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The genome is the most functional part of a cell, and genomic contents are organized in a compact three-dimensional
(3D) structure. The genome contains millions of nucleotide bases organized in its proper frame. Rapid development in
genome sequencing and advanced microscopy techniques have enabled us to understand the 3D spatial organization of
the genome. Chromosome capture methods using a ligation approach and the visualization tool of a 3D genome browser
have facilitated detailed exploration of the genome.
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| 1. Introduction

The genome, comprising both coding and non-coding DNA sequences, describes the genetic makeup of an organism !
[, The term ‘genome’ was coined by Hans Winkler in 1920, and it is now commonly used among researchers. Since the
completion of high-quality reference genome sequences, we have witnessed several new discoveries in the ensuing
decades, including genomic elements, structural and functional features of the genome, and genome organization EI4I=I6]
(8], An enormous amount of hierarchical compaction is required to produce three-dimensional (3D) chromatin structures
from one-dimensional (1D) linear DNA sequences inside the nucleus under physical constraints AL The nucleus of a
human cell contains 46 densely packed chromosomes 2. In contrast, octoploid (Opuntia) X3!, hexaploid (Sequoia) 24!,
and tetraploid (Coffea) 12 genomes contain 88, 66, and 44 chromosomes, respectively. However, Ophioglossum contains
1260 (decaploid, 630 pairs) chromosomes per cell 18 and these chromosomes can directly and accurately segregate
themselves to the next cell during mitosis. Additionally, a ciliated protozoon, Oxytrichatri fallax, contains 1260-1600
chromosomes, commonly called nanochromosomes (amphidiploid) XZ4. It is possible to organize the numerous
chromosomes present in a cell into functional compartments at different genomic scales by folding them into hierarchical
domains.

A chromosome has a distinct status in the nucleus, known as a ‘chromosome territory’, which is further partitioned into
chromosomal compartments (A/B), topologically associated domains (TADs), and chromatin loops, mediated by the
CCCTC-binding factor (CTCF; Figure 1) W8IL920  Chromatin folding plays a vital role in gene regulation, and
transcriptional control is associated with physical contacts between target genes and the respective enhancers 1821,
However, the functional loop between the genes and the regulator domain is predominantly carried out within TADs
(Figure 2) 18 High-level DNA folding and packaging generate extensive contacts between different genomic regions
(Figure 2). These contacts can be in several forms, such as the folding architecture of proteins and chromatins and the
proximity of DNA sequences to one another 2223l The packaging of chromosomes also brings them into contact with one
another, as well as with the nuclear compartments, including the nucleolus and nuclear envelope (Figure 2) [22125][26]
Cells progress through the cell cycle and undergo differentiation to form specialized cells 22, The genetic information and
function of a genome are not only associated with the epigenetic markers in the 1D linear DNA sequences, but also with
their non-random spatial organization in the 3D nucleus. 3D chromatin organization is directly correlated with the
functionality of the genome 28129 Chromosomes must undergo structural rearrangement leading to re-organization of

contacts among the chromosomes (while maintaining the 3D structure of the genome) to influence transcription and
function [BAE1I32]
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Figure 1. Organization of the 3D genome. The genomic DNA inside the nucleus possesses multiple levels of
organizational structures. The primary structure, the linear DNA double helix, is packaged to form the secondary structural
unit, nucleosome. The secondary structure brings approximately 7-fold compaction of genomic DNA. The 3D genome
involves a higher-order organization in the 3D space of the nucleus, constituting topological features, including chromatin
loops, A/B compartments, and chromosome territories. Chromatin loops are the basic building blocks for the 3D
architecture of chromatins, while the topologically associated domains (TADs) are the basic structural and functional units
of chromatins.
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Figure 2. Hierarchical organization of the genome. Figure showing the nuclear compartment, CTCF, and TAD elements.
The figure was prepared according to [&, with required modification.



