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Epigenetic mechanisms, primarily mediated through histone and
DNA modifications, play a pivotal role in orchestrating the func-
tional identity of a cell and its response to environmental cues.
Similarly, the spatial arrangement of chromatin within the three-
dimensional (3D) nucleus has been recognized as a significant
factor influencing genomic function. Investigating the relation-
ship between epigenetic regulation and 3D chromatin structure
has revealed correlation and causality between these processes,
from the global alignment of average chromatin structure with
chromatin marks to the nuanced correlations at smaller scales.
This review aims to dissect the biological significance and the
interplay between the epigenome and 3D chromatin structure,
while also exploring the underlying molecular mechanisms.
By synthesizing insights from both experimental and modeling
perspectives, we seek to provide a comprehensive understanding
of cellular functions. [BMB Reports 2023; 56(12): 633-644]

INTRODUCTION

While our understanding of genomic research has expanded
considerably, the fundamental question remains: how does the
nuanced role of epigenetic regulation through chromatin mo-
difications intersect with 3D chromatin organization in man-
aging cellular functionality and identity? Histones, far more
than mere DNA-packaging proteins, undergo a spectrum of post-
translational modifications, such as methylation and acetylation.
Additionally, DNA itself is subject to a crucial modification
known as DNA methylation, wherein methyl groups are added
to the DNA itself. Each of these modifications casts a subtle
influence on chromatin structure and gene expression. This in-
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terplay both dictates the cellular processes through varying scales
of chromatin structures like Topologically Associating Domains
(TADs) and compartments and becomes vitally pertinent when
considering diseases like cancer and neurological disorders.
This review navigates the interplay between epigenome and
genomic organization, exploring their interactions and potential
casualties while dissecting molecular mechanisms through ex-
perimental and modeling perspectives.

EPIGENETIC REGULATION

Epigenetics is the study of how gene expression can be changed,
without changing the DNA sequence itself (1). A clear example
of epigenetic gene regulation is observed in the specific ex-
pression of genes in various tissues. Although every cell in an
organism possesses the same DNA sequence, they exhibit di-
verse functions and characteristics, due to variations in their
gene activity (2). Furthermore, as these cells replicate and divide,
they faithfully preserve the unique gene expression patterns
specific to their cell type. Epigenetic mechanisms play a crucial
role in maintaining this tissue-specific gene expression during
the numerous rounds of DNA replication that occur during early
development, and that persist throughout an individual’s life in
many tissues.

Post-translational modifications (PTMs) of histones and DNA
methylation constitute a fundamental mechanism of epigenetic
regulation. In eukaryotic cells, chromatin consists of 147 bp of
DNA wrapped around histone proteins, forming nucleosomes
that resemble beads on a string (3). These histone proteins as-
semble into octamers, each consisting of two copies of H2A,
H2B, H3, and H4 (4). Each of these histone proteins is deco-
rated by various post-translational modifications that include
methylation, acetylation, phosphorylation, ubiquitination, SUMO-
ylation, citrullination, and ADP-ribosylation (5). These PTMs are
referred to as chromatin marks that can regulate different DNA-
templated processes, such as DNA replication, repair, and gene
transcription. In the context of transcription, the outcome—
whether gene activation or repression—depends on the specific
residue and its associated modifications. Such changes in gene
expression can be a direct consequence of the biochemical
properties that are intrinsic to a specific mark. For example,
histone acetylation and phosphorylation serve to decrease the
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positive charge of histones, potentially disrupting electrostatic
interactions between histones and DNA (6). This decrease leads
to a more relaxed chromatin structure, which in turn enhances
DNA accessibility for protein complexes involved in transcrip-
tion, ultimately resulting in increased gene expression (7). In
mammalian genomes, DNA methylation is an epigenetic pro-
cess where a methyl group is added to cytosine at the C5
position, forming 5-methylcytosine (8). This primarily occurs
in CpG islands (CGl), regions with high G/C content, especial-
ly near gene promoter regions. DNA methylation intricately
regulates gene expression by modulating the interactions be-
tween DNA and various chromatin proteins, as well as specific
transcription factors (8). These interactions can lead to either
the activation or repression of gene expression, depending on
the chromatin context.

Modifications of DNA and histone proteins are introduced,
maintained, and reset through the actions of specialized pro-
teins, referred to as “writers”, “readers”, or “erasers”. Writers
are enzymes that are responsible for adding modifications to
histones or DNA and are categorized into different classes
based on the specific types of modifications they influence (9).
Similarly, erasers are enzymes that remove specific modifications
from histone substrates or DNA and are categorized into
classes corresponding to the modifications they target (9).
Lastly, readers are dedicated protein factors that can recognize
either post-translational marks on histones, covalent modifica-
tions of DNA, or a combination of marks and histone variants
(9). These readers play a role in directing specific chromatin
mark-dependent transcriptional outcomes. For example, the
basal transcription factor TFIID “reads” and directly binds to
H3K4me3 modification, typically located in active promoter
regions, thereby promoting transcription (10). Furthermore, the
specific depletion of H3K4me3 results in diminished transcrip-
tion from a particular set of promoters, and reduces the bind-
ing of TFIID (10). Another reader protein, the BET protein Brd4,
recognizes acetylated chromatin and controls gene expression
by recruiting transcriptional regulatory complexes (11).

