment levels throughout embryonic develop-
ment was examined. For instance, transcriptional active
areas come in contact with certain other active domains
on a regular basis and have great chromosomal con-
venience, active histone protein reformations, and gene
diversity. By contrast, inactive areas commonly contain
heterochromatin and repressed genes and mostly prefer
contact with neighboring inactive domains (Padeken and
Heun 2014). Such chromatin compartments, named active

@ Springer



214 Page4of 22 Functional & Integrative Genomics (2023) 23:214

Table 1 Explanation of the techniques used to detect genomic organization in chromatin interaction

Techniques Explanation The variety of interaction ~ Information References
derived by
single cell

Imaging assays
1 2D-fluorescence in situ Identifies specific DNA In the form of pairs or more Yes Croft et al. 1999)
hybridization (FISH) assay sequence on chromatin,
hybridization of DNA fluoro-
phores to specific locations,
fixation of cells until to make
them flat, assists in 2D geo-
metric distance measurement

2 3D-FISH assay Allow cell fixation, permits In the form of pairs or more Yes Cremer et al. 2008)
imagining of chromosome
territories, hybridization
of DNA fluorophores for
specific locations, fixation of
cells until to make them flat,
and assists in 3D geometric
distance measurement

3C-map technologies

3 Hi-C assay Identify via sequencing, In the form of pairs No Rao et al. 2014)
analyze the 3-D genomic
organization, enhancement
in the pairs that attached via
ligation, proximity ligation
assay (PLA)
4 3-C assay Analyze promoter—enhancer In the form of pairs No Naumova et al. 2012)
interaction, PLA, and the
detection of ligated frag-
ments via PCR with the help
of known primers on specific
locations

5 CHIA-PETS assay Analyze protein interaction In the form of pairs No Lietal. 2017)
with DNA, pull-down assay
of certain proteins at specific
locations, PLA, combines
with chromatin immunopre-
cipitation (CHIP) to identify
sequencing
6 4-C assay A circular 3-C method, an In the form of pairs No Werken et al. 2012)
impartial detection of
genomic organization, allows
chromatin interaction with a
specific location of interest
within the genome, PLA, to
be identified via sequencing

7 PLAC-seq/HiCHIP-seq assay PLA combines with CHIP to In the form of pairs No Fang et al. 2016)
identify sequencing, target
histone or cohesion-specific
locations, and analyze protein
interaction with DNA

8 5-C assay A carbon copy of the 3C tech-  In the form of pairs No Dostie and Dekker 2007)
nique, identify via sequenc-
ing using highly multi-
plexed-ligation-mediated
amplification (LMA), and
PLA, via primer to identify
large specific locations
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B.

Territories of Chromosomes
within the nucleusl

Early Replication

TAD . D.

Fig.2 3D Genomic explanation of chromatin features. A Using dif-
ferent imaging-based methods, the chromosomes within the nucleus
were found to inhabit distinctive territories. These technologies also
describe these territories as a region with an elevated rate of intra-
chromosomal interactions. B Inside the nucleus, the DNA is arranged
into active (A) and inactive (B) regions. The A region (a green cluster
of DNA) is basically at the center, and the B region (a purple clus-
ter of DNA) mostly surrounds the nucleolus and nuclear lamina.
Genes, RNA pol I, RNA pol II, rRNA, and mRNA are present in
the nucleus and assist the splicing speckle and transcription factory
to work properly around the nucleolus. The genes are expressed in

“A compartment” and inactive “B compartment” (Fig. 1),
were observed using Hi-C, a genomic sequence technol-
ogy, to assess the strength of these connections among
certain ensembles of particular regions within chroma-
tin (Battulin et al. 2015). Genes shifting their position
from the A compartment to the B compartment have a
low expression, and those shifting their position from
the B compartment to the A compartment have a high
expression (Osborne et al. 2004). Many genes have stage-
specific A/B compartments and are specialized for repro-
duction. Male sex traits are enhanced in E7.5 fetuses with
gene activity in sperm that necessitates switching from

RNA
Polymerase |

--..__» Gene

Splicing
speckle

Transcription
factory

DNA arrangement into
compatments

Transcription

factory BN

Polymerase I

mRNA

Cohesion ring

interaction between Enhancer
and Promoter in a loop domain

the form of clusters around the nucleolus. C According to its mag-
nified 3D genomic features, the clustered chromatin forms sev-
eral folds inside TADs. These TADs overlying the early replicating
region, which assists in loop extrusion, emerge due to the interaction
between CTCF and the cohesin ring. D In the early replicating region,
the gene interacts with its cis-regulatory components (enhancer and
promoter). The enhancer attached to the RNA pol II and the gene
attached to the mRNA form a transcriptionally active region. This
enhancer—promoter interaction assists the transcription modulation of
the chromatin loop (created with BioRender.com)

the A compartment to the B compartment; an example is
HOOKI1, which is crucial for the production of morpho-
logically normal sperms (Moreno et al. 2006). During
embryo development, a number of genes playing a role
in development change their A and B compartments. For
instance, Foxd3, a pluripotency factor, is found within
the B compartment in the sperm but switches to the A
compartment in the fetus (Nora et al. 2012). Microscopy-
based techniques verified the spatial segregation of these
compartments. Chromatin spatial segmentation is fre-
quently associated with different nuclear structures (Chen
et al. 2018).
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Nuclear proteins and compartments

A compartment is often located within the inner nuclear
domain, whereas the B compartment is typically connected
to the nucleolus (Steensel and Belmont 2017) or the nuclear
membrane (lamina) that produces lamina-related domains
(Bickmore and Steensel 2013). The nuclear lamina, a dense
merger of intermediate filaments connected to the innermost
membrane of the nucleus, is considered a basic chroma-
tin organization activator that ties thick heterochromatin at
particular sequences known as lamina-associated domains
(LADs) (Fig. 3). Lamin proteins are linked to around 40%
of the genome in human fibroblasts (Guelen et al. 2008).
The lamin B binding site, lamin C, and lamin A proteins are

EARLY-REPLICATING CHROMATIN

r LATE-REPLICATING CHROMATIN .
o

required for the placement of the locus-poor regions within
the B compartment toward the nucleus boundary; the lack
of all three proteins induces the heterochromatin to relocal-
ize to the nuclear interior (Solovei et al. 2013). Cell cul-
ture investigations of A lamin and B lamin using genomic
sequenced DNA adenine methyltransferase identification
had consistently recognized LADs as gene-poor and tran-
scriptionally silent regions (Steensel and Belmont 2017).
Changes in A/C lamin stages promote heterochromatin sep-
aration from the nuclear lamina through downregulation,
upregulation, or as revealed in A/C lamin gene abnormali-
ties associated with laminopathy (Briand and Collas 2020).
These alterations within nuclear condensation are associated
with variations in the activation or suppression of genes in

FACTORS ASSOCIATED WITH LATE- 4 H3K27Ac
REPLICATION

FACTORS ASSOCIATED WITH EARLY-

ERCEs REPLICATION

CELL MEMBRANE

A (ACTIVE COMPARTMENT)