Further, nuclear mechanobiology is one of the most important mechanical properties for nucleus adaptability, which
maintains a proper 3D-shaped nucleus to facilitate the organization of a 3D genome 3. The 3D structure of the nucleus
is determined by the interplay of the cytoskeleton—nucleus links, integration and composition of the nuclear lamina, and
degree of DNA packaging in the nucleus (Figure 2) B435]36]

Understanding how chromosomes are folded, packed, and positioned within the nucleus is of particular interest in
deciphering the role of chromatin in gene regulation. Additionally, understanding the molecular distance between different
genomic regions, or the molecular distance within the genomic regions and distinct nuclear compartments, can be of
particular importance. To date, several methods have been developed to determine the architecture of a chromosome and
its strengths and limitations. These include the chromosome conformation capture (3C) (Figure 3) BZBE8IEA and high-
throughput chromosome conformation capture (Hi-C) methods 294041 \hich can be used to understand functional
nuclear landmarks (splicing speckles and nuclear lamina) 28!, chromosome territories 42, and TADs 3], thus facilitating
the understanding of how frequently two genomic loci interact (Figure 2). DNA-FISH is a revolutionary method that allows
visualization of chromosomes and genes in the nucleus #4145l This method provides single-cell information and allows
only a small number of genomic loci to be analysed at a time. A 3C-based approach based on proximity ligation of DNA
ends up being associated with chromatin contact (Table 1, Figure 3) 481, However, the Hi-C map provides genome-wide
chromatin contacts of kilobases to a few megabases 4748149 The recent development of orthogonal ligation-free
approaches, including genome architecture mapping (GAM) BABLIE2! spjit pool recognition of interaction by tag extension
(SPRITE) 81341 and chromatin-interaction analysis through droplet-based and barcode-linked sequencing (ChlA-Drop)
(5511561 have revealed novel aspects of chromatin organization. SPRITE, GAM, and ChlA-Drop chromatin contacts identify
topological domains and help predict complex chromatin contacts associated with three or more DNA fragments and
uncover specific contacts that span tens of megabases [181(50(52],
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Figure 3. Chromosome conformation capture (3C) and its derivatives. It measures the contact frequencies of genomic loci
by the proximity ligation of fragmented chromatin. All 3C procedures involve isolation of nuclei and DNA, followed by
fixation of the chromatin. For Hi-C, ligation, followed by reverse cross-linking and addition of adaptors is required. For in
situ Hi-C, streptavidin-based purification followed by the ligation of sequencing adaptors is required. For DNase Hi-C, the
genetic materials are digested using DNase, followed by the ligation of biotinylated adaptor and adaptor-based
sequencing. For 3C, restriction digestion is followed by ligation and reverse cross-linking and PCR across the junction.



For capture C, reverse linking is followed by sonication, ligation of sequencing adaptors, and hybridization capture. In 5C,
reverse cross-linking is followed by the ligation of oligos across the junction; the ligated oligo pairs are later amplified with
a common primer. In 4C, restriction digestion and ligation are followed by the second step of restriction digestion, which
circularize the genetic material; PCR is performed subsequently using the ‘bait’ RE fragment. The figure was prepared
according to 2857 with required modification.

Table 1. Table representing different chromosome conformation capture method and its application.

Ligation -
Method Assay Type Characteristics
Procedure
. Proximity 3C variant used to map chromatin
snHi-C Whole genome to whole genome L ) )
ligation interaction
. Proximity Hi-C variant enable to map chromatin
scHi-C Whole genome to whole genome o ] ] .
ligation interaction at single cell
o Enable mapping of chromatin
o Proximity ) . . . )
scCiHi-C Whole genome to whole genome liqat interactions using combinatorial
igation
9 barcoding
Proximity .
3C One locus to one locus o Founding method of 3C
ligation
o Method to detect chromatin interaction
Proximity B
4C One locus to the genome liqation between a specific locus and rest of the
g genome
o A variant of 4C. It improves the
Proximity L
Enhanced ChIP-4C One to one gene o sensitivity through replacement of
ligation . ] ] .
inverse PCR with primer extension
Improved 4C variant for improved
. ) . o sensitivity and specificity. It uses
Unique molecular Detect chromosomal interaction Proximity ) - ) )
. » ] - o molecular identifier to derive high-
identifier-4C between loci and conditions ligation . L i
complexity quantitative chromatin
contact profiles
5C Proximity Method used to probe chromatin
ligation interaction of multiple loci
) ) Proximity L )
One to one in the region of L Uses biotinylated dCas9-mediated locus
CAPTURE ) ligation & - o ]
interest e ) specific chromatin interaction
biotinylation
Proximity High throughput 4C that combines with
Capture-3C Whole genome o ]
ligation 3C with DNA capture technology
. Proximity High throughput 4C that combines with
Capture Hi-C Whole genome