Beyond their role in regulating gene expression through
nucleosome-level condensation via electrostatic effects, or the
recruitment of effector proteins, chromatin modifications also
exert control by shaping the global chromatin landscapes. As
previously discussed, DNA is wrapped around histone proteins
to form nucleosomes, which are further organized into higher-
order structures that are known as chromatin. This chromatin
can be categorized into euchromatin and heterochromatin, each
characterized by a unique histone PTM signature (12). Euchro-
matin regions, rich in active genes and marked by active chro-
matin modifications, tend to exhibit lower levels of condensa-
tion. In contrast, heterochromatin regions, marked by repressive
modifications, such as H3K9 and H3K27 methylation, are
predominantly compact, and serve as barriers to transcriptional
machinery (13). Thus, chromatin modifications play a role in
controlling gene expression by delineating the genome into
domains of “loosened and accessible” euchromatin, or “com-
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pact and inaccessible” heterochromatin.

Moreover, chromatin is non-randomly arranged within the
nucleus. Although we discuss genome organization in detail, it
is worth mentioning the potential influence of chromatin mo-
difications in positioning the genome. Typically, heterochro-
matin localizes to the nuclear periphery, while euchromatin
occupies the interior part of the nucleus. In mammals, HP1
(heterochromatin protein 1) proteins, known as readers with
an affinity for H3K9me3, are involved in anchoring hetero-
chromatin to the nuclear lamina (14). In C. elegans embryos,
chromodomain protein CEC-4 anchors heterochromatin to
perinuclear through the recognition of methylated H3K9, and
CEC-4 mutants fail to commit fully to cell-type-specific differ-
entiation (15). This tethering of heterochromatin to the peri-
phery is hypothesized to be a crucial mechanism in regulating
gene expression, and ongoing research continues to explore
this intriguing phenomenon.

3D CHROMATIN ORGANIZATION

In eukaryotes, chromatin exhibits hierarchical organization. At
the highest level, a dichotomous interaction pattern emerges,
recognized as the A and B compartments, associated with eu-
chromatin and heterochromatin, respectively (16). Studies have
revealed that genomic segments in the A compartment predo-
minantly interact with other A compartment regions, mirroring
the interaction pattern within B compartments (17). These in-
teractions establish distinct territories within the nucleus. The
precise folding and spatial arrangement of chromatin appear to
hold biological significance, posing implications in transcription
and other forms of regulation (18). Notably, a gene’s relative
position within the nucleus aligns with its regulatory pattern:
transcriptionally active genes tend to reside nearer the nuclear
center (19), whereas inactive genes are located at the peri-
phery (20). For example, transcriptionally inactive genes colo-
calize with lamin at the nuclear periphery, forming the Lamina
Associated Domain (LAD) (21). Although the precise mechanisms
governing these compartmental patterns remain elusive, inter-
actions involving proteins and RNA are potential contributing
factors.

At the sub-megabase scale, another structural motif, TADs,
emerges (22, 23). TADs share certain characteristics with com-
partments, including frequent intra-domain interactions, and li-
mited inter-domain interactions. However, TADs are primarily
defined by their boundaries, rather than the proteins and chro-
matin marks within them (24, 25). The underlying principle of
TAD formation has been attributed to the chromatin loop
extrusion mechanism, where the cohesin ring binds to DNA
and extrudes it to form a loop until it encounters boundaries
established by the CTCF proteins (26). Successive loop forma-
tions dictate the chromatin structure over extended genomic
regions, often spanning hundreds of kilobases (27). TADs also
play important roles in regulating gene expression by frequent-
ly housing the specific interactions between enhancers and

http://ombreports.org



their target promoters within their boundaries (28).

Importantly, loop extrusion and compartmentalization operate
through distinct mechanisms, and perturbing one may influen-
ce, though not necessarily abolish, the other (29-33). For exam-
ple, the depletion of cohesin eliminates loop domains and
TADs, while it rather strengthens compartments, leading to the
formation of compartments at a finer scale (32). Nevertheless,
when examining finer subdivisions of compartments, the
relationship between compartmentalization and loop extrusion
becomes particularly nuanced (34).

CORRELATION BETWEEN CHROMATIN STRUCTURE
AND EPIGENOME

Global correlation between chromatin structure and
chromatin marks

Recent literature increasingly suggests a correlation between
3D chromatin structure and chromatin modifications, particu-
larly regarding the alignment of euchromatin/heterochromatin
with A/B compartments. This alignment suggests a link between
epigenetic domains and chromatin structures (35-39). The A
and B compartments are subdivided into several smaller com-
partments, and each of the subdomains tends to be enriched
with specific chromatin marks, such as H3K9ac, H4K4meT,
and H3K27me3 (40). Also, imaging techniques show that diffe-
rent epigenetic domains, such as transcriptionally active chro-
matin, transcriptionally inactive chromatin, and Polycomb-re-
pressed domains, display distinct physical properties and inter-
action patterns (41).