Fig.3 Model explaining compartmentalization inside the nucleus.
This model is made to easily understand the regions in the nucleus
that are active or inactive at different times. In this model, the nucleus
has been divided into two compartments for ease of understanding
the active and inactive regions in the nucleus: the A compartment
(active) containing early replicating chromatins and the B compart-
ment (inactive) containing late-replicating chromatin. The A com-
partment usually occupies the central region of the nucleus, and the
B compartment occupies the region around the nucleolus and the
nuclear periphery touching the nuclear lamina. The A compartment

@ Springer

NUCLEAR ENVELOPE

CYTOSOL

is characterized as the area of early replication because it contains the
factors associated with early replication within the nucleus. Together
with these early replication-associated factors, the histone protein
(H3K27Ac) creates a distinctive region within the A compartment
containing early replication control elements (ERCEs). This region
becomes rich in the factors crucial for DNA replication during the
S-phase. The B compartment contains the factors associated with
late replication, lacks histone protein and ERCEs, and is incapable
of assisting replication during the S-phase (Created with BioRender.
com)
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Drosophila melanogaster (Ulianov et al. 2019) and human
cells (Harr et al. 2020). Such results revealed that LADs
are highly sensitive toward A/C lamin stages at the lamina
of the nucleus (Cremer et al. 2015). Liquid-liquid phase
separation was applied to produce chromatin compartments
(Nuebler et al. 2018). In NIH3T3 cells, heterochromatin
production was triggered by phase separation mediated by
heterochromatin protein 1 (HP1) (Larson et al. 2017). Once
the heterochromatin domain develops in early embryos in
Drosophila, HP1 assembles in the nuclei as phase-separated
“puncta”; however, no evidence was obtained to confirm
that phase separation is responsible for the creation of A
and B compartments (Strom et al. 2017). Based on recent
evidence, according to low-resolution analyses, active and
suppressed chromatin has been temporally separated into
A and B chromatin compartments, which are divided into
smaller compartmental domains. In the nucleus of the
cell, liquid-liquid phase separation (LLPS) facilitates the
functional and spatial isolation of various molecular pro-
cesses. In addition, the crucial part that liquid-liquid phase
separation plays within functional compartmentalization
is specifically in the assembly of different nuclear bodies,
such as the splicing cajal bodies, speckles, and nucleolus
(Ulianov et al. 2021). There is growing evidence that the
mechanisms underlying the establishment of compartments
as well as loops and TADs are shown to be markedly differ-
ent, although it is not antagonistic. Despite the loss of loops
and TADs caused by cohesin and CTCF reduction, com-
partments are unchanged and even strengthened (Li et al.
2019a). The chromosome’s nuclear architecture is likely
to be influenced by condensates on super-enhancer. Super
enhancers are clusters of enhancers that work together to
assemble a greater density of transcriptional machinery to
promote strong gene expression (Larson et al. 2018). Super-
enhancers have been employed to demonstrate the phase
separation of actively transcribed regions. The uneven pres-
ence of TADs, loops, and compartments inside the maternal
chromosome of mouse zygote and pachytene spermatocyte
at early embryonic development suggested that the mecha-
nism underlying the establishment of these chromatin archi-
tectures is also unique (Li et al. 2019a). Furthermore, TADs
and chromatin loops have great structures known as chro-
mosomal compartments and nuclear territories, as observed
in interphase cells (Rao et al. 2014). The transcriptional
activity might be correlated with the organization of chro-
mosomal compartments and nuclear territories inside the
nucleus (Lieberman-Aiden et al. 2009). Compartments are
clusters of chromosomal areas with comparable transcrip-
tional activity that cluster together in close nuclear proxim-
ity (Zhang et al. 2012). Much of the evidence suggests that
phase separation may also affect the compartments of early
embryos.

Cell differentiation

TADs are more persistent than the regions formed during
intercellular differentiation (Dixon et al. 2015). Despite the
structural variations of chromatin occurring inside TAD
throughout cell differentiation, a significant portion of
the border surrounding TAD is retained across cell types.
Compared with human embryonic stem cells (ESCs), dif-
ferentiating cells contain a large number of TADs and
decreased/increased intra-domain linkages within the
areas exhibiting dynamic epigenetic modifications (includ-
ing CTCF binding) and repressive chromosomal changes
(Xie et al. 2013). Throughout the differentiation of mouse
ESCs to neural stem cells, the “meta-TAD tree” topolo-
gies, which reflect wide-ranging linkages among adjacent
TADs, undergo about 20% of reorganization (Fraser et al.
2015). Alterations in gene expression are associated with
such chromatin rearrangements. When mouse ESCs depart
from naive pluripotency, the strength of CTCF-anchored
loop domains increases (P¢kowska et al. 2018). A study
related to the structure of chromatin inside 21 different
types of human cells and tissues discovered that some
areas within genomes have enormously high quantities
of local chromatin connections, and these areas are often
named interacting regions (Schmitt et al. 2016).

Genome architecture in MIl oocytes

3D genomic configuration is extremely complex through-
out animal maturation, including lineage commitment,
gamete formation, and early embryogenesis. In contrast
to mature sperms, mouse MII oocytes stopped at meiosis
IT metaphase until fertilization and lacked TADs in both
compartments (Du et al. 2017). According to a Hi-C study,
mouse MII oocytes have a topology of gene-independent
chromatin associations resembling the cells at the meta-
phase level (Naumova et al. 2013; Gibcus et al. 2018).
Recent work used a few cells to perform in situ Hi-C-
based assays to analyze early embryos and the chroma-
tin topology of gametes in mammals (Lieberman-Aiden
et al. 2009). Specimens at two-cell, four-cell, eight-cell,
and embryonic development stages (E-3.5 and E-7.5) were
obtained to create a minimum of two copies of metaphase
IT oocytes, early embryos, mouse sperms, and PN 4-type
zygotes (Fulka et al. 1998). MII oocytes have no inter-
phase chromatin structures, implying that the topology
of the mother’s genome at early oogenesis shows severe
deconstruction before implantation (Ke et al. 2017). In
mitosis, the interphase chromatin structure is completely
deconstructed and reconstructed to form mitotic chromatin
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consisting of linearly compressed loop arrays (Gibcus
et al. 2018). The oocyte begins meiosis throughout fetal
development and is inhibited throughout the prophase I
diplotene phase, also known as the germinal vesicle (GV)
phase (Stetina and Orr-Weaver 2011). Investigation of
chromatin (3D organization) in mouse GV oocytes using
the single-nucleus Hi-C technique revealed that mouse
GV comprises significantly great arrangements such as
TADs, compartments, and loops. However, the frequency
of TADs, compartments, and loops decreases intensely
from the immature but transcriptionally active oocytes to
the mature but transcriptionally inactive oocytes (Flyamer
et al. 2017). Furthermore, the fully developed GV oocytes
have two basic types: one having “ring-like” chromatin
borders encircling the boundary of nucleolus named sur-
rounded nucleolus (SN) oocytes and the other one which
lacks such arrangements named non-surrounded nucleo-
lus (NSN) oocytes (Zuccotti et al. 1995). The conversion
of NSN oocytes into SN oocytes occurs with genomic-
sequenced transcription silencing or considerable com-
paction within the chromatin (De La Fuente 2006). GV
oocytes have typical chromatin arrangements including
loops, TADs, and compartments but exhibit differences
across individual cells (Flyamer et al. 2017).

