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The 3D folding of the genome is tightly linked to its epigenetic state which maintains
gene expression programmes. Although the relationship between gene expression
and genome organisation is highly context dependent, 3D genome organisation is
emerging as a novel epigenetic layer to reinforce and stabilise transcriptional states.
Whether regulatory information carried in genome folding could be transmitted
through mitosis is an area of active investigation. In this review, we discuss the rela-
tionship between epigenetic state and nuclear organisation, as well as the interplay
between transcriptional regulation and epigenetic genome folding. We also consider
the architectural remodelling of nuclei as cells enter and exit mitosis, and evaluate
the potential of the 3D genome to contribute to cellular memory.

Folding principles of the mammalian genome

The earliest observations that implicated chromosome organisation in cellular function were
made almost 150 years ago and described the restructuring and segregation of nuclear material
during cell division [1]. The idea that chromosome structure had a role in interphase nuclei and
could modulate cellular processes such as gene expression, emerged more than hundred
years later during the 1980s [2], with the first definitive evidence of in vivo regulatory contacts dat-
ing to 2002 [3,4]. The recent explosion of sequencing-based and imaging techniques [5] has led
to a deeper understanding of the 3D folding of the genome [6] and the mechanisms that drive its
multilayered organisation. Two major modes of folding have emerged that operate in mammalian
genomes [7], namely cohesin-dependent [8] and chromatin state-driven mechanisms, which give
rise to partially overlapping structures and act antagonistically in certain contexts [9-13]. In this
review, we discuss cohesin-independent modes of genome organisation, with particular empha-
Sis on epigenetic state-driven contacts. We also consider the links between epigenome-
mediated genome folding and gene expression control. Finally, we discuss historical and recent
work on whether and how these regulatory mechanisms could be transmitted through cell divi-
sion to contribute to the mitotic memory of gene expression states.

Relationship between genome folding and the epigenome

The organisation of chromatin is tightly linked to its epigenetic state. Two major chromatin types
make up the genome, euchromatin (see Glossary) and heterochromatin. Euchromatin
encompasses genomic regions with low chromatin density, active histone modifications and ac-
tive genes, whereas heterochromatin corresponds to transcriptionally silent regions with a repres-
sive histone landscape and higher chromatin density. Heterochromatin can be further divided to
three subtypes: (i) constitutive heterochromatin enriched in histone H3 lysine 9 di- and
trimethylation (H3KOme2/3); (i) facultative heterochromatin corresponding to regions enriched in
H3K27me3; and (iii) quiescent chromatin regions, which are not enriched in specific marks or
components and are generally not expressed [14]. Active euchromatin and inactive heterochroma-
tin are spatially segregated in the nucleus in a fashion that is dictated by both their homotypic at-
traction [13,15-21] and their association with specific subnuclear structures [22-27].
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Euchromatin and heterochromatin occupy distinct nuclear positions

Electron microscopy studies during the 1950s revealed that chromatin had a distinct appearance
in different regions of the nucleus. Notably, heterochromatin shows strong association with the
nuclear periphery (Figure 1A), which is conferred by interactions with the nuclear lamina and
its associated proteins [22], and the periphery of nucleoli. Accordingly, the nuclear lamina and nu-
cleoli are considered hubs for the organisation and regulation of repressive genomic domains
with overlapping functions. By contrast, euchromatin resides in the nuclear interior and in the vi-
cinity of nuclear pore complexes (NPCs), where the nucleoporin TPR counteracts the periph-
eral localisation of heterochromatin [28,29] (Figure 1A). Using genomic loci positioning by
sequencing (GPSeq), a study mapped the radial positions of genomic loci and integrated them
with the linear distribution of histone modifications and epigenetic state. This confirmed a global
organisational principle where active chromatin marks are arranged along continuous radial gra-
dients increasing from the nuclear periphery to the nuclear interior, while repressive chromatin
marks show the opposite trend [30,31] (Figure 1B). Radial nuclear organisation also governs
the positioning of chromosomes, where large and/or gene-poor chromosomes preferentially lo-
calise to the nuclear periphery [32-34]. Of note, chromosome size alone is not an accurate

Lamina-associated domain (LAD)

(A) I
" Cytosol
L
. Euchromatin NL
B . NE
. Heterochromatin \ /
T ~ Nucleus
Chromosome positions
(B)

