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Abstract

Cell fate transition is a fascinating process involving complex dynamics of three-dimensional (3D) chromatin organi-
zation and phase separation, which play an essential role in cell fate decision by regulating gene expression. Phase
separation is increasingly being considered a driving force of chromatin folding. In this review, we have summarized
the dynamic features of 3D chromatin and phase separation during physiological and pathological cell fate transitions
and systematically analyzed recent evidence of phase separation facilitating the chromatin structure. In addition, we
discuss current advances in understanding how phase separation contributes to physical and functional enhancer-
promoter contacts. We highlight the functional roles of 3D chromatin organization and phase separation in cell fate

transitions, and more explorations are required to study the regulatory relationship between 3D chromatin organiza-
tion and phase separation.
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Graphical Abstract

3D chromatin
organization

3D chromatin organization (shown by Hi-C contact map) and phase separation are highly dynamic and play func-

tional roles during early embryonic development, cell differentiation, somatic reprogramming, cell transdifferentia-
tion and pathogenetic process. Phase separation can regulate 3D chromatin organization directly, but whether 3D
chromatin organization regulates phase separation remains unclear.
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Background

Cell fate transitions are a set of important biological
processes in multicellular organisms that determine the
functions of different cell types. Numerous molecular
mechanisms are associated with cell fate regulation, such
as epigenetic landscape remodeling, 3D chromatin reor-
ganization, and phase separation (Atlasi and Stunnen-
berg 2017; Grosch et al. 2020; So et al. 2021; Vallot and
Tachibana 2020; Zhao et al. 2021; Zheng and Xie 2019).
Epigenetic modification is a major regulator of early
embryogenesis and developmental process by mediating
gene transcription (Morgan and Shilatifard 2020; Reik
2007). Likewise, 3D chromatin architecture and phase
separation dynamics have emerged as new mechanisms
in cell fate regulation (Boija et al. 2021; Boltsis et al. 2021;
So et al. 2021). The molecular basis of cell fate control
is also a clinically significant issue to be answered and
provides potential therapeutic targets. In leukemogen-
esis, abnormal phase separation of known tumorigenic

chimeras induces the misfolding of chromatin loop and
potentiates oncogene activation (Ahn et al. 2021). The
development of novel therapeutic approaches to regulate
phase transitions may be instrumental in treating such
diseases associated with aberrant condensates. However,
the mechanisms underlying the contribution of 3D chro-
matin organization and phase separation to cell fate tran-
sition remain unclear.

The 3D chromatin architecture undergoes considerable
alterations in accordance with changes in gene expres-
sion during cell fate transitions (Vallot and Tachibana
2020; Zhao et al. 2021; Zheng and Xie 2019). Chromatin
conformation capture (3C)-based techniques (e.g., Hi-C),
which work by proximity ligation, have been critical for
the rapid development in the study of genome-wide 3D
chromatin structure (Dekker et al. 2002; Dostie et al.
2006; Lieberman-Aiden et al. 2009; Simonis et al. 2006;
Zhao et al. 2006). There are a few other powerful tech-
niques for capturing chromatin interactions (Jerkovic
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and Cavalli 2021; Kempfer and Pombo 2020), such as
split-pool recognition of interactions by tag extension
(SPRITE) (Quinodoz et al. 2018), genome architec-
ture mapping (GAM) (Beagrie et al. 2017), and imaging
approaches (Bintu et al. 2018; Maslova and Krasikova
2021; Su et al. 2020; Wang et al. 2016b). The 3D organi-
zation of mammalian genome can be divided into the
following structures: chromosome territories, transcrip-
tionally active A and transcriptionally inactive B com-
partments, topologically associating domains (TADs),
and chromatin loops (Dixon et al. 2012; Nora et al. 2012;
Rao et al. 2014; Zheng and Xie 2019). TADs refer to chro-
matin domains with a higher frequency of intra-domain
interactions than that of inter-domain interactions,
including cohesin-dependent and cohesin-independent
domains. Based on the hierarchy of inter-TAD contacts,
TADs can be further merged into high-order domains
called metaTADs (Fraser et al. 2015). Different cell types
exhibit heterogeneous chromatin folding maps that
determine gene expression patterns specific to each cell
type (Schmitt et al. 2016). Compartment shifting, met-
aTAD, and TAD reorganization, and chromatin loop
dynamics are common 3D changes, which display dis-
tinct features and correlate with transcriptional changes
during biological and pathological processes (Chen
et al. 2019; Dixon et al. 2015; Fraser et al. 2015; Hnisz
et al. 2016; Northcott et al. 2014; Zhao et al. 2021). 3D
chromatin reorganization is now recognized as a criti-
cal contributor to cell fate decision, although most of the
regulatory mechanisms remain to be explored.