However, the degree of this correlation varies, depending
on the length scale under consideration. Notably, while there
is general concordance in the alignment between the A/B com-
partment and euchromatin/heterochromatin domains, some
inconsistencies arise at the finer subdivision of the A/B compart-
ment (40). For example, some subdivisions of B compartments
are enriched in active histone marks such as H3K4mefl,
H3K4me3, H3K9ac, and H3K27ac, while, at the same time,
show a lack of repressive marks like H3K9me3 and H3K27me3.
The limited correlation at smaller scales may be attributed to
the challenge of delineating distinct boundaries between di-
fferent chromatin states in certain regions, which can be com-
plicated by the finer-scale switching of chromatin marks be-
tween active and repressive states. Thus, achieving a clear cor-
relation between 3D chromatin structure and chromatin modi-
fications requires combinatorial considerations of chromatin
modifications, which remains a challenge (42, 43).

Correlation in TAD level

TAD formation is thought to occur through the loop extrusion
of chromatin fibers facilitated by cohesin and CTCF, whereas
compartmentalization results from the homotypic interactions
among distinctively modified sets of nucleosomes. This differ-
ence in underlying mechanisms may contribute to the varia-
tions observed in the structural and epigenomic landscapes of
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TAD regions. While TADs and sub-compartments both exhibit
higher contact frequencies within their domain and reduced
contacts with neighboring domains, TADs are less cell type-
specific (44) and can exist independently of compartments
(45). This suggests that TADs may have a lower correlation
with cell type-specific epigenomic patterns. Additionally, it’s
worth noting that finer compartments that form after cohesin
deletion align more closely with chromatin marks compared to
the coarser compartments in the wild-type (32). This suggests
that the loop extrusion mechanism for the establishment of
TADs might interfere with the compartmentalization controlled
by epigenetic factors.

CAUSALITY BETWEEN CHROMATIN STRUCTURE AND
EPIGENOME

Advancement in technique has allowed us to probe genome-
wide interaction frequencies within the 3D chromatin structure
(16), and even at the single-cell level (46). Furthermore, ima-
ging techniques have been used to reconstruct high-resolution
3D chromatin structures (47-49). However, due to the lack of a
direct method to perturb and measure chromatin marks in tan-
dem with the 3D chromatin structure, our grasp of the connec-
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Fig. 1. Tools for perturbing epigenome and structure. (A) Epigeno-
mic patterns can be altered either site-specifically (by using DNA
binding proteins like ZF or CRISPR-Cas9) or globally by depleting/
introducing various chromatin modifications. (B) 3D chromatin struc-
ture can be changed through forced looping or repositioning certain
genomic regions to the nuclear structures.
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tion between the epigenome and chromatin structure remains
largely correlational. Despite being in its infancy, the study of
causality between chromatin structure and epigenome has
seen some initial attempts. Two distinct approaches have emer-
ged in the field: one branch explores how changes in chro-
matin modifications affect the 3D organization of chromatin,
while the other examines how alterations of the 3D chromatin
structure influence the epigenomic landscape (Fig. 1).

Perturbing epigenome

Experimental studies have been conducted to investigate the
impact of altering epigenomes on changes in the 3D organi-
zation of the genome (Fig. 1A). Histone H3 lysine 9 (H3K9)
methylation, catalyzed by distinct SET domain enzymes, such
as Suv39h1/Suv39h2, Eset1/Eset2, and G9a/Glp, plays a pivo-
tal role in defining heterochromatin across various organisms
(50). Depletion of all six SET domain lysine methyltransferase
(KMT) genes in mouse embryonic fibroblasts (MEFs) results in
the loss of H3K9 methylation, leading to disrupted hetero-
chromatin organization, derepression of repeat elements, and
compromised genomic stability (50). These effects underscore
the critical function of H3K9 methylation in safeguarding he-
terochromatin structure and genome integrity, highlighting its
importance in mammalian chromatin. Additionally, the inhibi-
tion of methyltransferases G9a and GLP has been shown to
reduce H3K9me2 predominantly in A (active) genomic com-
partments, while residual H3K9me2 modifications are closely
associated with B (inactive) genomic regions (51). Chemical
inhibition of G9a/GLP in mouse hepatocytes leads to the
effects of decreased chromatin-lamina interactions at G9a/GLP-
sensitive regions, heightened genomic compartmentalization,
and upregulation of genes linked to 3D chromatin alterations
(51).