Gene density
Gene expression
Active histone marks

wtin accessibility

Radial
gradients

Chromosome size
Repressive histone
marks

Trends In Cell Blology

Figure 1. Global epigenome-mediated genome organisation. (A) Heterochromatin localises to the nuclear and
nucleolar peripheries, whereas euchromatin resides in the nuclear interior. Heterochromatin is excluded from the vicinity of
nuclear pores, which constitute a chromatin environment permissive for transcription. (B) Chromatin features organised
along radial gradients (left) and chromosome territories in the nucleus (right). Repressive chromatin signatures and large
chromosomes tend to show a more peripheral localisation, while active chromatin signatures and gene density increase
toward the nuclear interior. Abbreviations: NE, nuclear envelope; NL, nuclear lamina; NPC, nuclear pore complex.
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Glossary

Chromatin accessibility: physical
access to DNA that scales with
chromatin activity.

Chromosome territories: regions of
the nucleus that are preferentially
occupied by individual chromosomes.
Degron cell lines: cell lines that enable
conditional protein regulation via the
addition of a degrader compound,
which induces acute degradation of
proteins of interest.

Enhancer: distal cis regulatory
elements that positively regulate gene
expression in a tissue-specific manner.
Euchromatin: lightly packed,
accessible chromatin that is
transcriptionally active in general.
Heterochromatin: electron-dense,
compact chromatin that is generally
gene poor or silent.

Heterochromatin protein 1 (HP1):
structural component of constitutive
heterochromatin that exists in different
isoforms (HP1a, HP1@3, and HP1y), with
both redundant and unique functions.
Histone modifications: histone
octamers can be post-translationally
modified at different subunits and
positions that directly affect gene
expression; also influence other DNA-
related processes, such as replication,
recombination, and repair.

Hysteresis: dependence of the
behaviour of a system on its own history.
Mediator: fundamental transcriptional
coactivator that constitutes a functional
bridge between transcription factors and
the transcription machinery.

Nuclear lamina: continuous
meshwork of lamins and lamin-
associated proteins that lines the
nucleoplasmic side of the nuclear
envelope.

Nuclear pore complexes (NPCs):
macromolecular protein complexes that
span the nuclear envelope and ensure
nucleocytoplasmic transport.
Polycomb repressive complex
(PRC) 1 and 2: critical developmental
repressor complexes the deregulation of
which is associated with diverse
phenotypes in development and
disease.

Promoter: DNA sequence to which
RNA polymerase binds to initiate
transcription of the associated gene.
Proximity ligation methods:
techniques (e.g., Hi-C and Micro-C) that
convert physical contacts between loci
to chimeric DNA molecules to produce
genomic interaction maps.
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predictor of radiality, because chromosome positioning is equally influenced by gene density and
expression, as well as by GC content [30] (Figure 1B). The functional significance of radial nuclear
organisation remains elusive, but it is thought to be involved in the spatial sequestration of geno-
mic functions, such as DNA repair pathway choice [35] or splicing outcome [36].

Chromatin compartments

The spatial segregation of euchromatin and heterochromatin has been equally observed by or-
thogonal sequencing-based approaches that gave rise to the widely used two-state chromatin
compartment model [37,38] (Figure 1A). In pairwise interactions maps (such as those produced
by Hi-C), preferential homotypic interactions of different chromatin types appear as characteristic
alternating contact patterns (‘checkerboard’ or ‘plaid’) spanning large genomic distances. Com-
partment interactions observed by Hi-C and related techniques correlate with histone modifica-
tion and chromatin accessibility landscapes: while A compartments are observed in regions
of overall open chromatin with active genes and activating histone marks, B compartments are
associated with chromatin domains that are, in general, closed and repressed [37,38]. Accord-
ingly, A and B compartments are also positioned radially, commonly associating with the nuclear
interior and periphery, respectively [30,31], with lamina-associated domains (LADs) showing
strong correlation with B compartment identity.

While compartments are frequently considered as multi-megabase structures, ultra-deep Hi-C
maps revealed that compartmentalisation is equally present at much finer scales [39,40]. Namely,
active regulatory elements, such as enhancers and promoters, nearly always localise to A com-
partments, even when flanking regions do not. Moreover, certain genes, especially long genes with
paused polymerase, can show discordant localisation, where the transcription start and termina-
tion sites belong to different compartments. This indicates that subgenic genome organisation pre-
cisely follows the distribution of activating histone marks, which in turn is tightly linked to chromatin
compartmentalisation even at the kilobase scale. However, this fine-scale compartmentalisation is
hard to reconcile with the spatial segregation of compartments at opposing locations within the cell
nucleus, suggesting that alternate chromatin compartments must not only constitute large do-
mains, but also finer nanodomains interspersed within the nuclear space (Figure 1A).