ligation Hi-C with DNA capture technology




Ligation

Method Assay Type Characteristics
Procedure
Biotinylated Maps topological domains whose
Dilution Hi-C Whole genome to whole genome proximity boarders are occupied by CTCF binding
ligation sites
o Combination of RNA-FISH with ChIP to
Proximity . . .
RNA-TRAP Locus to locus L . probe chromatin interaction associated
biotinylation ] o i
with transcriptional active genes
. Proximity Combines DNase Hi-C with DNA
Targeted DNAse Hi-C  Whole genome to whole genome o
ligation capture technology
Associated Long range allele Proximity Used to identify distant DNA region that
chromosome trap specific/interchromosomal ligation interact with defined DNA target
o Combines ChIP with proximity ligation
Whole genome to whole genome Proximity . .
ChlA-PET ] ] _ o to detect genome-wide chromatin
mediated by protein of interest ligation . . ) . )
interaction mediated by specific proteins
Proximity Proximity ligation conducted in nuclei
PLAC-Seq Whole genome o ) ) )
ligation prior to chromatin shearing
o Combines 3C with ChIP to ascertain
. . Proximity . L .
HiChIP Whole genome/Multi-scale liqation genome-wide chromatin interaction
g intervene by specific protein
) Proximity Used to map all chromatin interaction in
Hi-C Whole genome to whole genome L .
ligation a cell population
. Proximity Is variant of Hi-C that uses DNase | to
DNase Hi-C Whole genome to whole genome o ]
ligation break the chromatin
o Is an in-situ version of Hi-C that uses
. . Proximity L . L
In Situ Hi-C Whole genome to whole genome liqat chromatin digestion and proximity
igation
g ligation of intact nuclei
Tethered . . . L .
Proximity Similar to Hi-C, but ligation performed in
chromosome Whole genome to whole genome L i .
) ligation solid substrate rather than solution
conformation capture
. ) Proximity Hi-C variant that uses DNase to break
In Situ DNase Hi-C Whole genome to whole genome L .
ligation the chromatin
o Is a variant of Hi-C that uses
. Proximity . .
Micro-C Whole genome to whole genome ligation micrococcal nuclease to digest the

chromatin




Ligation o
Method Assay Type Characteristics
Procedure

Used to capture structural and

) . . Proximity . .
Bridge linker Hi-C Whole genome liqat regulatory chromatin interaction by
igation
d restriction enzymes
Proximity Links multiple genomic loci together into
Chromosome walks Whole genome o o
ligation the proximity
. Enables identification of the interactions
Genome architecture o )
) Whole genome Co-localization of enhancer and active genes across
mapping (GAM) o
large genomic distance
Split pool recognition Whol Enables understanding of genome-wide
ole
of interaction by tag i Co-association detection of higher-order interactions
) genome/interchromosomal o
extension (SPRITE) within the nucleus
Mapping of multiplex chromatin
interactions with single molecule
Multi-ChlA Locus to locus Co-localization precision. Allow mapping of chromatin
interaction mediated by protein of
interest
Tethered Proximity Allows mapping of inter and
) Chromosome scale assembly o ) )
conformation capture biotinylation intrachromosomal contacts

| 2. Techniques to Study 3D Genome Organization
2.1. Microscopy-Based Visualization of the 3D Genome