Genomic architecture in spermatogenesis

The sperm genome is largely composed of protamine.
Histones cover 1-15% of the DNA in mammalian cells
(Akama et al. 1996). Large, compact protamine toroids are
formed from sperm DNA (Hud et al. 1993). Hi-C analy-
sis indicated that long-range chromatin is more abundant
in sperm contacts than in fibroblasts and ESCs, thus pre-
sumably implying sperm chromatin condensation (Battu-
lin et al. 2015; Du et al. 2017). During spermatogenesis,
chromosome architecture undergoes significant reprogram-
ming (Battulin et al. 2015). In the male meiotic cell cycle,
a variety of chromatin-organizing processes occur, includ-
ing homologous chromosomal pairing, meiotic recombi-
nation, and de-synapsis synaptonemal complex formation
(Cloutier and Turner 2010). A recent study in mice and
rhesus monkeys focused on 3D genome organization dur-
ing spermatogenesis (Wang et al. 2019) and found that dur-
ing the pachytene stage of prophase in meiosis, TADs are
significantly reduced in both animals. The synaptonemal
complex is formed when two homologous chromosomes
bind together, giving the active transcription of pachytene
chromatin (Turner 2007). These findings suggest that dur-
ing some embryonic stages, transcription can function inde-
pendently of TADs. Furthermore, interphase chromosomes
are divided into megabase-sized TADs, through which loci
tend to interact. In sperms, genomic regions >?2 Mb separate

@ Springer

a large fraction of contacts, indicating that contacts across
TADs are frequent. TAD interactions account for 30% of
overall interactions in sperms (Dixon et al. 2012). Moreover,
TAD is predicted to be used as the component inside the
sperm genome and in the majority of interactions beyond
TADs. Interactions between TADs (inter-TAD) continu-
ously increase (Franke et al. 2016) and account for the vast
majority of sperm interactions and the largest proportion
of all phases. Researchers analyzed the prevalence of TAD
interactions isolated by chromosomal distances. TADs are
constant in sperm, E3.5, E7.5, and eight-cell embryos. In
sperms between two TADs separated by around 2 Mb of
sequence, the overall interaction is smaller than that in E3.5
and E7.5 embryos. The interaction ratio in sperms is higher
than that in early embryos when the distance is more than
4 Mb; as the distance increases, the difference rises. Owing
to the dense shape of sperm chromosomes, sperms have a
high ratio of inter-chromosomal interactions and an extra-
long range of intra-chromosomal interactions (Lieberman-
Aiden et al. 2009).

Mechanisms of 3D genome formation
in early embryonic development

Loop extrusion is hypothesized to produce TADs and
loops in mammals (Sanborn et al. 2015). Two cohesin-
based loop extruding aspects migrate in opposite ways
and consequently produce progressive folds until they are
blocked by convergent-oriented CTCF proteins (Wein-
traub et al. 2017). Loop extrusion describes the preferred
positioning of CTCF domains, the abundance of cohesin
and CTCF near TAD borders, the motifs merging after the
loss of borders, and the degradation of loops and TADs in
architect protein-regulated demise (Ye et al. 2016). The
role of architecture proteins in 3D genome remodeling
during embryonic development is being explored (Ye
et al. 2016). Although chromosomes are compressed in
mouse sperms, CTCF and cohesin binding are conserved.
Responsive sites corresponding to the CTCF motif may
also be found in GV and MII oocytes (Jung et al. 2017).
This genetically inherited architecture protein binding may
promote the formation of embryonic chromatin structure
through loop extrusion. Exclusive loss of cohesin in the
mouse zygote’s maternal allele removes poor folds and
TADs, but the deletion of the cohesin-releasing fac-
tor named wings apart-like protein homolog (WAPL)
results in a strong architecture (Gassler et al. 2017). A
TAD domain study on open chromatin regions revealed
the abundance of structural proteins GAF and BEAF-32
throughout the accessible chromatin areas in the TAD
borders of Drosophila embryos, indicating their func-
tions in developing insulators across TAD boundaries. The
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chromatin domains in the early stages of embryogenesis
are weaker than those in later stages, and somatic cells
remain a mystery. Therefore, researchers used somatic cell
nuclear transfer to inject mRNA encoding the H3K9 me3
demethylase lysine-specific demethylase 4D (KDM4D),
KDM4B, or the histone deacetylase inhibitor trichostatin
A into mouse and monkey embryos (Matoba et al. 2014).
Histone acetylation was found to increase chromatin acces-
sibility (Gorisch et al. 2005), and H3K9 me3 is crucial in
the development of heterochromatin (Becker et al. 2016).
The combination of these two factors may aid in the regu-
lation of chromatin relaxation and efficient remodeling
during early development. Further research is required to
confirm these assumptions (Hug et al. 2017).

In briefly expressed genes, the absence of transcription
results in the loss of a boundary-like structure. This type
of synchronization indicates that transcription can aid in
the formation of 3D genomes (Fuente and Rabindranath.
2006). By contrast, transcription inhibition prevents the
development of high-order genomic architectures in mice
and Drosophila (Ke et al. 2017). ZGA is inhibited in the
presence of transcription inhibitors, although TADs remain
firm in both species. Before ZGA, compartments and TADs
may develop throughout zebrafish development without
transcription, revealing that transcription is not essential to
chromatin structure. Furthermore, the absence of transcrip-
tion in Drosophila decreases the level of inter-TAD insula-
tion. Such findings showed that in early embryonic develop-
ment, high-order chromatin structures are formed regardless
of transcription. Nevertheless, transcription may be crucial
in improving and preserving chromatin stability (Kaaij et al.
2018). A study that employed nuclease-deactivated Cas9
to stimulate indigenous genes revealed that transcription is
crucial but not required for local chromatin insulation inside
TAD borders (Bonev et al. 2017). Researchers then explored
the influence of ZGA in the development of a high chroma-
tin structure and found that alpha-amanitin does not cause
DNA replication in two-cell embryos but may delay ZGA
(Bolton et al. 1984). According to heat maps, high-order
genomic architectures are more prevalent in ZGA-blocked
two-cell embryos than in untreated two-cell embryos. This
hypothesis is supported by the larger comparative fluctua-
tions of the TAD signal in ZGA-blocked embryos than in
untreated two-cell embryos. According to these findings,
ZGA is still not required for the development of high-order
chromatin architecture in developing mouse embryos.
These results are supported by prior Drosophila studies.
By contrast, aphidicolin suppresses the formation of TAD
structures by inhibiting DNA replication. In summary, such
findings show that the formation of a great chromatin archi-
tecture in two-cell embryos is not dependent on ZGA but
rather requires DNA replication (Harrison and Eisen 2015).