Although the molecular factors that mediate chromatin compartmentalisation differ between chro-
matin types, compartmentalisation is generally thought to be achieved through redundant phase
separation-like interactions of epigenetically similar chromatin regions. While such chromatin orga-
nisation may be partially intrinsic [13,15], proteins that associate with histone modifications and act
as bridging factors have a key role in this process. In the case of the B compartment, heterochro-
matin protein 1 (HP1) binding to methylated H3K9 segregates constitutive heterochromatin
[17,18], while Polycomb repressive complexes (PRCs) sequester facultative H3K27me3 het-
erochromatin [19-21]. Driving forces of compartmentalisation in the A compartment are less well
understood. In vitro, acetylated chromatin only phase separates in the presence of the
bromodomain protein Brd4 [15], while in embryonic stem cells Brd2 is thought to play a key role
[16]. However, a recent preprint reached contradictory conclusions by finding Brd2 dispensable
for compartmentalisation [41]. In addition, various factors involved in gene expression regulation,
transcription and splicing are thought to be involved in the partitioning of active chromatin through
the formation of nuclear condensates [23-27]. Genome compartmentalisation is further reinforced
by association with nuclear locales, such as nuclear speckles in case of A chromatin, or the nuclear
lamina and nucleoli for B chromatin. By contrast, compartment segregation is counteracted by
cohesin-mediated loop extrusion [11,13,16,42] and condensin-driven chromosome condensation
[13]. Importantly, the behaviour of the two compartments is interlinked, because biological condi-
tions that lead to global chromatin opening and activation also lead to fortified B compartment
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Quiescent chromatin: genomic
regions largely devoid of histone
modifications, epigenetic signals, and
transcriptional activity.
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contacts [25,43-45]. This indicates that the two compartments exist in an equilibrium, where rein-
forcing the chromatin state of one can drive the enhanced segregation of the other.

Chromatin composition-driven genome organisation in gene expression regulation
In agreement with its close link to chromatin state, genome folding can be modulated as epige-
netic changes occur in response to developmental and environmental cues. Accordingly, a
rewiring is often observed during development and pathogenesis at all organisational layers of
the 3D genome. The causal relationship between changes in chromatin organisation and gene
expression states has been difficult to disentangle, but increasing evidence suggests that the
function of genome folding can be partially uncoupled from other regulatory mechanisms. This
led to a global view where 3D genome organisation has at least a partially causative role in
gene expression control, but the extent to which this occurs is highly locus and cellular context
dependent.

Epigenome-driven global genome folding reinforces transcriptional states

A plethora of studies highlighted concomitant changes between gene expression state and 3D
genome organisation, in terms of both nuclear positions [46-48] and chromatin compartmental-
isation. Changes in nuclear positioning during development can range from individual loci and/or
compartments to entire chromosomes, where, in general, gene activation is associated with a
more internal positioning to the nucleus. Although gene repositioning to the periphery can atten-
uate gene expression via contacts with the nuclear lamina [49-51], some genes in peripheral
chromatin domains (LADs) escape transcriptional repression [52]. Conversely, gene dissociation
from the nuclear periphery is not always accompanied by gene activation [53], indicating that nu-
clear positions are not necessarily sufficient to drive transcriptional repression, but reinforce reg-
ulatory states instead.

Compartment changes between different cellular contexts are widespread, with only ~40% of the
human genome maintaining stable compartment identity across different cell types [54]. Compart-
ment changes are well correlated with transcriptional changes that occur during cellular state tran-
sitions [55-58], but cause—consequence relationships vary according to genomic position and
biological condition. For example, a major transcriptional response can take place without changes
in chromatin compartments during heat shock and, vice versa, tethering genomic regions to differ-
ent nuclear subcompartments does not necessarily drive gene expression changes [59,60]. Stud-
ies that looked at the temporal relationship between gene expression and compartment changes
reported their close coupling during time-course experiments [45,56,61]. However, while compart-
ment changes preceded gene activation in certain cases [56], the inverse was true in others [45],
indicating a highly context-dependent biological role of compartments in gene expression control.
Itis generally thought that genes in the A compartment are more responsive to external and internal
cues, whereas the B compartment serves to provide a more stable, repressive state. However, the
extent to which compartments have direct, biological roles and how much they form as a conse-
quence of genome function remain to be understood.