The position and organization of chromosomes, domains, and specific loci in the nucleus have been studied using
fluorescence in situ hybridization (FISH) B8IBAEA However, FISH is limited to examining only a few predetermined loci 4]
[62163] |t is a macromolecular recognition technology based on DNA or DNA/RNA's complementary nature €463 where
selected DNA strands are incorporated with fluorophore-coupled nucleotide probes to hybridize the complementary
sequence (62681 For the hybridization, at least a single-strand probe must enter the nucleus B8 permeabilized using
detergents or organic solvents (for example, methanol). The DNA is denatured by heat and formaldehyde treatment and is
visualized through a fluorescence microscope to ensure the fine binding of a probe with its target B279 DNA FISH is
used to visualize chromatin compaction and the positioning of genomic regions within the nucleus . It can map the
physical distance between two or more differentially labelled genomic regions, thereby mapping the genes within the
chromosome 18144172 |y addition, it can be applied to determine aneuploidy, microdeletions, microduplications, and sub-
telomeric rearrangements [BIZAZSIZEI77] The organization of the target DNA and nuclear compartments affects the
accuracy and power of detecting different nuclear structures. We need to be sure that nuclear compartments are reserved
during FISH. FISH probes are either synthesized oligos or generated through nick translation from a large DNA, resulting
in overlapping fragments of 100-500 bp [Z8IZEA The probe may also cover the genomic sequence, from 30 kb to the
entire chromosome BY, The signal-to-noise ratio for locus detection increases with an increase in the length of the target
because of the increased local fluorescence and high target specificity 2882 with standard 3D-FISH, long-range
contacts within large genomic regions, including TADs or whole chromosomes, can be accurately detected [L8IE3],
However, short-range interactions of less than 100 kb are difficult to detect 28 making it difficult to quantify fine-scale
chromatin folding below the level of TAD or the promoter—enhancer interaction. Cryo-FISH can provide high-resolution
chromatin contacts, where FISH probes are hybridized to cryo-sections of cells [84. Fluorescence is then visualized using
a fluorescence or electron microscope 8288 The development of custom oligonucleotide arrays, including Oligopaints
[87] can target 15-kb loci using conventional microscopy [BUEZIEE] Qligopaints are libraries of synthesized oligonucleotides
containing approximately 60—100 bp 2. Subsequently, these oligonucleotides are amplified in a flexible manner using



different primer pairs to generate FISH probes. Oligopaints can enable the study of chromatin folding in different
epigenetic states at a resolution of tens of nanometers 29, Oligopaint-based FISH, in combination with high-throughput
imaging, can be useful for generating low-resolution contact maps, high-resolution contact maps (30 kb) for a stretch of
1.2-2.5 Mb, and maps for whole chromosomes 18124,

2.2. Ligation-Based Detection of Contacts

3C is a one-on-one approach that can extract the chromatin interaction frequencies between two genomic loci via
chromatin cross-linking and proximity ligation (Figure 3) 18l38] Formaldehyde fixation is necessary for capturing protein-
mediated and RNA-mediated contacts 28, In the 3C method, the cells are cross-linked with formaldehyde, followed by
fragmentation of chromatin using restriction digestion enzymes, such as Hindlll or Dpnll 22, This is followed by proximity-
based ligation of the adjacent DNA ends and determination of pairwise interactions using PCR sequencing. In the
classical 3C method, a pair of interacting loci is interrogated using quantitative PCR, one at a time (Figure 3) 22l This
shows that 3C provides interactions between two loci and the required prior information of the target site (Figure 3).