Besides the disruption of H3K9me3, the de novo establish-
ment of this mark confirmed its significance in 3D genome
organization. Feng et al. developed the EpiGo-KRAB system
that was capable of introducing H3K9me3 maodifications at
multiple loci spanning megabases on human chromosome 19
(52). Through Hi-C analysis, they observed that the introduc-
tion of H3K9me3 can induce the remodeling of existing com-
partments, primarily at the boundaries between compartments
(52). This study provides evidence for the ability of H3K9me3
to reshape the 3D organization of the genome at specific
genomic regions, in particular at compartment boundaries.

Beyond H3K9me3, investigations into the intrinsic impact of
DNA methylation on chromatin structure and function have
been explored using budding yeast. Budding yeast lacks the
machinery for DNA methylation and thus provides an ideal
system to study the direct impact of DNA methylation (53). To
examine this, murine DNA methyltransferases were expressed
in Saccharomyces cerevisiae, and the correlations between
DNA methylation, nucleosome positioning, gene expression,
and 3D genome organization were analyzed (53). The study
revealed that DNA methylation induces increased chromatin
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condensation in peri-centromeric regions, reduces overall DNA
flexibility, and promotes the formation of a heterochromatin
state. Furthermore, McLaughlin et al. showed that the overall
DNA methylation status guides the polycomb-dependent 3D
arrangement of mouse embryonic stem cells (mESCs), and
likely, early blastocysts (54). Their results underscore the sig-
nificant involvement of DNA methylation and its impact on
polycomb-mediated mechanisms, influencing key aspects of
3D genome organization within stem cells.

Perturbing structure

While most current technologies for structural perturbation
primarily focus on assessing their impact on gene transcrip-
tion, there is a valuable opportunity to employ these methods
to investigate how changes in 3D genome structure influence
chromatin states (Fig. 1B). This approach is particularly rele-
vant as histone and DNA modifications have a direct influence
on transcriptional regulation (55).

Several systems have been engineered to manipulate chro-
matin looping and perturb 3D genome organization (56-59).
An early study using the zincfinger (ZF) protein aimed to
control DNA looping at the natural B-globin location. ZF
proteins were combined with the looping factor LDB1 (LIM
Domain Binding 1) or LDB1’s self-association domain (SA) to
create DNA loops between promoters and locus-control regions
(LCRs) (58). This method effectively promoted long-range con-
nections between enhancers and promoters, triggering gene
activation for B-globin and fetal y-globin in erythroid cells. In
some studies, dCas9 heterodimers were utilized to facilitate
chromatin looping between two distinct genomic regions. In
one approach, two orthogonal dCas9 proteins derived from
the Streptococcus pyogenes (Sp) and Streptococcus thermo-
philus (St) CRISPR systems were employed. This allowed the
DNA-binding specificity of each dCas9 component in the
heterodimer to be individually programmed using specific
cognate sgRNAs. These orthogonal dCas9 proteins, when fused
to leucine zippers (dCas9_Zip), formed heterodimers, which in
turn induced chromatin looping (57). Additionally, another
system known as CLOuD9 also harnessed two orthogonal
dCas9 proteins to independently target distinct genomic regions
(56). However, in this system, chromatin looping was esta-
blished reversibly through the use of a chemically inducible
mechanism. Forced looping via CLOuD9 increased the ex-
pression of genes such as the globin gene and Oct4, accom-
panied by elevated H3K4me3 levels, an active mark usually
found in gene promoters. This approach demonstrates the
potential to modulate gene expression and induce changes in
chromatin states. In addition to a chemically inducible system,
Kim et al. engineered a light-activated dynamic looping (LADL)
system, where in response to blue light, spatial colocalization
of two CRISPR targeted regions is induced (59).

As an alternative to forced looping, genome repositioning
offers a promising technique for perturbing 3D genome struc-
ture. This approach involves using engineered proteins to tether
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specific genomic loci to different nuclear compartments. This
tethering can be achieved using a variety of methods, such as
the CRISPR-genome organization (CRISPR-GO) system, which
uses dCas9 proteins to target genomic loci and the abscisic
acid-inducible heterodimerization system to induce their trans-
location to the nuclear periphery (60). Another tool to note is a
CRISPR/dCas9-system that enables gene positioning in the nu-
cleus called CRISPR-PIN, which uses a pair of proteins that are
always interacting to tether genomic regions together (61). This
tool does not require any external signals to work, making it a
non-inducible system. Genome repositioning employing such
tools has been used to study the relationship between 3D ge-
nome organization and gene transcription in a variety of cell
types and organisms.

MOLECULAR MECHANISMS UNDERLYING THE
INTERPLAY BETWEEN CHROMATIN MARKS AND
CHROMATIN ARCHITECTURE

Moving forward in our discussion of the interplay between the
epigenome and chromatin structure, we transition from the
fundamental observation of structural compartments aligning
with chromatin states, to a deeper examination of the
molecular mechanisms at play. The proteins responsible for
establishing and maintaining specific chromatin states can
potentially influence the local 3D configuration of chromatin,
leading to its further compartmentalization. While experiments
have yet to conclusively verify this hypothesis, it has been
widely explored using computational methods. In this section,
we delve into both experimental and computational
approaches that illuminate the molecular mechanisms underly-
ing the formation and maintenance of chromatin states, offe-
ring potential explanations for their association with the struc-
tural organization of chromatin.