Epigenetic state-driven cis contacts in gene expression control

Besides the global sequestration of active and inactive chromatin regions, epigenetic states can
equally drive focal genomic contacts via chromatin looping between cis regulatory elements and
their promoter targets. Although chromatin looping is often attributed to the activity of the cohesin
complex (Box 1) and its interaction with the architectural protein CTCF, loops can form indepen-
dently from it. These loop extrusion-independent loops mediated by the epigenetic machinery
can occur over various distances, from a few kilobases to several megabases, in both activating
and repressive contexts (Figure 2A).
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Box 1. Genome folding by loop extrusion

Structural maintenance of chromosome (SMC) complexes are ring-shaped motor protein complexes with critical roles in genome
function, ranging from mitotic chromosome segregation to DNA recombination and repair [8]. SMC complexes have received
much attention due to their active role in structuring interphase and mitotic chromosomes. According to the current model,
cohesin and condensin mediate non-topological chromosomal interactions via loop extrusion: the SMC complex binds two ad-
jacent DNA sites; then, using its enzymatic activity, it reels the DNA inside the SMC ring, moving one or both contact points away
from the other. This leads to the bridging of more distant sites and the progressive enlargement of the chromatin loop until an
extrusion barrier is encountered. In mammalian cells, loop extrusion activity of cohesin is often halted at convergently oriented
CTCF sites, giving rise to topologically associating domains (TADs) and cohesin loop domains. The visionary idea of loop extru-
sion dates back to 2001 [156], with initial evidence coming only a decade later from in siico models that indicated that loop ex-
trusion can explain key aspects of chromatin loop and domain formation [157—159]. Recent work provides experimental support
for the loop extrusion model: condensin [160] and later cohesin [161,162] complexes were observed to extrude naked DNA
loops in vitro. It remains unclear how SMC complexes behave when they encounter native chromatin substrates, but they appear
to be able to compact nucleosome-bound DNA [163] and traverse roadblocks larger than their ring size [163], indicating that
chromatin-related factors and DNA processes could be accommodated by loop-extruding factors in vivo.

A widely accepted concept is that distal cis regulatory elements, or enhancers, drive gene expres-
sion from promoters partially through physical contacts mediated by chromatin looping [62,63]. Al-
though the simplicity of this model has been questioned by conflicting observations that point out
high context dependency [64-67], interaction maps overall feature a strong correlation between
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Figure 2. Epigenetic state-driven contacts in gene regulation. (A) Epigenetic state-driven cis contacts mediating gene activation (left panels) and gene repression
(right panels), and histone modification landscapes reflecting transcriptional states (top panels). Upon gene activation, looping factors establish physical contact between
transcription factors and transcription machinery. At Polycomb loci, Polycomb-repressive complex (PRC)-2-deposited H3K27me3 recruits PRC1 complexes, which drive
local compaction and chromatin looping (middle panels). Higher-order and long-rage organisation (lower panels) can involve bridging and/or multivalent interactions that
induce spatial clustering and feedback. (B) In mouse olfactory sensory neurons, the olfactory receptor (OR) gene compartment is mediated by intrachromosomal
heterochromatin interactions (top panel), which eventually leads to the formation of a trans-acting enhancer hub that activates the expression of a single OR gene.
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the level of gene expression and enhancer—promoter (E-P) contact frequency [68]. High-resolution
studies demonstrated that fine-scale regulatory contacts that occur between enhancers and pro-
moters are largely independent from the action of cohesin and CTCF [68—-71]. These observations
were made using degron cell lines, which found that E-P contacts are often maintained upon the
acute depletion of components and modulators of the loop extrusion machinery [72]. The conclu-
sion that cis regulatory contacts are loop-extrusion independent is supported by the fact that, while
acute depletion of cohesin and its interactors leads to major changes in submegabase-scale ge-
nome organisation, it only causes modest changes in transcription [69]. Recent analysis suggests
that cohesin-mediated loop extrusion is only required for regulatory E-P contacts when enhancers
are located at large distances from promoters, possibly reconciling these apparently conflicting re-
sults [73,74]. Instead, E-P contacts appear to be linked to the presence of a functional transcription
machinery, because depletion of RNA Polymerase Il (RNAPII) weakened E-P interactions [12]. In-
terestingly, RNAPII depletion also led to the engagement of new CTCF anchors. This indicates not
only that cohesin/CTCF antagonise epigenetic contacts, but, vice versa, chromatin state-driven in-
teractions also restrict CTCF-dependent anchoring of cohesin loops [12]. In addition, the transition
from the initiation to the elongation state of RNAPII was found to be linked to cell type-specific loop
formation during cell differentiation [75], highlighting an intricate interplay between E-P looping and
the activity state of the transcriptional machinery [76].