Chromosome conformation capture-on-chip, commonly called 4C or circular chromosome conformation capture, is useful
for interaction study of one region with the remaining part of the genome (one vs. all). The circular chromosome capture
method, which is a part of the 3C technique, is used to address the existence of an epigenetically controlled network of
chromosomal interactions. The 4C method is based on the principle of proximity ligation (Table 1), where the DNA—
protein/protein—-DNA generates a circular DNA molecule, using a high concentration of ligase and prolonged incubation for
more than one week (Figure 3). Subsequently, reversal of the cross-linked primers proximal to the target sequence during
ligation amplifies DNA with physical proximity, without prior knowledge of their identities. This procedure enables the
amplification of sequences with a wide range of sizes in the cross-linked chromatin. 4C uses the same technology as 3C
to obtain ligation products. The restriction product ligates with the 3C template and is incubated overnight, with frequent
cutting of the second restriction enzyme (Dpnll/Nlalll) 8. Subsequently, linear sequences are generated to conduct
primer hybridization as a 4C template. These 4C templates are hybridized to an array according to the standard
immunoprecipitation (ChIP) protocol. The nuclear organization of active and inactive chromatin domains can be
uncovered by the 4C principle B8, Additionally, long-range cis-interaction of the SOX9 promoter can also be analyzed
using 4C analysis 24, Additionally, all contacts can be mapped at a single locus using the 4C principle. Primers for a
region (promoter/enhancer) can be used to amplify all ligation partners of the locus, followed by sequencing of the
amplified product (depth of 1-5 million reads per library) 5. This helps to analyze the genome-wide interaction partner of
the region of interest at a resolution of a few kilobases. This procedure is well suited for detecting short-range regulatory
interactions, long genomic distances, and whole chromosomes [E8126],

2.3. Non-Ligation-Based Detection

GAM is designed to analyze the 3D chromatin structure without the requirement of digestion and ligation B9, It is based
on the principle of linear genomic distance mapping to measure the 3D genome using ultrathin cryo-sectioning 4. In
GAM, cryo-sectioning of frozen fixed cells embedded in sucrose is performed in random orientation, followed by the
generation of a single nuclear profile using laser microdissection. The nuclear profiles are subsequently subjected to
sequencing, followed by sequence analysis. Once slices of the large collection of co-segregated possible pairs of loci in
nuclear profiles are generated in random orientations, they are used to generate a proximity matrix of genomic regions.
The GAM technique can map genome-wide chromatin contacts and is crucial for identifying topological domains. It can
also detect highly complex chromatin contacts involving more than three DNA fragments and uncover specific contacts of
approximately 10 Mb 2859 Fyrther, GAM considers the spatial organization of chromatin architecture, including genome-
wide contact frequencies, chromatin compaction, and the radial distribution of chromatin B, Beagrie et al. (2017) used
471 nuclear profiles of mouse embryonic stem cells using GAM procedures with a sequencing depth of 1.1 million reads
per profile 8%, From this, they obtained 400,000 uniquely mapped reads per nuclear profile B, To understand the
variation in detection, linkage disequilibrium was reported to be the best model to reduce bias. A comparison study with
Hi-C and GAM revealed that they were highly correlated across the whole chromosome at a resolution of 1 Mb B9,

2.4. Cell Imaging of the Nuclear Structure

Chromosome folding is crucial for regulating proper gene expression and function, and it is a dynamic process that varies
widely throughout the cell cycle 28199 TADs emerge as key players, leading to higher-order chromosome—chromosome
folding, organization, and function through evolution. All these higher-order organizations are associated with tightly linked
functional aspects, such as DNA replication and transcription. In relation to the genes associated with transcription, active
genes are located more often toward the nuclear interior, even as the repressed genes are located toward the nuclear
periphery (heterochromatic region) 199 The chromosome-occupied distinct sub-nuclear territory is where the
transcriptionally active loci are positioned at the surface. However, our ability to explore these genomic and chromatin



dynamics has revolutionized technologies based on genome editing, which allows for simultaneous targeting of a
particular locus in live cells. At present, genomic loci can be targeted in living cells using the clustered regularly
interspaced short palindromic repeats (CRISPR) system, which uses an endonuclease-deficient form of Cas9 (commonly
called dead-Cas9 or dCas9), fused with a fluorescent protein 194, The tagged dCas9 is applied to the genomic loci
through its interaction with sequence-specific guided RNAs. However, for concurrent labelling of the two genomic regions,
the guided RNAs should be modified to function as a scaffold that brings the fluorescent protein to the target loci.
However, the CRISPR system is well suited for repetitive genomic sequences because it relies on a single type of guided
RNA.