Molecular mechanism: experimental approaches
While the intricate mechanisms facilitating the establishment
and propagation of chromatin modifications remain an active
area of research, a shared molecular mechanism has been
observed across different types of marks, notably H3K9me3
and H3K27me3.

The initial step in the assembly of chromatin states involves
a nucleation stage, during which chromatin regulators are
targeted to specific sequences through the action of DNA-
binding proteins or RNAs (62). One extensively studied example
of sequence-dependent recruitment is the nucleation of hetero-
chromatin in fission yeast. In this process, the H3K9 methyl-
transferase Clr4 is recruited to specific genomic sites through
the involvement of the RNA interference machinery and ATF/
CREB family transcription factors (63). Similarly, the nuclea-
tion of the PRC2 complex, responsible for H3K27 methylation
in metazoans, involves a range of factors that include acces-
sory proteins such as JARID2 and/or MTF2 (64, 65), RNAs
(66), and the presence of hypomethylated CGls (67), which
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direct the assembly of the PRC2 complex at the target loca-
tions (68). When PRC2 is in association with accessory pro-
teins like JARID2, MTF2 (also called non-core subunits of PRC2
complex), or other cell-type-dependent factors, it identifies
specific nucleation sites (64). At these sites, initial deposition
of H3K27me2 occurs, which subsequently transforms into
H3K27me3 once a “critical” concentration of PRC2 is achieved
(65). This process involves the stable binding of PRC2, high-
lighting the coordinated interplay between PRC2 and its ac-
cessory proteins in the dynamic regulation of H3K27 methy-
lation (65). As with accessory proteins, RNA was found to play
a crucial role in the chromatin localization of the PRC2 com-
plex in human pluripotent stem cells (66).

Following nucleation, the established mark is propagated
further along the nucleosome through a read-write mechanism.
Here, existing modifications are recognized by “reader”, and
“writer” enzymes are subsequently recruited to modify new
nucleosomes (69-75). This mechanism is seen in several herit-
able histone modifications, which include histone deacetylation,
H3K9 methylation, and H3K27 methylation.

For example, Clr4 in fission yeast, a protein that can both
read and write H3K9 methylation (76), can bind to pre-existing
H3K9 methylation, a histone mark associated with heterochro-
matin, while it can also place a new H3K9 methylation on
neighboring nucleosomes. This dual function of reading and
writing is essential for the spread of heterochromatin. Simi-
larly, in H3K27 methylation, the EED subunit of the PRC2
complex binds to H3K27me3, ensuring the recruitment of PRC2
to similarly modified nucleosomes (73). Notably, the carboxy-
terminal domain of EED exhibits a specific affinity for histone
tails bearing trimethyl-lysine residues associated with repres-
sive chromatin marks (77). This interaction results in the allo-
steric activation of the methyltransferase activity of EZH1/2
within the PRC2 complex (78,79). This read-write mechanism
ensures the faithful replication and inheritance of H3K27 me-
thylation (Fig. 2A).

Although less extensively studied, it appears that active marks
also undergo propagation and inheritance through read-write
mechanisms (71). One study investigated the changes in
H3K4me3 distribution on leading and lagging DNA strands
over time, from the early S phase to the late S phase, to the G2
phase. The study proposes that a read-write mechanism might
be one of the molecular processes responsible for restoring
H3K4me3 levels following DNA replication. This mechanism
may aid in preserving the levels of H3K4me3 and the tran-
scriptional states. Furthermore, recent cryogenic electron micro-
scopy studies have illuminated key aspects of the histone
acetylation read-write mechanism (70). These experiments re-
vealed that p300/CREB-binding protein (CBP) recognizes and
extends acetylation on the histone H4 N-terminal tail (NT)
within a nucleosome. This recognition involves the bromo-
domain pocket, responsible for reading H4NTac, as well as
interactions with DNA minor grooves adjacent to the pocket,
guiding the catalytic activity of p300/CBP to non-H4 histone
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Fig. 2. Potential molecular mechanisms explaining epigenome-struc-
ture relationship. (A) Reader-writer models consist of protein com-
plexes containing both reading and writing chromatin mark abilities,
initiating and maintaining the epigenetic domain. (B) Multivalent in-
teraction also plays a role in structural changes. HP1 dimerization
and oligomerization driven by H3K9me3 may induce phase separa-
tion in the heterochromatin, excluding non-interacting proteins from
the region. (C) HP1 may alter the 3D chromatin structure by making
crosslinks.

NTs (70). Notably, this read-write process primarily targets
H2BNT, and its acetylation promotes H2A-H2B dissociation
from the nucleosome, facilitating context-dependent gene tran-
scription through localized nucleosome destabilization.