The molecular factors and mechanisms that confer regulatory connectivity between cis elements
remain unclear. Various transcription factors and chromatin-associated proteins have been impli-
cated in bringing distal loci into proximity, but few have been shown to unequivocally mediate
chromatin looping. A promising candidate for such role was the Mediator complex [77], which
was implicated in physically bridging enhancers and promoters to stimulate transcription
[78,79]. Subsequent studies uncoupled the function of Mediator in transcription from chromatin
looping, questioning its role as a looping factor [80-84]. However, independent work confirmed
that Mediator can favour E-P contacts in the presence of cohesin [85], warranting mechanistic
work to examine the exact function of Mediator in chromatin folding. The ubiquitous transcription
factor YY1 has also been proposed to mediate E-P contacts [86]; however, further evidence
using degron cell lines disproved such a universal role for YY1 in E-P looping [69]. Instead of a
universal component, evidence points to the existence of cell type-specific looping factors that
convey regulatory specificity in different biological conditions. For example, in erythroblast cells,
the transcription cofactor LDB1 spatially clusters tissue-specific transcription factors [87-89], in
order to induce transcription through the formation of chromatin loops.

An important feature of epigenetic state-mediated interactions is that they can form over ex-
tremely long genomic distances. For long-range (>400 kb) enhancer activity, a preprint high-
lighted the requirement of a novel conserved cis-acting element (range extender or REX) at
certain developmental loci [90]. At the multi-megabase scale, a study featured the universal pres-
ence of ultra-long-range interactions between active chromatin regions [91] that form in a variety
of conditions, cell types and organisms. Although interaction strength over long distances is
linked to the level of transcription and H3K27 acetylation, it is independent of individual transcrip-
tion factors, chromatin-associated proteins (BRD4, Mediator, and EP300), cohesin/CTCF,
Polycomb, or transcription itself. Instead, molecular simulations revealed that such organisation
could be achieved by the nonspecific affinity of multivalent binding factors at active chromatin
sites. This suggests that mechanisms related to those that dictate higher-order nuclear organisa-
tion equally drive the formation of affinity-based focal genomic contacts.

3D chromatin contacts have also been extensively implicated in the context of gene repression. The
developmental regulator complexes PRC1 and PRC2 sequester their targets in 3D space, which
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contributes to their repressive function. The Polycomb spatial network is thought to provide a regula-
tory topology that keeps genes and their enhancers in a silenced but poised state [92-95]. In addition,
clustering of Polycomb targets allows the long-range spreading of H3K27me3, as well as spatial feed-
back through transient contacts that contribute to the propagation of a repressive epigenetic state
[96,97]. Furthermore, in addition to establishing repressive long-range contacts, Polycomb compo-
nents can be associated with active gene loops [98-102]. The precise chromatin changes and mech-
anisms that can turn repressive contacts into active loops are not known and require future research.
Polycomb interactions are strengthened upon cohesin removal, again highlighting an antagonistic re-
lationship between cohesin-mediated and epigenetic state-driven structures [9]. Recent evidence
suggests that, in mouse embryonic stem cells, loci enriched in H3K9me3 also form focal contacts
under certain conditions, and that these looping events correlate with gene expression downregula-
tion [45]. Thus, while chromatin looping is often discussed in the context of E-P loops that positively
regulate gene expression, it has an equally prominent role in gene silencing.

Trans regulatory contacts

Besides looping of sequences on the same chromosome, regulatory contacts can also form in
trans, between different chromosomes. These regulatory trans contacts are rare and have
been characterised only in a few biological contexts. A well-understood example of how inter-
chromosomal contacts can regulate gene expression comes from mouse olfactory sensory neu-
rons that each express one out of ~2000 olfactory receptor (OR) genes located on 18 different
chromosomes (Figure 2B). Through a mechanism driven by interactions of heterochromatin,
the transcription factor LHX2, and the adapter protein LDB1, OR genes aggregate into a repres-
sive compartment that prevents multigenic transcription [103]. Subsequently, the formation of a
multichromosomal enhancer hub leads to the activation of a single gene that is stochastically cho-
sen for expression by an ensemble of feedback mechanisms [104—106]. A trans-acting, cell type-
specific enhancer has also been implicated in the positive regulation of Tead4 expression in
mouse trophoblast stem cells [107], and interchromosomal contacts were found to trigger epige-
netic inheritance of H3K27me3 in Drosophila [108]. The sparsity of trans contacts makes it chal-
lenging to study them, but these recent advances point to the fact that trans contact might be
more prevalent in gene regulation than previously thought.