| 3. Hierarchy of the 3D Genome

The folding of DNA into chromosomes has become a focal point in the study of the 3D genome 192103l The spatial
positioning of genes for important biological functions, such as DNA replication, transcription, DNA repair, and
chromosome translocation, is of particular interest. The folding of nucleosomes and chromatin remains a highly debated
topic 294 Although the folding of DNA into nucleosomes is well known, it is unclear how the two interact with one another.
The folding of large and complex chromosomes requires a structural hierarchy of chromatin loops to genes, and
enhancers to chromosomal domains and nuclear compartments 29311061 chromosomal territories are the most significant
components where DNA becomes organized 224, The chromosomal loci located on the same chromosome interact more
frequently, even when separated by 200 Mb, than any two loci located on different chromosomes 19811091 Chromatin
loops facilitate interactions between the two chromosome loci in the same chromosome 19, The nuclear envelope plays
a key role in 3D genome organization, confining the genomic DNA into the 3D space WHI2L1S] The jnner nuclear
membrane is lined with a meshwork of lamin proteins, thus forming the NL 14115 The NL interacts with the lamin-
associated domain (LAD) 1817 and almost half of the genomes of cells are composed of LADs (0.1-10 Mb; 553 kb).
However, not all LADs interact with the NL. In different cells, a few chromosomes are not localized toward the nuclear
periphery, suggesting cell-to-cell heterogeneity. LADs are considered heterochromatic regions and are characterized by
the presence of low gene density and lack of transcription 18118 pyring cell division and differentiation, some LADs
lose their association with the NL 129121 '\yhile others associate with the nuclear periphery. This leads to the altered gene
expression, where activated genes move toward the nuclear periphery and inactivated genes move toward the interior
[122)[123]1124][125] fqund in LADs. The NL serves as an anchoring location for the genome and constitutes a place for the
heterochromatic loci that are scattered throughout the genome, connecting with it in three dimensions [1281[127][128] \yhen
NL associates with heterochromatin, nuclear pore complexes (NPCs) are enriched for association with euchromatin and
active genes 1291301 Thys, the nuclear envelope should be considered an organizing surface. Similar to the LADs, there
are also 0.1-10 Mb (749 kb)-sized nucleolus-associated domains, which are co-localized to nucleoli or the NL 131/132](133]
Chromosomes of similar sizes and gene densities interact more frequently than those with dissimilar sizes and gene

densities, and they interact in the nuclear space 234135 Short and gene-dense chromosomes group together near the

center of the nucleus, even as long and less gene-encoding chromosomes locate near the nuclear periphery 124[136],

| 4. 3D Genome and Gene Expression

Mechanical and biochemical signals perceived at the cell membrane activate transcription factors, which are subsequently
directed to the target site to modulate cell- or tissue-specific gene expression 37138139 \When cells are placed on a
substrate with different topographies, the nuclei change their shape, which leads to the activation of different gene
expressions 149, Cells placed on a different topography can exhibit distinct behaviors of proliferation, differentiation, and

apoptosis 144142 systemic turning of the contact area between the cell and extracellular matrix leads to altered gene

expression of the matrix protein collagen 143l Fibroblasts plated on polarized geometry express more matrix- or
cytoskeleton-associated genes, whereas on isotropic surfaces, they express more cell—cell-junction and cell-cycle genes
(2401 Nyclear architecture greatly shapes dynamic activities and expression of transcription factors, and with many genes,
transcription occurs in bursts 1441, The transcription level is controlled by the burst frequency rather than the burst size
(1451 Ephancer and promoter contacts, even in distant genomic loci, correlate with transcription, whereas the size of
polymerase Il correlates with the number of transcripts produced in a burst 1481147 The temporal order of spatial
clustering is a crucial aspect of gene co-regulation, and is necessary for activating various gene expression programs in
different cell types 248112491150 pyring gene expression, genes are physically brought together. It may also involve the
recruitment of transcription factors at different target sites and their subsequent clustering with other supporting
transcription factor machinery 2. It is highly possible that the integration and translation of biochemical cues into different
gene expressions are enabled by different cellular and mechanical states [23l. The spatial organization of the genome has
been optimized for cell-type-specific transcription, mediated by numerous mechanical and biochemical signals. Defects in