Loop extrusion

TADs were first detected in 2D chromatin interaction maps
using 5C and Hi-C statistics from packed cells showing
engagements along square diagonals, which are indica-
tive of native interactions (Nora et al. 2012). The basic
chromatin organizational proteins include cohesin and
CTCEF, both of which have been used to explain TAD bor-
ders in mammals (Rudan et al. 2015; Ganji et al. 2018).
Histone alterations linked to active gene areas, includ-
ing the trimethylation of the histone proteins, include
H3K36 me3 and H3K4 me3 (H3 Lys4 histone protein)
and the abundance of the constitutive locus (Rao et al.
2014). This loop extrusion organizes genomes into loop
regions, or TADS (Alipour and Marko 2012). The mul-
tisubunit cohesin ring complex (Yatskevich et al. 2019)
is predicted to bidirectionally eject DNA at a speed of
0.5-1.0 kb/s throughout interphase (Riggs 1990; Kim
et al. 2019) until it is stopped by a barrier (Davidson et al.
2019). Nevertheless, the insulator CTCF protein appears
under the global Hi-C method when loops and TADs are
visible and is designated as the major periphery aspect in
many animals, especially mammals (Hansen et al. 2018).
Loop extrusion could be enhanced by cohesin and CTCF,
which promotes the development of TADs (Matoba et al.
2014). In this scenario, cohesin extrudes chromatin for-
ward until it encounters chromatin boundaries, which
are frequently produced through CTCF (Fudenberg et al.
2016). This phenomenon leads to the creation of fold-like
patterns that promote connection within TADs while iso-
lating the regions around TAD boundaries (Ganji et al.
2018). Such chromatin folds arise as the “apexes” of the
elevated rate of interaction in the Hi-C study. A group of
CTCF-binding regions on loop anchors mainly appears
inside a convergent positioning with asymmetry domains
“facing” each other (Guo et al. 2015). Variations in CTCF
domain positioning can destabilize chromatin TADs and
folds (Gorisch et al. 2005; Li et al. 2020). Such data sig-
nificantly support the idea because the sets of CTCFs
promote the formation of chromatin folds. Furthermore,
removing the putative loop extruding factors cohesin and
its loading factor NIPBL reduces or eliminates chromatin
domains (Fudenberg et al. 2017; Schwarzer et al. 2017). A
recent study using 4C analysis (4C-seq) found that knock-
ing down one CTCF-associated TAD border has no effect
on the local chromatin patterns of interaction (Sima et al.
2019). An important finding is that the CTCF establishes
a “permeable barrier,” indicating that all but the most
powerful binding sites in the CTCF are only engaged for
some time (on average, 68% in HeLa and 50% in mESCs)
(Holzmann et al. 2019). As a result, extruding cohesin
would frequently bypass a convergent CTCF-binding site.
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This phenomenon explains the similar or different loops
arising in cells at various times (Hansen et al. 2017) and
the establishment of regions and folds in Hi-C mapping
(Beagan and Phillips-Cremins 2020). Although the chro-
matin structure within this malfunction is yet to be ana-
lyzed (for example, using Hi-C or 5C), these processes,
excluding cohesin and CTCF, possibly play a substantial
role in TAD creation.

Architecture proteins
Mediator

The mediator’s development into eukaryotes corresponds
with the evolution of other fundamental transcription fac-
tors, such as TFIIH and the TAF components of TFIID,
which is compatible with the mediator’s role as a key tran-
scription factor (Takagi and Kornberg 2006). Nevertheless,
the monomer proportion, sequences (Bourbon 2008), and
role of the mediator all change during eukaryotic evolution
(Poss et al. 2013). The low sequence retention across yeast
and human mediators could be partially attributed to the
high number of anticipated intrinsically disordered regions
inside their component sequences (Toth-Petrdczy et al.
2008) that change relatively quickly across time (Lee et al.
2014b). In eukaryotes, a mediator complex similar to a huge
multi-protein complex (1 MDa) plays multiple roles in gene
expression (Kornberg 2005). Through the transmission of
information between enhancer-bound activator factors and
RNA polymerase II (RNAP II) transcription factory, these
mediators act as a major factor of transcription, a co-sup-
pressor, or a co-regulator (Takagi and Kornberg 2006; Korn-
berg 2005). The mediator’s primary role is to transfer the
regulating information of DNA-bound TFs toward the RNA
pol II enzyme. Although the precise methods through which
the mediator regulates pol II activity are unknown, they cer-
tainly include complex protein—protein interactions among
the mediator, pol II, and other broad and gene-specific tran-
scription regulatory factors. A mediator is required for the
reorganization of genomic DNA into topological domains,
such as gene loops, which are essential architectures that
permit the coordinated control of cellular transcription
(Plank and Dean 2014). A mediator is also engaged in at
least some aspects of several key transcriptional processes,
such as chromosomal structure, transcriptional extension,
promoter—enhancer gene folding, and transcriptional ini-
tiation, thereby indicating its functional flexibility (Plank
and Dean 2014; Ansari and Morse 2013). In the promoters
and enhancers of strongly transcribed loci, mediators are
present (Kagey et al. 2010) and help induce transcriptional
processes in genes by extending RNA pol II and recruit-
ing the pre-initiation complex (Allen and Taatjes 2015).
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From the perspective of 3D chromatin structure, cohesin
possibly acts with promoters and enhancers to make them
physically interact with each other. The RNAi knockdown
of the mediator reduces the efficiency of chromatin loop-
ing (Phillips-Cremins et al. 2013) and therefore is required
in some portions of the interactions. Given that mediator
plays a vital role in gene transcription, differentiating its role
in RNA pol II-associated gene transcription and chromatin
folding is perhaps challenging and critical (Lai et al. 2013).

Cohesin

When DNA replicates, the replicated DNA molecules remain
physically linked to one another. Such cohesin between sis-
ter chromatids is essential for the bi-orientation of chromo-
somes on meiotic and mitotic spindles, allowing for symmet-
ric distribution throughout cell division (Dewar et al. 2004).
Cohesin is a protein complex related to the protein family
and the structural maintenance of chromosomes (SMC).
Among all living beings from prokaryotes to eukaryotes,
these SMC protein complexes arrange chromosomal DNA
architecture and have been considered the most primitive,
though their evolution predated the formation of histones
(Li et al. 2020). A recent study concentrated on mammalian
cohesin, which is composed of two basic sets of proteins,
SMC3 and SMC1, which are subdivisions of hinges (Gru-
ber et al. 2003). NIPBL, PDS5A/B, and STAG1/2 (SA1/2)
are the subunits belonging to the protein family, “HEAT-
repeat containing proteins associated with lesions,” which
can interact with RAD21 (Ouyang and Yu 2017; Wells et al.
2017). Hereinafter, STAG1 or STAG2 will be referred to as
STAG, and PDSS5A or PDS5B will be referred to as PDS5;
however, STAG2—-cohesins and STAG1—cohesins perform
slightly distinct functions (Casa et al. 2020; Kojic et al.
2018). For NIPBL and PDSS5, the STAG protein is almost
usually found in cohesin. NIPBL controls cohesin loading
on DNA (Higashi et al. 2020) and is often needed in vivo
for loop extrusion (Kim et al. 2019; Davidson et al. 2019;
Zhang et al. 2019). PDSS5 controls cohesin release in DNA
by WAPL (Fig. 4) (Gandhi et al. 2006; Ouyang et al. 2016).
Furthermore, cohesin interacts with CTCF (Rubio et al.
2008) and mediators in the framework of chromatin structure
and becomes a component of the loop extrusion complex in
interphase cells. Considering the assumed role in chromatin
looping (Hadjur et al. 2009), two different studies investi-
gated the global chromatin architecture in cohesin-deficient
postmitotic cells and yielded slightly disconcerting findings.
TADs continue to remain mostly intact, inter-domain inter-
actions are enhanced, and intra-domain cohesin- or CTCF-
anchored loops are disrupted (Seitan et al. 2013). Although
cohesin may topologically surround the DNA inside the ring
it has formed, the loop extrusion seems to exhibit pseudo- or
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Fig.4 Extrusion of a chromatin

loop. The presence/absence and

increase/decrease of various

factors affect the size of the

extrusion of the chromatin loop.