Dynamics of phase separation in both nucleus and
cytoplasm is another interesting and widespread phe-
nomenon during cell fate transitions (Grosch et al. 2020;
So et al. 2021). Intracellular membrane-less organelles or
biomolecular condensates, such as germ granules, stress
granules, and nuclear bodies (Banani et al. 2017; Protter
and Parker 2016; Sabari et al. 2020), are mainly composed
of aggregated proteins and RNAs via phase separation.
They have diverse and crucial functions, including but
not limited to mRNA regulation, chromatin organization,
and gene expression regulation. In the nucleus, liquid-liq-
uid phase separation of transcription coactivator BRD4
and Mediator can drive the formation of transcriptional
condensates at super-enhancers, large clusters of enhanc-
ers, to facilitate gene activation (Boija et al. 2018; Cho
et al. 2018; Sabari et al. 2018). Biomolecular condensates
are highly dynamic, and undergoes assembly, disassem-
bly, fusion, isolation, and changes in components, con-
densation and subcellular localization during different
cell fate transitions (Banani et al. 2017; Boija et al. 2021;
Liu et al. 2020a; Sabari et al. 2020; So et al. 2021). Numer-
ous evidences have highlighted the possible functional
and multifaceted role of phase separation events in basic
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biological processes, especially in early embryogenesis,
germ cell development and diseases (Quiroz et al. 2020;
Spannl et al. 2019).

Recent studies show that phase separation can regu-
late 3D chromatin assembly (Liu et al. 2021; Shin et al.
2019; Wang et al. 2021; Wei et al. 2022). On one hand,
two models for phase-separated chromatin compart-
mentalization based on different mechanisms have been
proposed (Erdel and Rippe 2018). One is liquid-liquid
phase separation based on the weak multivalent interac-
tions of chromatin binding factors. The other model is
polymer-polymer phase separation (PPPS) stabilized by
DNA-bridging proteins that cross-link different chroma-
tin segments, such as DNA-cohesin clustering through
the DNA-cohesin-DNA bridges (Ryu et al. 2021). On
the other hand, the disruption of distinct condensates
leads to aberrant chromatin folding in some diseases
(Ahn et al. 2021; Shi et al. 2021). Phase separation abil-
ity of the pluripotent factor OCT4 contributes to somatic
cell reprogramming by regulating TAD reorganization
(Wang et al. 2021). Coincidentally, through induced-
phase separation, the structural factor CTCF can mediate
inter-A compartment interactions, promote self-renewal
of ESCs and suppress neural differentiation (Wei et al.
2022). However, whether nuclear condensates affect cell
fate transitions by manipulating 3D chromatin reorgani-
zation is a widespread mechanism remains misty. To this
end, we have systematically reviewed the dynamics of 3D
chromatin organization and phase separation during cell
fate transitions and the pathogenesis of various diseases.
The relationship between 3D chromatin organization and
nuclear phase separation has also been discussed, along
with new strategies emerging in recent studies.