mechano-signaling can lead to cell-to-cell contacts or an impaired extracellular matrix, which can lead to the disruption of
the cytoskeleton—nucleus interaction, resulting in impaired nuclear morphology [15111152],

| 5. Data Structure of the 3D Genome

The close interaction between the 3D interphase DNA structure and gene expression has made chromatin folding a
rapidly developing field of study. Several previous reports have been continuously challenged by the progress of research.
For example, in the solenoid model, chromatin is folded into a 30-nm fibre, which is assembled into higher-order
structures 1231, However, this report has not been substantiated when studied using electron microscopy tomography,
which has shown highly distorted chromatin polymers 2241, We have discussed the role of TADs and the genomic contact
and loop extrusion hypothesis based on CTCF and cohesin. It was previously thought that condensin compacts
chromosomes by randomly bridging the DNA segment or supercoiling or passively pushing to sites of convergent
transcription by RNA polymerase 1531, However, direct observation of loop extrusion in a single molecule has been found
in condensin motor activity when quantum-dot-tagged yeast condensin was translocated along double-tethered DNA
curtains 2561, The loop extrusion in the naked DNA was reported to be faster than that in DNA polymerase. While the loop
extrusion of naked DNA translocation proceeded at a speed of 0.5-2 kb/s, those of DNA and RNA polymerases
proceeded at approximately 1 kb/s and 1 kb/min, respectively 1371581 The SMC complex uses ATP hydrolysis to perform
the loop extrusion at a rate of 0.1-2 s~ 139, |t has also been reported that cohesin- or condensin-binding factors possibly
reduce the rate of chromatin loop extrusion. The major factors are the 11-nm nucleosome, RNA polymerase, protein
complexes, and DNA structures 1351, However, the SMC complex can avoid these obstacles through nontopological
binding, involving intermittent interactions with Nipbll and Pds5 proteins that alter the extrusion dynamics, where Nipbl1l
possibly acts as a ‘dynamic safety belt' for the cohesin protein 158, A recent study has explored these aspects and
reported the presence of TAD-like clusters even after cohesin knockout 591601 These results suggest that large
cooperation of the architectural regulatory proteins, as well as the interplay of supercoiling, molecular binding, phase
separation, crowding effect, and loop extrusion events, is needed. There are also questions regarding the functional units
of chromatin and their hierarchy of folding, and the inner functional units of working TADs at the single-cell level. To
understand all these intricate events, researchers have applied mathematical rules (stochastic, self-returning event) and
studied a folding algorithm that can replicate experimental observations 161, The most common type of chromatin
interaction in the genome is that of the promoter and enhancer for transcriptional regulation and heterogeneous packing,
which disperses local DNA accessibility and allows transcription and nuclear transport. From a polymer physics point of
view, there is an apparent conflict between these two chromatin properties. It has been reported that chromatin resembles
a fractal globule, which is a self-similar polymer in a collapsed state 2621631 Ajthough the fractal globule model observes
high contact frequencies, it does not explain the spatial heterogeneity of chromatin packaging, which a 1D polymer cannot
provide 81, Therefore, researchers have provided a self-returning random walk (SRRW) mathematical model to address
the contact-structure paradox 282 It provides a non-branching topology of the 10-nm chromatin fiber and generates tree-
like topological domains connected to an open chromatin backbone 281, The SRRW model, presenting a new picture of
genome organization, supports the hypothesis that local DNA density plays a critical role as a transcriptional regulator; the
chromatin folds into a variety of minimally entangled hierarchical structures across the length from nanometers to
micrometers without the necessity of a 30-nm fiber 281, This model also explains the structure—function relationship of the
interphase DNA with higher-order folding and a substantial reduction in dimension during genomic landscape exploration
(1611 The model also predicts that the topological domains in single cells contain random-tree structures, where tree
domains are regarded as nanoclusters and loops on a kilobase-to-megabase scale, serving as building blocks for large
packaging domains. These tree domains are called ‘3D forests’ within the chromosome territory 181 The size of a tree
domain is positively correlated with the size of the genome, with considerable depression 181, There is also a positive
correlation between the tree domain size and packaging density, suggesting a size-dependent domain activity, where the
nanodomain of the peak radius is approximately 70 nm 281, Additionally, the model predicts a correlation between local
DNA density and domain size, supporting the view that small domains are more active than large domains 161, The first-
order genome of a double helix DNA evolves to adopt a ‘virtual tree data structure’ for higher-order genome organization
[161] This tree-like topological domain is connected by an open functional backbone segment, which facilitates the proper
organization of genomic contacts, package-based regulation of transcription, transport and accommodation of nuclear
proteins, and transition between the interphase and mitosis 2611,