A The cohesin ring loading fac- A.

tor (NIPBL) assists in cohesin

loading onto the chromatin

to form a loop. CTCF (11-ZF

CCCTC-binding component) I
recruits toward the cohesin

ring. Cohesin bypasses the
convergent CTCF-binding site
to allow for strong compartmen-
talization and a perfectly shaped
chromatin loop. B The absence
of a cohesin unloading factor,
WAPL protein, increases the
residence time of the cohesin
ring and the size of the chro-
matin loop and creates weak
compartmentalization. C The
lack of a cohesin ring decreases
the loop size. D NIPBL unavail- C.
ability hinders the loading of
the cohesin ring and conse-
quently reduces the size of the }

chromatin loop (created with

BioRender.com)

Cohesin ring not attached.
Chromatin loop not formed.
Strong compartmentalization.

non-topological interactions within the DNA (Davidson
et al. 2019; Higashi et al. 2020).

CTCF-binding protein

CTCEF is a DNA-binding protein with 11 zinc fingers (ZFs)
that is found in most mammals but not in plants, C. elegans,
or yeast (Harr et al. 2020; Ong and Corces 2014). Within the
genomes of mammals, this CTCF protein is able to attach to
40,000-90,000 genes with their 30-60% cell type specificity
based mostly on antibody use or bioinformatic threshold;
among which, nearly half are present on the introns, exons,
or promoters, and the other half within inter-genic domains
between the genes [143,-145]. CTCF is a ZF-binding protein
that has already been connected with a variety of features
for gene regulation, including protecting gene promoters
against distal enhancers (Wendt and Peters 2009). CTCF
co-localizes with more than 90% of almost every cohesin
ChIP-Seq-peaks, indicating that this protein regulates the
placement of cohesin on the chromatin loop but not its inser-
tion inside the chromatin loop (Rubio et al. 2008; Ishihara
et al. 2006; Parelho et al. 2008); however, CTCF reduction
only influences chromatin location but has no effect on the
quantity of cohesin insertion in the chromatin loop (Wendt

WAPL
7~ A

Perfectly shaped chromatin loop.
Strong compartmentalization.

w

Cohesin w
ring

Increase of size in chromatin loop.
Weak compartmentalization.

iy —@—

Decrease in size of chromatin loop.
Strong compartmentalization.

et al. 2008). Early research suggested that blocking an
enhancer at the H19 and IGF2 genes is crucial for imprint-
ing an expression of the gene (Bell and Felsenfeld 2000) or
by generating chromatin loops that are allele-specific, CTCF
can also control this role (Kurukuti et al. 2006). Cohesin
also plays a vital role in enhancer-blocking action by CTCF
at the H19 and IGF2 genes and the chicken b-globin locus
(Chung et al. 1993), including the regulation of other genes
(Dorsett and Merkenschlager 2013). These parameters have
been observed in G1-phase cells or postmitotic cells, both
of which contain cohesin, implying that cohesin’s role in
the cohesin between sister chromatids does not produce a
secondary effect on them but rather specifies cohesin’s inde-
pendent role (Pauli et al. 2008).

Convergent rule

Even when reaching a convergent CTCF site, cohesin might
initially contact the N-terminus of CTCF. This notion was
originally proposed in a molecular investigation as the con-
vergent rule. Given that cohesin easily extrudes loops, a near
and tight deterministic contact between the cohesin ring and
the N-terminus of CTCF is necessary to confirm the above
hypothesis (Wutz et al. 2017). Recent research suggested and
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validated a multistep method that includes halting and sta-
bilization to describe the convergent rule (Nora et al. 2019).
Although cohesin stabilization is presumably necessary for
the creation of CTCF validation loops, which appear as “cor-
ner apexes” on the maps of Hi-C technology, stabilization
and halting both assist in insulating TAD. Interfering with
stabilization might have a greater impact on the “loops” in
the Hi-C maps than in the TADs (Li et al. 2020).

CTCF-mediated halting of cohesin extrusion

Despite the overall variation between the sizes of cohesin
“50 nm” and CTCF “3-5 nm,” how CTCF pauses and stops
cohesin to extrude in an adjacent manner remains unclear.
Meanwhile, CTCF is an uncommon DNA-binding protein
that binds DNA for minutes (Agarwal et al. 2017; Kieffer-
Kwon et al. 2017) rather than seconds (Teves et al. 2016)
and may have the unique capacity to arrest cohesin (David-
son et al. 2016). CTCF has the exclusive capability to enve-
lope its DNA-binding domains in 20 chromatin structures
(nucleosomes) (Owens et al. 2019), suggesting that this
binding in CTCF establishes a distinct micro-environment
inside chromatin that might function similarly to a steric bar-
rier to halt signal. When binding to DNA, CTCF consistently
generates a distinctive structure (MacPherson and Sadowski
2010). Investigations on the CTCEF hierarchy and CTCFL are
useful in this context: CTCFL and CTCF have essentially
similar 11ZF domain and motif preferences. CTCFL may
also restore CTCF-mediated genome organization (Nishana
et al. 2020). CTCF protein undergoes a number of post-
translational changes, such as SUMOylation (MacPherson
et al. 2009) and poly-ribosylation; some of these changes are
of extreme importance (Zhang et al. 2013a). According to
preliminary findings, poly-ADP-ribosylation aids in CTCF
insulation (Farrar et al. 2010). As determined by ChIP-Seq,
the alteration of N-termini-based 11 vital amino acids, which
are poly-ADP-ribosylated, along with therapy with PARP
inhibitors significantly reduced CTCF’s capacity to stabilize
cohesin at its signaling pathways (Pugacheva et al. 2020).
These findings support the idea that poly-ADP-ribosylation
plays a minor role in CTCF’s capability of pausing the extru-
sion of cohesin. The clustering of CTCF, poly-ADP-ribo-
sylation, and chromatin structure (positioning of the nucleo-
some) are not absolutely exclusive but could be beneficial.
Further work is highly required for confirmation.