Dynamics of 3D chromatin organization and phase

separation during cell fate transitions and diseases

Early embryonic development

Chromatin organization

The 3D chromatin organization is dramatically recon-
structed (Fig. 1A) during early mammalian and non-
mammalian embryonic development (Chen et al. 2019;
Du et al. 2017; Flyamer et al. 2017; Hug et al. 2017; Kaaij
et al. 2018; Ke et al. 2017; Nakamura et al. 2021; Niu et al.
2021; Sun et al. 2021; Wike et al. 2021). After fertilization,
the A/B compartments, TADs, and chromatin loops are
largely absent for species-specific duration, which cor-
responds to a transcriptionally-inactive state. Zygotic
genome activation (ZGA) is a crucial event denoting the
initiation of gene expression (Jukam et al. 2017) and is
accompanied by 3D chromatin reestablishment (Hug and
Vaquerizas 2018; Li et al. 2019). The exact time point of
this restructuring depends on the developmental rates of
the species.
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High-order chromatin structure is gradually estab-
lished during early embryogenesis in human (Chen et al.
2019). In human 2-cell embryos, the genome is under
an unstructured state; compartments and TADs start
emerging until the 8-cell stage and become increasingly
evident at the blastocyst stage. TAD boundaries are
mainly established after the beginning of ZGA with the
sharp expression of CCCTC-Binding Factor (CTCF). As
an important structural factor, CTCF contributes to the
establishment of TADs and partially maintains cell type-
specific frequently interacting regions (FIREs) in A
compartments (Fig. 1A). FIREs are mainly composed of
super-enhancers which are clusters of enhancers in close
genomic proximity with high levels of transcription fac-
tors or Mediator binding (Whyte et al. 2013). The TAD
boundaries become more fixable during developmen-
tal progress. In the mouse embryos, however, compart-
ments and TADs become apparent from 2-cell embryos
to 8-cell embryos (Ke et al. 2017). It’s worth noting that

two parental genomes exhibit different patterns even at
8-cell stage after convergence (Du et al. 2017).

Early embryogenesis of non-mammalian animals also
undergoes de novo assembly of 3D chromatin at ZGA.
During Xenopus tropicalis embryogenesis, TADs start
to emerge at the onset of mid-blastula transition and
become consolidated continuously from stage 9 to stage
23 (Niu et al. 2021). This process is followed by progres-
sive compartmentalization and appearance of loops
and stripes. In addition to CTCF and Rad21, chromatin
remodeling factor ISWT is also required for TAD forma-
tion in X. tropicalis. In zebrafish or medaka, chromatin
structures are absent before ZGA and reestablished dur-
ing gastrulation (Kaaij et al. 2018; Nakamura et al. 2021;
Wike et al. 2021). Consistent with vertebrates, reorgani-
zation of 3D chromatin in Drosophila also occurs dur-
ing ZGA (Hug et al. 2017; Sun et al. 2021). Interestingly,
TAD formation has been proved to be partly independ-
ent of transcription in mice, X. tropicalis and Drosophila.




Ling et al. Cell Regeneration (2022) 11:42

Therefore, ZGA is an important stage for 3D genome
reorganization, but not necessary for all species.