A computational string and binder (SBS) model was proposed in polymer physics to understand the mechanism of
chromosome compartmentalization, pattern formation, and chromatin folding 64!, According to the SBS model, chromatin
folding can be driven thermodynamically by homotypic interactions between DNA sites that share compatible chromatin
marks [L64I[165][166[167][168] The chromatin filament acts as a self-avoiding walk string of beads, where specific beads

function as binding sites for a cognate diffusing binder that can bridge them to allow folding 184, The different binding



sites can selectively interact with their cognate binder, and these binding activities can be computationally investigated by
molecular dynamics simulations using Langevin dynamics with classical interaction potential 1641681 This model explains
chromatin folding thermodynamically by homotypic interactions between DNA sites sharing cognate chromatin [L66I[167][168]
[169][170]  Thjs interaction takes place via protein binding to multiple sites, inducing phase separation of chromatin sub-
compartments 71, The association between chromatin sites and the nuclear lamina and speckles can also be inferred
using the SBS model, with the help of the bridging protein transcription factor YY1, RNA polymerase I, and Polycomb

repressive complex 1 [1641(172]

| 6. 3D Genome Browser

The role of an enhancer that resides in the proximity of its target genes and the role of TADs are well known. The volume
of the chromatin interaction data increases regularly, and efficient visualization and navigation of these data are the major
bottlenecks for their interpretation. These factors make it a daunting task for an individual laboratory to store and explore
them properly. To overcome these problems, several visualization tools have been developed, with unique features and
limitations. The Hi-C data browser is reportedly the first web-based query tool to visualize Hi-C data as heat maps 192,
However, it does not support zoom functionalization and can hold only a limited number of datasets. The WashU
epigenome browser visualizes Hi-C and ChlA-PET data, which also enables access to thousands of epigenome datasets
from ENCODE and the Roadmap epigenome project (Figure 4) LZ3I174 A Hi-C data matrix of files with large sizes up to
hundreds of gigabytes tends to slow down the visualization process. Furthermore, it does not have the option to display
inter-chromosomal interaction data as in a heat map. Hi-C data can also be explored using Juicebox 273 and Hi-Glass
[176] at high speeds. However, none of these provides chromatin data, such as Capture Hi-C or ChIA-PET (Table 1,
Figure 4). The Delta browser can display Hi-C data and a physical view of 3D genome modelling 274, The 3D genome
browser can help explore chromatin interaction data at the domain level and provide high-resolution promoter—enhancer
interactions 78, The 3D genome browser can facilitate zoom and traverse functions in real time, enabling queries using
genomic loci, gene names, or SNPs (Figure 4) 178 A user can also incorporate the UCSC genome browser with the
WashU epigenome browser and query the chromatin interaction data with thousands of genetic, epigenetic, and
phenotypic datasets, using the 3D genome browser 78 Additionally, users can add or modify existing data or upload
their genome or epigenome data, as well as view Hi-C data by converting the contract matrix into an indexed binary file
called the ‘binary upper triangular matrix’ (BUTLR file). Users need to host a BUTLR file on an HTTP server and provide
the URL to the 3D genome browser to obtain the full advantage of all the features of the 3D genome browser without the
need to upload Hi-C data (78],
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