CTCF-mediated stabilization of cohesin

A short area in CTCF from C-terminus to the 11-ZF motif
was initially thought to be essential and sufficient to bind
to the STAG2 component of the cohesin complex and was
assumed to be the only straight interaction of CTCF with
the cohesin complex (Xiao et al. 2011). Nevertheless,
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later research discovered that RBRi-CTCF, whose dele-
tion includes this area, co-immunoprecipitates cohesion
with wild-type CTCF (Yin et al. 2017), indicating that such
region is not necessary for biochemical cohesin—-CTCF
interaction but still contributes to the creation of the loop
(Wit et al. 2015). Despite numerous investigational works,
new studies came to the surprising consensus that CTCF-
N-terminus and two initial ZFs play important roles within
cohesin—CTCF interaction; nevertheless, none of these
regions are independent (Li et al. 2019b). The most basic
concept involves CTCF and cohesin interacting directly
with one another, as confirmed by reports on CTCF-cohesin
co-immunoprecipitation (Justice et al. 2020). This finding
also recently solved why the short CTCF protein (222-231
N-terminus based amino acids) crystal shape connects with
STAG2-RAD21 interaction. STAG2 and RAD21 contract
with the N-terminus of CTCF with an estimate of 0.6 m.
In vivo, a robust protein—protein (cohesin—CTCF) contact
might occur (Li et al. 2020). However, CTCF may directly
or indirectly affect cohesin ATPase activity through ESCO1/
PDS5, the controlling proteins in cohesin. CTCF protein’s
capability of turning off the “extrusion” might “freeze”
cohesin protein at the position; studies on stabilizing a
CTCF-cohesin loop support this hypothesis (Wutz et al.
2020). WAPL interacts with PDS5 and releases cohesin from
chromatin. WAPL loss prolongs cohesin’s retention time on
chromatin (Kueng et al. 2006), allowing cohesin to reorgan-
ize into structures known as vermicelli that are assumed to
run the whole length of interphase chromosomal regions
and condensation of DNA. Throughout the chromatin inter-
phase, the vermicelli comprise cohesin complexes that are
positioned at the bottoms of the loop. Although this structure
becomes recognizable only after WAPL loss, increased hold-
ing time and cohesin quantity might result in the formation
or stabilization of more chromatin loops than usual (Fig. 3b)
(Tedeschi et al. 2013). NIPBL is continuously required dur-
ing cohesin extrusion in vivo (Harrison and Eisen 2015)
and sub-stoichiometry with cohesin (Rhodes et al. 2017).
Nevertheless, PDS5 or the N-terminal of CTCF could swap
NIPBL or inhibit the ATPase action of cohesin through-
out the pause of cohesin extrusion mediated by CTCF; this
phenomenon automatically describes the cohesin—-CTCF-
mediated stability and convergent rule (Skibbens 2019).
Cohesin’s heterodimer version, which interacts with two
NIPBLs that can be simultaneously disassembled through
PDSS5/CTCEF, is also necessary for verifying this hypoth-
esis to predict reversible extrusion because cohesin may be
halted individually on the left and right (Zhang et al. 2008).
In vivo single-molecule investigations also showed that
WAPLPDSS impedes cohesin translocation on DNA, thus
providing evidence for PDS5’s capacity to prevent extrusion
(Kanke et al. 2016). Cohesin—STAG1 shows greater acetyla-
tion in SMC3 and more stable residency duration in DNA
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than cohesin—STAG2, which shows a reduction in acetyla-
tion and vigorously occupies DNA. CTCF might stabilize
cohesin by recruiting ESCO1 via CTCF-PDSS5, which fur-
ther settles down and then acetylates the cohesin in CTCF
regions of convergence. WAPL and CTCF simultaneous
depletion results in certain cohesin resident times compared
with their individual WAPL depletion, which is compatible
with ESCO1 and CTCEF shielding cohesin protein against
WAPL protein. Meanwhile, PDS5-CTCF regulates ESCOL,
which is recruited to acetylate cohesin and thus stabilizes
cohesin (Wutz et al. 2020). Although recent research has
greatly improved our understanding of how cohesin and
CTCEF can produce stable loops and maintain complexes
in direct and indirect ways and has identified the critical
regions and required proteins, the molecular process remains
unknown. Further investigations are required to understand
such a mechanism.

YY1

In multiple cell types among humans and mice, yin and yang
1 (YY1) linkage is firmly boosted by enhancers and promot-
ers, with the exception of CTCF which binds primarily to
insulator elements (Beagan et al. 2017). Investigations on
YY1 ChIA-PET or HiChIP recognized that YY1 has other
functions aside from being an applicant in assisting struc-
tural connections between enhancers and promoters, most
probably through YY1 homodimerization. The elimina-
tion of binding region within YY1 (mediated by CRISPR)
only at promoters (Etv4 and Rafl) resulted in diminished
contacts with respective enhancers in mouse ESCs, which
were restored to nearly average levels with Etv4 by inten-
tionally attaching YY1 to the modified promoter similar to
a recombinant protein using nuclease-dead-Cas9 (dCas9).
Temporary YY1 protein removal drastically decreases
the relationships among enhancers and promoters occu-
pied by YY1; around 60% of genes within the YY1 pro-
moter—enhancer interaction show substantial modifications
in their expression (Weintraub et al. 2017). Approximately
40% of the genes in each of these categories are upregulated
as aresult of YY1 deficiency. Epigenetic changes throughout
this grouping might be the result of indirect impacts that
decrease the transcriptional suppressor mediated by YY1.
Another possibility, which is not entirely incompatible,
would be that YY 1-mediated enhancer—promoter interac-
tions are implicated during transcriptional repression at
specific gene loci. YY1 is a polycomb suppressive complex
of auxiliary proteins (Bracken and Helin 2009) that coordi-
nate 3D genome organization and transcription repression
in mESCs (Schoenfelder et al. 2015; Denholtz et al. 2013).
YY1’s pleiotropic properties could be revealed by study-
ing it as a protein complex that exhibits different activities
to create suppressive and active genomic configurations.

Additional research is needed to validate this concept and

completely understand YY 1’s “yin—yang” activities in gene
regulation only at the mechanistic level.

Interactions of regulatory components

Compared with TADs, chromatin architecture may be rear-
ranged more widely. The cell type-specific contacts taking
place across cis-regulatory elements and genes as enhancers
are an example of this rearrangement (Smallwood and Ren
2013). Protein- or region-centric chromatin contact obser-
vations, which include chromatin contact deep analysis
through ChIA-PET (Fullwood et al. 2009), Hi-C (Mifsud
et al. 2015), Hichip (Mumbach et al. 2016), and PLAC-
seq (Table 1) (which stands for proximity ligation-assisted
chromatin immunoprecipitation and sequencing) (Fang
et al. 2016), are innovative assays that probe at the entire
genome to achieve better resolution over Hi-C. By studying
17 human hematopoietic cell types (Javierre et al. 2016),
research utilizing promoter capture Hi-C obtained high-res-
olution human aspect regarding promoter—enhancers.

cis-Regulatory elements (enhancer
and promoter)

In eukaryotic genomes, coding and regulatory data are
essentially detached. The mammalian genome consists of
only 2% protein-coding sequences, with the remaining per-
centage comprising a variety of cis-regulatory DNA compo-
nents. Such regulating components act in conjunction with
trans-acting particles that hold the former and determine
where or when genome protein-encoding data are generated
to directly drive cell decisions throughout differentiation and
growth. Enhancer—promoter (cis-regulatory) function, which
is a component of DNA, comprises enhancers, promoters,
insulators, and silencers; researchers focused on the func-
tion of promoters and enhancers throughout transcription
regulation (Plank and Dean 2014). Transcriptional pro-
moters attract RNA polymerase II (RNAPII), transcription
factors directly control and precisely initiate transcription,
and transcriptional enhancers stimulate the rates at which
their target genes are activated (Furlong and Levine 2018).
Enhancers are localized genomic sequences that are present
in a wide range of cells and are involved in cofactor binding
and histone changes. Putative enhancers can be found in
mouse and human genomes (ENCODE Project Consortium
2012; Carter et al. 2002). Various studies were conducted
to determine which promoter and enhancer contacts occur
simultaneously with gene expression; whether these connec-
tions are the source or the result of gene activation remains
unclear. Recent findings indicate that regulatory cues to
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drive transcription are transmitted by physical interaction
across enhancers and promoters (Schagdarsurengin and Ste-
ger 2016). According to the findings from Blobel labora-
tory, a mediated interaction between the mouse-globin (Hbb)
promoter and its gene control domain enhancer results in
the strong transcriptional activation of the Hbb gene, even
in the absence of the key transcriptional activator GATAL,
implying that enhancer—promoter contacts may improve
transcription (Deng et al. 2012). Forced chromatin looping
eventually enables highly precise 3D genome reprogram-
ming with therapeutic strategies, such as directing enhancers
aside from disease illness alterations or redirecting regions
to genes that might ameliorate manifestations, including glo-
bin in sickle cell anemia and thalassemia (Deng et al. 2014).