With our understanding in 3D chromatin organization
increasing, how it is established during early embryonic
development has become an interesting question. Recent
studies have identified several contributors of 3D chro-
matin reconstructing in different species as follows: (1)
Different chromatin architecture associating factors are
required. The cohesin complex and CTCF are important
structural factors regulating TAD establishment through
loop extrusion during human embryogenesis (Chen et al.
2019). In the loop extrusion model, cohesin extrudes
a DNA loop continuously until it encounters oriented
CTCF (Davidson and Peters 2021; Fudenberg et al. 2016).
Chromatin remodeling complex ISWTI is necessary for de
novo TAD formation possibly through mediating CTCF
binding in X. tropicalis (Niu et al. 2021). Heterochro-
matin protein la (HP1la) and transcription factor Zelda
respectively contribute to the formation of B compart-
ments and locus-specific TAD boundaries in Drosophila
(Hug et al. 2017; Zenk et al. 2021). Although RNA Pol II
and transcription factors are enriched at TAD bounda-
ries, transcription inhibition has a limited effect on TAD
establishment and decreases TAD insulation markedly
in mice and Drosophila (Hug et al. 2017; Ke et al. 2017).
Therefore, RNA Pol II and transcription factors probably
play an essential role in sustaining rather than establish-
ing TADs during early development. Apart from TADs,
it is still unclear whether they are directly involved in
establishing other 3D chromatin structures in mam-
mals; (2) Transcription is important for development
but not stringently required for 3D chromatin establish-
ment. Inhibition of transcription results in 3D chroma-
tin reconstructing failure in human embryos. Distinct
from humans, TAD-based chromatin conformation is
independent of transcription in mice, Drosophila, and X.
tropicalis (Hug et al. 2017; Ke et al. 2017; Niu et al. 2021).
The dependence on transcription is likely influenced by
the storage of structural factors in germ cells, which dif-
fers across species; (3) In all studied species, 3D chroma-
tin structure is gradually established through several cell
divisions, which means cell divisions may play an essen-
tial role in 3D chromatin establishment. Inhibition of
DNA replication in mouse 2-cell embryos impeded TAD
formation (Ke et al. 2017); (4) Specific chromatin inter-
actions can facilitate further chromatin folding. A high-
resolution computational method predicted that a small
set of specific interactions is sufficient to drive chroma-
tin folding in Drosophila embryos (Sun et al. 2021). It is
worth noting that these chromatin structures are mainly
composed of contacts between inactive regions and rep-
resent known long-range interactions with the biological
function of gene silencing.
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Phase separation
Germ granules are the earliest known and most studied
phase-separated membrane-less organelles in germ cells
during early embryonic development, such as P granules
in Caenorhabditis.elegans and polar granules in Drosoph-
ila (Brangwynne et al. 2009; Trcek and Lehmann 2019).
These condensates consist of RNAs and RNA-associated
proteins and determine which regions of zygote will dif-
ferentiate into germ cells. P granules are highly-dynamic
liquid condensates distributed continuously in the ger-
mline of C.elegans. PGL-1 and PGL-3 form a core con-
densate of P granules to recruit other components.
MEG-3 and MEG-4 are intrinsically disordered proteins
that drive the formation of PGL condensates in the poste-
rior of zygotes. P granules are initially evenly distributed
in the cytoplasm of C.elegan zygotes and accumulate in
the posterior (Fig. 2A) upon asymmetric division (Brang-
wynne et al. 2009). In addition, ZNFX-1 and WAGO-4
separate from P granules to form Z granules near the
nucleus during germline blastomere-to-germ cell.
Nuclear bodies, such as nucleolus, Cajal bodies (CB),
and histone locus bodies (HLBs), also undergo dynam-
ics during early embryogenesis. Nucleolus is the nuclear
compartment of rRNA transcription and processing,
as well as ribosomal assembly (Lafontaine et al. 2021).
Nucleolus formation at rDNA sites is dependent on the
activation of rRNA transcription by RNA polymerase
I in mice, zebrafish, Drosophila, and C.elegans embryos
(Berry et al. 2015; Falahati et al. 2016; Zatsepina et al.
2003). Cajal bodies are composed of phase-separated
protein coilin, snRNPs and snRNAs, wherein the snRNPs
are assembled and snRNAs are modified (Machyna et al.
2013). At the onset of ZGA in zebrafish, CB assem-
bly occurs on the snRNA gene locus (Heyn et al. 2017).
Although many CBs in the zygote come from maternal
and paternal pronuclei, transcriptional inhibition can
decrease CB amount, suggesting that CB formation is
partly dependent on snRNA transcription (Strzelecka
et al. 2010). Similar to the nucleolus and CBs, HLBs do
not mature at the histone gene loci until they are tran-
scriptionally activated during ZGA (Heyn et al. 2017;
Tatomer et al. 2016). Generally, nuclear bodies usually
assemble at distinct genomic loci and are highly depend-
ent on both proto-structures and transcriptional activa-
tion during early embryogenesis.