Furthermore, a synthetic design approach has further sub-
stantiated the significance of this read-write mechanism. Park
et al. established an orthogonal epigenetic regulatory system in
mammalian cells, utilizing N6-methyladenine (6mA), a DNA
modification rarely found in metazoan epigenomes (74). This
system employed proteins responsible for writing and reading
6mA and demonstrated the spatial propagation of 6mA closely
resembling the patterns observed in the spreading of H3K9me3
within HP1-mediated heterochromatin. Therefore, this orthogonal
system demonstrates that ‘read-write’ is a fundamental and
sufficient molecular mechanism that allows the spreading of
the chromatin mark.

Notably, HP1 serves multifunctional roles, extending beyond
its canonical involvement in facilitating the reading and writing
of H3K9me3 (Fig. 2B). The chromodomain of HP1a serves as
a reader for H3K9me3, while its chromo shadow domain acts
as a writer for the same mark, by recruiting additional proteins
with catalytic activity for H3K9me3. This coordinated action
facilitates the propagation of heterochromatin domains (75).
Interestingly, the chromo shadow domain of HP1ow undergoes
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dimerization, enabling multivalent interactions (80). The multi-
valency of HP1a further increases by engaging in non-stoichio-
metric interactions and liquid phase separation (81-84). These
multivalent interactions result in the formation of highly
concentrated HP1 domains and play a crucial role in enabling
fast and efficient competition for binding sites in a crowded
nuclear environment. In these distinct regions, an environment
that is conducive to the accumulation of proteins and RNA
essential for the formation of heterochromatin is established,
thereby promoting biological processes with enhanced effici-
ency. The ability of the HP1 protein to engage in multivalent
interactions both compacts DNA in neighboring regions into
mechanically stable domains and promotes interactions between
regions bearing the same mark, even when they are at a
distance, implying their pivotal role in bridging the epigenetic
landscape with the structural organization of chromatin.

Gao et al. recently tested this multifaceted role of HP1 with
a synthetic approach, the CRISPR-engineered chromatin organi-
zation (CRISPR-EChO) platform (85). They positioned human
HP1a across large genomic regions, observing its impact on
chromatin state, gene expression, and dynamic behavior in
live cells. Their findings demonstrate that HP1ow establishes
novel contacts with natural heterochromatin, promotes long-range
chromatin interactions, and can reversibly shift chromatin
from a diffuse to a compact state (Fig. 2C).

Several studies have also explored the long-range bridging of
H3K27me3 domains and chromatin compaction mediated by
the PRC2 complex (72, 86). One such study utilized a combi-
nation of H3K27me3 HiChIP and optical reconstruction of
chromatin architecture (ORCA) sequential DNA FISH imaging
technique, along with genetic interventions targeting H3K27me3-
associated loop anchors and EZH2 binding (72). This study
aimed to uncover the establishment of long-range genomic
connections associated with the PRC2 complex, and their role
in spreading H3K27me3 to distant locations. The findings re-
vealed that PRC2 facilitates long-range Polycomb-associated
DNA contacts, spanning extensive genomic regions that en-
compass multiple TADs. Additionally, disruption of Polycomb-
associated loops was observed when PRC2 binding was lost,
while deletion of loop anchors led to changes in H3K27me3
distribution and gene expression.

Furthermore, another investigation involved the knockout
and subsequent rescue of EED in mESCs (65). Upon EED re-
expression, PRC2 was initially attracted to specific regions
known as “nucleation hubs”, from which the H3K27me2/3
mark spreads to neighboring regions, both in proximity and at
a distance. These long-range interactions occurred within sub-
nuclear foci of Polycomb activity. Another study demonstrated
that regions of DNA occupied by Polycomb group (PcG) pro-
teins and enriched with the histone modification H3K27me3
can form loops, and physically interact with each other around
a single gene in mammalian cells (87).

These experimental approaches provide valuable insights that
bring us closer to unraveling the intricate molecular mechanisms,
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including read-write processes and associated factors, that under-
lie the interplay between the epigenome and chromatin struc-
ture.

Molecular mechanism: modeling approaches

In studying the interplay between the epigenome and chromatin
structure, computer modeling has emerged as a cornerstone
technique, primarily due to the limited direct experimental
methodologies that can simultaneously measure chromatin
marks and chromatin structure in vivo. For example, compu-
tational models have provided valuable insights into the epi-
genome-driven phase-separation of chromatin, and its subsequent
role in determining nuclear configuration (88); while another
study addressed the underlying principles governing the role
of loop extrusion in the formation of sub-megabase TAD
structures (25). However, it is worth noting that these modeling
approaches exhibit notable differences in their underlying as-
sumptions and the level of detail. We categorize these modeling
strategies into two primary approaches: the bottom-up approach,
and the data-driven approach (Fig. 3).