Promoter-enhancer loop interactions

The interaction between promoters and enhancers has been
broadly studied. Enhancers activate promoters through a
process known as looping (Visel and Rubin 2009). Such con-
necting loops occur as frequent local interactions, as opposed
to CTCF regulating long-range chromatin loops (Phillips and
Corces 2009). In this context, promoter—enhancer loops are
referred to as “interaction loops,” indicating the enhanced
interaction between such components. Meanwhile, CTCF-
mediated loops can promote enhancer-promoter contacts by
bringing together promoters and enhancers or by separat-
ing active and inactive chromatin regions (Hou et al. 2008).
Hence, TADs account for a large proportion of enhancer-
promoter interactions between regulatory components (Ji
et al. 2016). Apart from the interaction loop, chromatin
architectural “stripes” have recently been discovered and
are linked to the discovery that one anchor area connects
whole domains at a high frequency (Fudenberg et al. 2016,
2017). Although CTCF promotes the creation of insulating
domains, which diminish enhancer activity, it does not medi-
ate promoter—enhancer interactions on its own. Furthermore,
transcription and mediators factors such as YY1 are thought
to carry out such activities (Lai et al. 2013). Cohesin has
various functions in different promoter—enhancer pairings.
According to ChIP, NIPBL and cohesin preferentially bind
to the chromatin inside cis-regulatory regions, where essen-
tial transcription factors are also represented (Kagey et al.
2010; Wendt et al. 2008).

Promoter-enhancer loops and transcription
modulation

The genome involves several promoter—enhancer interac-

tions that are particular to developmental stages and cell
types (Freire-Pritchett et al. 2017) and are frequently created
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simultaneously with genetic alterations during mouse ESC
differentiation from neural stem cells to cerebral cortex
(Bonev et al. 2017). Genes that are frequently transcribed
might bind to various ensembles of enhancers for different
cell kinds, implying cell type-specific interactions (Kief-
fer-Kwon et al. 2013; Zhang et al. 2013b). Studies on the
B-globin locus provided one of the greatest illustrations of
how enhancer—promoter looping might stimulate transcrip-
tion. The above locus comprises various globin-like genes,
a substantial upstream gene promoter component known as
the locus-binding domain, and several other regulatory ele-
ments (Noordermeer and Laat 2008). -Globin and y-globin
genes appear particularly in adults and fetuses, respectively.
When triggered, such genes exhibit phase-specific interac-
tions with the locus-binding domain in humans. In mature
human hematopoietic cells, artificially attaching the sup-
pressed y-globin genes to the locus regulatory region sig-
nificantly increases their expression (Deng et al. 2014).
Comparable results were obtained in mice once Ldbl was
directed to an adult erythroblast’s suppressed embryonic
B-globin gene promoter (Deng et al. 2012). These findings
revealed that inducing chromatin folding might overcome
the transcriptional gene activation pattern, suggesting a
potential therapeutic strategy for disorders such as sickle cell
disease, which is triggered through alterations in p-globin
loci. Meanwhile, interactions among cis-regulatory elements
will not always result in transcription.

Enhancer—promoter interactions may exist prior to gene
expression and might be linked to transcription halting.
Most promoter—enhancer connections are formed before
gene activation throughout fly embryogenesis (Ghavi-
Helm et al. 2014). Prior to activation, several enhancers
that react to transmission signals come into contact with
their target genes to rapidly activate transcription (Jin et al.
2013). In several loci, the standard paradigm of stable pro-
moter—enhancer looping has been invalidated (Gu et al.
2018). Live imaging of D. melanogaster embryos revealed
that enhancers regulate a dynamic explosion of transcrip-
tion (Fukaya et al. 2016); such burst incidence could be
decreased by inserting insulators. These findings suggested
active interactions across promoters and enhancers. Another
study explored how the morphogenesis gene Shh interacts
with brain-specific elements during ESC differentiation to
neural progenitor cells (Benabdallah et al. 2017) and found
that enhancers and Shh itself exhibit a wide range of interac-
tion; however, persistent chromatin folds are not established
after Shh activation. Activated cis-regulatory components
such as enhancers and promoters in the same TAD can dis-
play great mobility; this increased movement allows these
components to interact and communicate (Lee et al. 2015).
Such findings reveal a “collision” paradigm that enables
additional active promoter—enhancer interactions inside a
de-compacted region. However, because this paradigm was
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only tested in a few places, its validity is unknown. Addi-
tional research is needed to determine the factors influencing
enhancer decisions among collision and looping.

Polycomb group protein

Gene expression regulation is crucial for a range of bio-
logical processes, such as embryonic development, tissue
homeostasis, and dosage compensation (Blackledge et al.
2015; Rhodes et al. 2020). Polycomb group proteins (PcGs)
are crucial mediators in a wide range of epigenetic pro-
cesses in vertebrates, including stem cell plasticity, genomic
imprinting, X-chromosome inactivation and regeneration,
cancer formation, and cell destiny selection (Mills 2010;
Schuettengruber et al. 2007). PcG elements are important in
the persistence of chromatin transcriptional memory modi-
fications during cell proliferation and in active regulatory
activities (Roure and Bantignies 2009). Therefore, studies
of PcG processes are critical in understanding epigenetic
remodeling that occurs throughout tumor formation, tissue
regeneration, and the development of induced pluripotent
stem cells. PcG proteins are found in eukaryotic organisms
and interact by assembling multi-protein complexes. Five
PcG complexes have already been found in D. melanogaster
and named PcG repressor complexes 1 and 2 (PRC1 and
PRC2), polycomb-repressive deubiquitinase complex, Pho-
repressive complex, and dRing-associated factors (Beisel
and Paro 2011). The first to be recognized are PRC1 and
PRC2. In D. melanogaster, PRC1 contains an entire group of
PcG proteins, including polyhomeotic (Ph), sex comb extra
(Sce, also known as dRing), posterior sex comb (Psc), and
polycomb (Pc). Meanwhile, PRC2 contains another basic
group of PcG proteins, including ESC, and the histone meth-
yltransferase enhancer of Z. Polycomb-like (Pcl) proteins
might be found in PRC2 (Schmitt et al. 2005). PcG com-
plexes, particularly PRC1 and PRC2, seem to have a role in
both long-range chromatin architecture and local chromatin
architecture. PcG proteins also promote the compacting of
distal chromatin in vivo and in vitro (Eskeland et al. 2010;
Margueron et al. 2008). 5C and 4C investigations of PcG-
occupied loci showed that such regions establish discrete
self-interacting domains that are shorter than TADs (Kundu
et al. 2017; Li et al. 2018). Moreover, these regions inter-
act with one another in D. melanogaster and human cells
(Eagen et al. 2017; Wani et al. 2016) and might participate
in the suppression of establishing genes (Isono et al. 2013).
In mouse ESCs, four hox gene clusters and other genes
encoding early embryonic transcriptional factors appear to
be at the root of these repression clusters (Schoenfelder et al.
2015). PcG proteins are essential but are not sufficient for
the development of PcG network linkages. Despite chang-
ing the whole genome organization (Joshi et al. 2015) or