Cellular memory and the 3D genome

Mitotic changes in the nucleus

Chromatin states must be accurately maintained upon cell proliferation to preserve cellular iden-
tity. This occurs through cell division, which is divided into well-defined, temporally separated
stages (Table 1): the duplication of genetic material (S phase); its subsequent partitioning into
daughter cells (M phase); and the intervening gap phases (G1 and G2). Mitosis, the process of

Table 1. Nuclear and chromosomal events during and following mitosis

¢? CellPress

Cell cycle stage Cytological features Nuclear integrity Genome folding
Prophase Chromosome condensed by Nuclear envelope breakdown Mitotic chromatin loops [109], spatial segregation of LADs
condensin; centrioles move apart [114], chromosome individualisation
Metaphase Chromosomes line up at equator and Mixing of nucleoplasm with
are captured by spindle microtubules cytoplasm
Anaphase Sister chromatid cohesion is removed, Nuclear envelope reassembly ~ Condensin-dependent loops removed [113]; short-range
chromosomes move apart starts compartment interactions [112], E-P loops [112,113,139],
) ultra-long-range contacts [91] emerge; contact domain formation
Telophase Chromosomes are at spindle poles, Nuclear envelope " )
) ) starts [112], H8K9me2 positioned to nuclear lamina [138]
decondensation begins reassembled
G1 Daughter cells separated Intact daughter nuclei Long-range compartment interactions [112,113,170], cohesin

loops, TADs [112,113], transient E-P loops removed [112]
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nuclear division, can be further divided into five major stages (Figure 3A). Mitosis starts with
prophase, where interphase chromatin organisation, including chromatin loops and interaction
domains, is removed by chromosome condensation. Concomitantly, chromosomes are
rearranged into consecutive loop arrays through the action of condensin complexes [8,109].
Compartment contacts are equally lost, which is directly due to the activity of condensin, because
interphase-like compartments gradually reform on condensin-depleted mitotic chromosomes
[13]. In parallel, in higher eukaryotes, the nuclear envelope and lamina disassemble in prophase
[110], leading to the interruption of lamina—chromatin contacts. Condensed chromosomes are
then captured by spindle microtubules in metaphase and become segregated in anaphase. A
more peripheral localisation of chromosomes in interphase is linked to higher mitotic segregation
errors, indicating that nuclear organisation may have implications for the occurrence of aneu-
ploidies and, thus, in the broader sense, for genome evolution [111].

Re-establishment of an interphase nucleus
Mitosis ends with telophase, where the effects of prophase are reversed and genome architec-
ture reforms in a sequential manner [112] (Figure 3B and Table 1). In telophase, condensin
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Figure 3. Chromosome conformation changes during the cell cycle. (A) When cells divide, chromosomes condense, and the nuclear envelope disassembles in
prophase. Chromosomes align on the metaphase plate and are captured by spindle microtubules in metaphase. In anaphase, chromosomes segregate to opposite
spindle poles. Mitosis ends with telophase, where chromosomes decondense and the nuclear envelope reforms. (B) Metaphase chromosomes are organised into
consecutive loop arrays by Condensin | and Il. Most transcription factors (TFs) are evicted from mitotic chromosomes, but bookmarking factors are retained. At
anaphase/telophase, condensin dissociates from chromosomes, which allows enhancer (E)-promoter (P) loops and A/B compartments to progressively reform.
Although CTCF binding is retained to some extent, cohesin only associates with chromosomes during early G1. Finally, global organisation of the interphase nucleus
depends on its previous mitotic compactions state: chromosomes compacted by Condensin | and Il form territorial nuclei, while those compacted in the absence of

Condensin Il arrange in a Rabl-like configuration with centromeres clustering together.
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dissociates from chromosomes, which results in the loss of mitotic loops. Given that cohesin is
slower to reassociate with chromosomes, a transient condensin- and cohesin-free folding inter-
mediate forms [113]. The reassembly of the nuclear envelope also starts on the surface of
decondensing chromosomes [110,114]. Concomitantly with the disassembly of mitotic loops,
compartment formation begins, with short-range interactions reappearing as early as
anaphase/telophase, followed by their progressive definition and expansion over longer dis-
tances [112,113,115-117]. E-P loops and ultra-long-range interactions reform equally early on
decondensing chromosomes, before the reformation of cohesin/CTCF-mediated structures
[91,112,118]. Instead, the reformation of E-P contacts was found to partially depend on the pres-
ence of RNAPII during mitosis and G1 re-entry [119]. These observations suggest that epigenetic
state-driven contacts are chromatin-intrinsic features that are not only maintained, but also form
independently from the looping activity of cohesin and condensin complexes.