(A) Bottom-up approach (B) Data-driven approach

Mechanistic assumptions &
physical properties of chromatin

Chemical & structural
information

Loop Epigenetic
extrusion domain and
interaction pattern
cTeF

{;9““‘”\;_;%«%" g }E’ 500 M‘i}j}i}w 2.2 .2

Epigenetic mark Epigenetic

DNA Spare
spreading ‘mark methylation structural
data

Cohesin halted
atCTCF

Monté Carlo

simulation
Machine I
1 Molecular l lachine learning

dynamics

3D Chromatin structure as a result

()
S %

% 3,

®

Fig. 3. Two approaches of computational modeling. (A) A bottom-
up approach is based on some assumptions and physical proper-
ties of chromatin: loop extrusion mechanism, epigenetic domain,
and their interaction strength, and spreading dynamics of chro-
matin marks. Monté Carlo simulation or molecular dynamics can
be used to simulate chromatin fiber in silico, generating 3D chro-
matin structure based on the assumptions made. (B) The data-
driven approach does not assume anything, but uses experimental-
ly measured chemical & structural information such as 1D chro-
matin mark distribution (ChIP-Seq), DNA methylation pattern, and
sparse structural data. Machine learning algorithms can utilize this
information to generate a 3D chromatin structure.
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Bottom-up approaches

Bottom-up approaches in chromatin modeling begin by ground-
ing themselves in foundational assumptions about molecular
mechanisms (Fig. 3A). These mechanistic models encompass
diverse elements to reflect various epigenetic behaviors, inclu-
ding the reader-writer mechanism for chromatin mark propa-
gation, and homotypic interaction among chromatin states.

Current models often depict chromatin using the beads-on-a-
string analogy. Here, each bead represents multiple nucleo-
somes, conceptualized as a genomic bin, while the string cor-
responds to the linker chromatin (89). Due to its considerable
length, chromatin can be approximated as an ideal chain. In
this representation, consecutive beads are positioned indepen-
dently, meaning that the position of one bead is not influenced
by the position of the previous one.

Chromatin can be modeled as either a “homopolymer” or
“heteropolymer”. In homopolymer models, the chromatin struc-
ture consists solely of identical monomers, while heteropoly-
mer models incorporate a diverse array of monomer types.
More precisely, these models consider chromatin as a chain
with N monomers, where each monomer represents a set of
nucleosomes that span tens of kilobases. While homopolymer
models facilitate the simulation of global chromatin structure
features, they may not accurately capture nuanced epigenome-
structure correlations (90). Recent models have therefore
shifted towards addressing heteropolymeric chromatin, which
accounts for varying monomer types, each defined by specific
chromatin marks and associated protein interactions. In these
models, interactions among proteins responsible for specific
chromatin states are depicted as either attractive or repulsive
forces between monomers, following a mechanistic model
based on homotypic interactions. The precise strength of these
epigenome-driven attractions or repulsions can be fine-tuned
using experimental data, such as Hi-C and FISH. By adjusting
the interaction strengths between monomer pairs, these models
can simulate the emergence of large structural domains, in-
cluding TADs and compartments, illuminating the role of in-
teractions among distinct epigenomic states in shaping chromatin
structure (90, 91).

Although the models mentioned earlier effectively explain
the overall chromatin structural patterns influenced by the
epigenome in steady-state chromatin (92), the dynamic nature
inherent in the transition of epigenetic states, which governs
the establishment and maintenance of epigenetic memory,
necessitates the incorporation of chromatin state transitions.
Chromatin states, initially categorized as active, inactive, or
neutral, are thought to progress from one state to another,
based on the states of neighboring monomers located in pro-
ximity. These transitions in chromatin states subsequently re-
shape interaction patterns in the 3D chromatin configuration,
which in turn further influence chromatin states. This interplay—
between the spread of chromatin marks (or chromatin state
transitions) and the associated changes in 3D chromatin
structure—is effectively modeled through iterative calculations
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of both read-write-mediated spreading and structural changes
(93-95). Building on this set-up, computational models have
evolved to better reproduce the intricate, real-time interactions
between chromatin marks, and the 3D structure of chromatin.
Early heteropolymer models predominantly relied on interac-
tions derived from predetermined chromatin state distributions
(90, 92). Subsequent iterations introduced state-to-state transi-
tions, tracing the full temporal progression of chromatin marks
from their inception, based on the aforementioned proximity
influence.

Experimental approaches and bottom-up modeling are close-
ly intertwined. Insights gained from experimental methods
inform the mechanistic assumptions used in modeling, while
experiments also play a crucial role in validating these models.
The initiation and sustained maintenance of the epigenetic
state are theorized to depend on the recruitment of histone-
modifying enzymes (HMEs) to specific genomic states (96-98).
Such recruitment is facilitated either through collaborations
with DNA-binding proteins or via RNA interference (RNAI)
pathways (99). Some models integrate sequence-specific nucle-
ation and its interaction with the reader-writer process within a
3D context (100). Empirical validations of these models have
yielded encouraging results, exemplified by phenomena like
the formation of YH2AX domains near double-stranded breaks,
the evolution of heterochromatin domain around the insertion
sites of Transposable Elements (TE) in mammals, and the me-
mory retention of heterochromatin in fission yeast (101, 102).
Furthermore, mathematical modeling of the Polycomb system’s
repressive mark domain, which includes site-specific HME
(PRC2) recruitment and mark propagation, has demonstrated
its capability to accurately predict the experimental condition
of chromatin mark domains in both wild-type and mutant cells
(103).