enhancer—promoter contacts inside this PcG network (Sch-
oenfelder et al. 2015), PcG reduction leads to the loss of
these links among PcG target genes. These findings sug-
gested that polycomb-mediated interactions may be impor-
tant in the control and regulation of developmental regions
(genes).

Alternation of the 3D genome in human
diseases

Although appropriate chromatin folding is critical for gene
regulation, a growing interest has been directed toward the
association between chromatin structural changes and ill-
nesses. Variations in the genes encoding cohesin and CTCF
have already been linked to a variety of progressive abnor-
malities and human illnesses (Medrano-Fernandez and
Barco 2016). In particular, CTCF reduction might result in
cardiac infarction due to abnormal chromatin structure and
the misregulation of disease-causing genes in mice (Rosa-
Garrido et al. 2017). Local chromatin domain alteration can
potentially result in developmental problems (Kaiser and
Semple 2017). In many circumstances, changed bound-
ary elements can result in aberrant enhancer-promoter
contacts, often called enhancer adoption or abduction. In
humans, among the most well-reviewed incidences is limb
malformation caused by chromatin structural changes in
the EPHA4 locus. Limb syndromes, including polysyndac-
tyly, F syndrome, and brachydactyly, occur as a result of
inversions, duplications, or deletions within the borders of
a single TAD overlapping locus (EPHA4). Researchers used
CRISPR-Cas9 genome editing to create mouse simulations
with chromosomal alternations similar to those described
in humans having certain limb disorders (Lupiéiiez et al.
2015). TAD boundary disruption is associated with auto-
somal dominant adult-onset demyelinating leukodystrophy,
which results in abnormal interactions between the promoter
of LMNBI (encoding lumina B1) and the three enhancers
(Giorgio et al. 2015). Another theory is that human sex
reversal is generated by the duplication of an area upstream
of the gene encoding, the RevSex region, which contains
the transcription factor SOX9 (Benko et al. 2011). Beyond
the TAD border of Sox9, a large structural variant includ-
ing duplications such as the RevSex region was identified,
resulting in the generation of additional chromatin motifs,
the aberrant stimulation of the limb deformity, and the acti-
vation of neighboring genes (Franke et al. 2016). Aside from
developmental problems, changes in chromatin structure
can contribute to tumorigenesis (Valton and Dekker 2017).
Moreover, research of 7416 cancer genomes from 26 differ-
ent types of tumors identified that the deletion of a specific
TAD border is linked to IRS4 dysfunction within squamous
and sarcoma cancer (Groschel et al. 2014). Throughout this
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work, genomic duplications were also shown to trigger the
creation of a novel chromatin motif and the hyperexpres-
sion of IGF2, but only in colon tumors. Further research
must explore how a modest inversion with the stimulator
of the transcriptional gene GATA2 may aberrantly trigger
EVII (also called ECOM) while providing GATA?2 func-
tional haploinsufficiency, both of which promote leukemia
(Flavahan et al. 2016b). Epigenetic processes that do not dis-
turb the basic CTCF patterns could also influence chromatin
domains. For instance, acquired alterations in IDH1 or IDH2
cause numerous types of brain tumors. Hypermethylation
around CTCF-binding sites is caused by mutant isocitrate
dehydrogenase proteins interfering with the action of ten-
eleven translocation methylcytosine dioxygenase proteins
(Beliveau et al. 2012). Emerging chromosomal conformation
data serve as a tremendous resource to revisit the etiology of
several diseases (Lupiafiez, et al. 2016).

Future prospects

The eukaryotic genome has long been recognized as hier-
archically organized inside the nucleus. Key concepts of
chromatin folding and its activities have been gradually
revealed over the last few decades. However, such studies
have raised more concerns than they would have addressed,
which is common in dynamically emerging areas. Modern
Hi-C techniques need exceedingly deep sequencing to iden-
tify delicate chromatin structures. A restricted number of
cells and a restricted laboratory budget further complicate
the acquisition of this quality of data. Loop contacts among
enhancers and promoters might be difficult to identify in
several cases. The problem of low-resolution statistics is
aggravated by the fact that the bulk of discovered chromatin
connections may be essential, contributing to those linked
with spatiotemporal gene regulation being scarce in such
statistics. Moreover, developing methods to examine chro-
matin structure in great depth at high spatial and temporal
resolution is a critical research topic. Alternative genome-
wide approaches, including Capture-C, Hi-C, ChIA-PET,
HiChIP, and PLAC-seq, can achieve high-resolution data
with appropriate sequencing depth; however, these assays
often need a huge number of cells at the moment. Advances
in computational approaches are required to assist in filtering
out background noise caused by innate chromatin contacts
to precisely identify regulatory relationships.

Despite their considerable success, conclusions
obtained with C technologies should be supplemented
by orthogonal assay findings. Such different methodolo-
gies are critical for confirming C technology outcomes
and for directly observing chromatin architecture within
the nucleus. Nevertheless, excellent progress has been
achieved in the area of FISH technologies. The use of
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markers produced from array-synthesized oligo libraries
in DNA FISH analysis (Oligopaint FISH) permits the illu-
mination of areas of approximately mega-bases through-
out size (Chen et al. 2013). FISH, which is frequently
integrated with super-resolution imaging, has been used
to verify chromatin architecture including TADs or sec-
tions, which were first detected through Hi-C analysis. A
recent study that used RNA FISH to probe introns from
the nascent transcripts revealed that many active genes
are predominantly located on the surface of chromosomal
regions, and their nuclear structure also varies greatly
across different cells. With the improvement of CRISPR-
Cas technologies, the effective imaging of repeated com-
ponents and nonrepetitive components of genomic areas
in live cells is now possible (Ma et al. 2016), and many
chromosomal loci can be tracked simultaneously [241].

Multiple experiments with fine resolution and broad
genome covering are required to properly resolve chroma-
tin organization. Despite the significant advances in deter-
mining the mechanics of chromatin structures, their roles
remain unknown. Although cohesin-dependent TADs,
CTCEF, and loop motifs play critical parts in the representa-
tion, the significant instant influence of cohesin, inducible
genes, and CTCF depletion on consistent transcription has
never been observed. Ultimately, transcription involves the
loss of robust TADs and CTCF-mediated chromatin loops at
specific developmental stages. Learning how transcription is
controlled at these distinct developmental phases is of great
interest. The answers to these riddles might depend on the
ongoing development of new technologies.
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