Cellular memory and genome folding

Mitosis is accompanied by severe, global transcriptional downregulation [120], which is followed
by the rapid postmitotic reactivation of selected genes. This is referred to as mitotic bookmarking
and was initially attributed to transcription factors that preserve their sequence-specific binding
during mitosis [121-123]. It has been demonstrated since that bookmarks also include certain
chromatin readers [124], pluripotency factors [125-127], transcription co-activators [128], and
even transcriptional repressors [129]. There is increasing evidence that certain chromatin features
related to genome organisation are also retained on mitotic chromosomes and can function as
bookmarks. Such features include chromatin accessibility itself [130,131], the chromatin remod-
elling complex SWI/SNF [132], the architectural protein CTCF [133], and histone acetylation at
H3K27 [117,134]. Overall, these factors contribute to the preservation of functional chromatin
states at bookmarked promoters to support efficient gene reactivation during mitotic exit.

However, functional data can only explain a fraction of the reconstitution of cellular identity in
daughter cells [121], indicating the presence of as yet unexplored mechanisms that ensure the
stable maintenance of gene expression states across cell generations. The extent to which 3D
genome organisation can contribute to the mitotic transmission of functional chromatin states
is unclear. While some early studies observed mitotic transmission of radial chromosome posi-
tions [135,136], others found stochastic chromosome reshuffling following cell division
[114,137]. Later, it was shown that the histone mark H3K9me2 coordinates the positioning of pe-
ripheral heterochromatin to the reforming nuclear lamina before mitotic exit [138]. Altogether, al-
though poorly understood, such evidence indicates the existence of nuclear constituents that act
as architectural guideposts to reconstitute the organisation of interphase nuclei.

It is becoming increasingly appreciated that, despite the apparent lack of regulatory structures
in mitosis, some of the interphase folding programme is transmitted through mitosis in a
chromosome-intrinsic manner. For example, a recent preprint showed that compartment segregation
is inherited via mitotic chromosomes, as are interactions that form between bookmarked and cell type-
specific cis regulatory elements [139]. Athough not visible in contact maps, imaging-based research
reported that LADs remain spatially segregated from active chromatin stretches even in prometaphase
and metaphase, after nuclear envelope disassembly [114]. Chromosome-intrinsic compartment seg-
regation has also been detected on condensin-depleted mitotic chromosomes, where long-range
compartment contacts were found to form in the absence of accessory proteins, such as HP1,
which are normally thought to have a key role in shaping interphase architecture [13].

In interphase, simulations demonstrated that organisation of chromosomes depends on their
prior mitotic conformation [140], indicating that chromosome folding can carry information
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about the history of the cell. This is supported by observations in vivo, because global interphase ge-
nome folding was found to depend on the condensin complex that carried out mitotic chromosome
condensation in the previous cell cycle [141] (Figure 3B). On a finer scale, transient epigenome pertur-
bation showed that changes in genome conformation can outlast those in the histone modification
landscape, and that these could be linked to prolonged changes in gene expression [45]. The potential
of genome folding to carry memory might be explained by hysteresis, a newly emerging principle in
3D genome organisation. Indeed, hysteresis was found to be critical to model certain characteristics of
genome folding, ranging from cis contacts in gene expression control [142] to the organisation of the
interphase nucleus [140]. Orthogonal biophysical modelling studies have equally shown that 3D ge-
nome folding might be a critical element to promote long-range spreading of epigenetic signal and sta-
bilise epigenetic memory in interphase cells [143-146]. Such evidence provides further support to the
association between 3D genome folding and cellular memory.