Data-driven approaches

In contrast to bottom-up approaches, which are based on es-
tablished paradigms or presupposed hypotheses that explain
the behavior of smaller components to derive insights to com-
prehend the larger system, as exemplified by the reader-writer
mechanism-based modeling to explain the behavior of chro-
matin mark spreading (99, 104), data-driven models often
evolve from an extensive analysis of datasets, and do not ne-
cessarily rely on pre-existing hypotheses or theoretical frame-
works (Fig. 3B). Instead, data-driven models leverage a holistic
understanding of the dataset to uncover patterns and correla-
tions that can guide the formulation of new hypotheses.

A primary data source for extracting insights into the prin-
ciple of chromatin structure and organization is Hi-C. Hi-C
experiments characteristically produce data in the form of a
contact probability matrix, where the frequency of pairwise
interactions corresponds directly to the spatial proximity pro-
bability between two loci. Such encounter probabilities can be
harnessed either as an energy function or as constraints that
restrict the degrees of freedom of specific chromatin polymers.
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By optimizing chromatin coordinates within these constraints,
it becomes possible to reconstruct a 3D structure, grounding it
firmly on the provided experimental contacts (105, 106). Through
iterative simulations, a range of 3D chromatin structures can
be generated, all of which are in agreement with the properties
that are observed experimentally (107). Parameters that deli-
neate the precise constraints can be fine-tuned to minimize
discrepancies with the experimental data. The principal aim of
these modeling efforts is twofold: to elucidate biological in-
sights from the refined parameters, and to delve into the more
realistic 3D behavior of chromatin polymers (108).

Data-driven strategies also incorporate machine learning pro-
cesses to provide enriched insights. These machine-learning
models are instrumental in predicting structural outcomes in-
fluenced by epigenetic factors, utilizing datasets that extend
beyond conventional structural information (109-114). Specifi-
cally, models like MEGABASE (112) and CoRNN (114) rely
exclusively on biochemical information, e.g., ChIP-Seq, to make

(A) Chromatin configuration
in the nucleus

General positioning of chromatin in
nucleus correlates its epigenetic
condition. Heterochromatin is
usually positioned at the periphery,
while euchromatin is at the center.
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Fig. 4. Overview of the interplay between the epigenome and 3D
chromatin structure. (A) The correlation between the epigenome and
3D chromatin structure manifests at various scales. At the whole-
genome level, heterochromatin typically resides at the periphery of
the nucleus and interacts with the nuclear lamina, while euchro-
matin is preferably centrally located. (B) On a tens-of-megabases scale,
a dichotomous pattern known as A/B compartments emerges, with
A compartments associated with euchromatin and B compartments
with heterochromatin. Chromatin regions within the same compart-
ment tend to be spatially clustered. (C) On the few megabases
scale, epigenetic domains align with structural domains, with the
epigenetic domain formed and maintained through the spreading
of marks facilitated by a reader-writer positive feedback mechanism
potentially in the context of 3D chromatin structure. (D) Lastly, on
the sub-megabase scale, topologically associating domains (TADs)
arise through the action of loop extrusion factors.

http://ombreports.org



structural predictions. Given the extensive availability of ChIP-
Seq tracks spanning varied samples, including diverse cell
lines and tissues (115), these models unfold extensive applica-
tion and validation potentials across numerous experiments.
Beyond ChIP-Seq, other resourceful inputs include whole-ge-
nome bisulfite sequencing (113), RNA-Seq (109), and mode-
rate coverage inter-chromosomal Hi-C (110).

Data-driven models offer a pivotal insight: the 1D epigenome
can encapsulate sufficient information to elucidate the broader
3D structure of chromosomes (112, 116, 117). In essence, this
suggests that chemical modification information alone may
contain enough detail to instruct overall chromatin structure,
thereby promoting future experiments that aim to decipher the
epigenetic underpinnings of chromatin’s 3D structural patterns.
Perturbation experiments applied to the epigenome can serve
to validate the predictions of these models. Furthermore, in-
sights derived from such models are instrumental in distin-
guishing structural changes driven by chromatin modifications
from random noise, thereby enhancing our understanding of
the interplay between the structural and epigenomic landscapes.

CONCLUSION

This review has explored the intricate interplay between chro-
matin modifications, 3D chromatin structures, and their impact
on cellular function and identity (Fig. 4). While experimental
methods have been essential to uncovering key insights, com-
putational approaches have complemented our understanding,
particularly in deciphering the dynamic nature of these inter-
actions. The integration of innovative experimental techniques
that establish direct causal links between the epigenome and
chromatin structure holds great promise for future discoveries.
Moving forward, the convergence of experimental and com-
putational approaches will continue to advance our know-
ledge in this field, potentially unveiling the novel molecular
mechanisms that govern this interplay.
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