Concluding remarks

Epigenetic state and 3D genome architecture are intimately linked at most organisational layers, in-
cluding nuclear positioning, compartment segregation, interchromosomal interactions, as well as
short- and long-range intrachromosomal contacts. Given that it has been shown to contribute to
gene expression regulation, chromatin folding is widely considered as part of the epigenome. An
important feature of the epigenome is the ability to convert short-lived signals to long-lived changes
in gene expression, a concept commonly referred to as epigenetic or cellular memory [147]. Due to
the complete elimination of interphase chromosome structures in mitosis, it has been questioned
whether regulatory chromatin contacts could contribute to bookmarking and, more broadly, to cel-
lular memory (see Outstanding questions). Although mounting evidence suggests that certain 3D
genome features have such capacity, it will be critical to address this question using experimental
approaches that uncouple gene regulation from architectural changes. One such strategy is to per-
form time-series analyses of changes in cellular states following transient events. This approach
has been successfully used to assess which epigenetic and/or cellular features can be reversed fol-
lowing short-lived epigenome perturbations [45,148], shedding light on principles of chromatin-
based memory. Mechanistically, there is a pressing need for molecular tools that can uncouple ef-
fects on the linear chromatin landscape from 3D contacts. Insulator sequences [101,149] or the
use of mutants that interfere with spatial clustering, but leave enzymatic and chromatin binding ac-
tivities intact [84], will be essential to dissect cause—consequence relationships between chromo-
some folding, histone landscape, and gene expression.

Due the extreme restructuring of nuclear content during mitosis, cell division can serve as a key
decision point to either maintain or modify cellular states. Similarly to other epigenomic features,
individual cells exhibit significant cell-to-cell variability in their 3D architectures (Box 2), which may
be linked to transcriptional fluctuations and heterogeneity. In other instances, transient contacts
can trigger stable gene expression changes, but how these transient signals are converted to sta-
ble regulatory information remains to be understood. Unlike other carriers of epigenetic informa-
tion that modulate transcription [150-152], it is unknown if any system ensures the symmetric
presence of regulatory 3D contacts in daughter cells. Ever-evolving microscopy and molecular bi-
ology methods that combine single cell analyses with lineage history will be critical to assess the
extent to which individual daughter cells reproduce parental chromosome conformations. If nu-
clear organisation has a bona fide role in cellular memory, chromatin folding should be transmitted
and closely related cells should share architectural features. Another critical cell cycle stage is
DNA replication, during which genome architecture is perturbed locally when the replication
fork starts and transverses genome replication domains in a manner linked to chromatin folding.
Recent work showed how chromatin composition can be inherited through DNA replication
[153-155], but how this is reflected in the 3D architecture of chromosomal loci is unknown and
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Outstanding questions

What are the global rules governing
cause—-consequence relationships
between gene expression changes
and changes in genome folding?

To what extent does 3D genome
folding have a regulatory role in gene
expression control?

How are transient 3D chromatin contacts
converted to stable gene expression
signals?

Can 3D chromatin contacts be
transmitted to daughter cells?

What are the molecular factors that
provide architecture-based memory?

What is the role of mitosis in cellular
fate decisions?
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Box 2. Cell-cell variability in genome architecture

Much of our understanding of how genomes are folded in 3D space comes from proximity ligation methods, which offer
detailed, genome-wide information on pairwise contact probabilities in cell populations. Microscopy and sequencing-
based single cell methods have been critical in revealing that genome folding exhibits significant cell-to-cell heterogeneity
at all organisational layers. This raised some of the key current questions in 3D genome field, such as the biological signif-
icance of variability between cells, or the presence of chromosomal structures observed in contact maps in individual cells.
Studies addressing genome folding at the single cell level revealed that, despite the substantial heterogeneity, chromo-
some territories, A/B compartments, TADs, Polycomb domains, chromatin loops, as well as chromosomal domains
organised around various nuclear bodies, form in individual cells [97,164-169]. However, such methods along with live-cell
imaging studies uncovered that focal interactions, including chromatin loops and E-P contacts, are dynamic structures
that are only present in a fraction of cells at a given time [62,169]. Conversely, super-resolution imaging studies highlighted
the presence of smaller chromatin nanodomains (CNDs) inside TADs, which form in a chromatin state-dependent manner
at variable genomic positions [165].

Together, these reports indicate that, although genome-folding principles uncovered by population-based and single cell
methods are highly consistent, certain architectural features remain inaccessible to population-based methods due to their
high degree of variability, while other features may appear more accentuated than their actual prevalence among individual
cells. Whether cell-cell variability in genome architecture is linked to transcriptional heterogeneity or has other biological
functions remains to be determined.

requires improvement in current technologies. Moreover, approaches that provide precise infor-
mation on cell cycle stage could uncover whether architectural differences between sister cells
decrease or increase with time passed since the last mitosis and/or DNA duplication event.
Such approaches will be critical to understand how genome replication and mitotic events
might be used in cell fate decisions to modulate or maintain cellular identity, as well as which mo-
lecular factors contribute to this process.
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