Cell differentiation

Chromatin organization

Most studies on the dynamics of 3D chromatin structure
have focused on stem cell differentiation (Bonev et al.
2017; Boya et al. 2017; Dixon et al. 2015; Zhang et al.
2019, 2020). Reprogramming of 3D chromatin is an elab-
orate process involving changes in chromatin hierarchical
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During C.elegans germline blastomere-to-germ cell transition, Z granule (green) separates from P granule (yellow) near the nucleus. (3) At the onset
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gene locus respectively. B Typical phase separation dynamics during cell differentiation. (1) During Drosophila oogenesis, polar granules aggregate
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form mature chromatoid body before round spermatid stage. C During skin barrier formation, keratohyalin granules are gradually formed, and then
dissolved due to the dramatic pH decrease

were detected in only two or fewer tissues and cell lines
among 21 examined samples. Distinct 3D characteristics

structures during cell differentiation. Embryonic stem
cells (ESCs) have the ability of multi-directional differen-

tiation and self-renewal, which corresponds to a highly
plastic chromatin structure with decondensed hetero-
chromatin (Dixon et al. 2015). FIREs are tissue-specific
regions of high local interactions enriched with super-
enhancers (Schmitt et al. 2016), and almost 60% of FIREs

in different cell types are related to specific gene expres-
sion and biological functions closely. We have reviewed
the characteristics of hierarchical chromatin structure
dynamics during cell differentiation (Fig. 1B) in the fol-
lowing sections.
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Compartment switching, including A-B and B-A
transitions, frequently occurs consistent with gene
expression and epigenetic changes dynamics dur-
ing cell differentiation. Moreover, an increase of B
compartments and interactions within B compart-
ments have been observed within the respective
datasets of different studies. Large extensions of
heterochromatin appear in human ESCs during dif-
ferentiation to mesenchymal stem cells (MSCs) and
human embryonic lung fibroblasts (IMR90) (Dixon
et al. 2015). During the late differentiation stages in
mouse hematopoiesis, chromatin becomes more
condensed, and long-range chromatin interactions
are reduced (Zhang et al. 2020). Megakaryocyte-
erythrocyte progenitor cells and granulocytes dis-
play obvious centromere clustering and telomere
clustering resembling Rabl configuration, in which
centromeres are clustered at one pole of the nucleus
and telomeres are clustered on the opposite side
during the interphase (Cowan et al. 2001; Duan
et al. 2010; Stevens et al. 2017). Mouse neuron dif-
ferentiation is also characterized by global chro-
matin compaction, with continuously increased
interactions within B compartment and decreased
interactions within A compartment (Bonev et al.
2017). Furthermore, A compartment is known to
reduce by 5% during ESCs-to-neural progenitor
cells (NPCs) transition (Dixon et al. 2015). Another
study showed that human cardiomyocyte differen-
tiation is accompanied by more packed heterochro-
matin and increased long-range intra-chromosome
interaction in B compartment (Zhang et al. 2019).
The number of TAD boundaries decreases, and the
average size of TADs increases during differentia-
tion. Most TAD boundaries are highly conserved in
different cell types (Schmitt et al. 2016). However,
specific fractions of TAD boundaries disappear or
emerge during cell differentiation. For instance,
the total number of TADs decreases from 2008 to
1810 and average TAD size increases (from 800kb
to 920kb) during pre-pro-B to pro-B cell transi-
tion (Boya et al. 2017). Similar changes have been
observed during human cardiomyocyte differen-
tiation and mouse neuronal differentiation (Bonev
et al. 2017; Zhang et al. 2019). There are some
mechanisms which may be associated with TAD
changes during differentiation, such as the regula-
tion of architectural factors, lineage-specific tran-
scription factors, and epigenetic modifications.
However, the exact molecular mechanisms underly-
ing TAD reorganization remain to be elucidated.
Contacts of cis-regulatory elements are highly
dynamic to regulate differentiation-associated gene
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expression. Enhancer-promoter or promoter-pro-
moter interactions play an essential role in tran-
scriptional regulation during cell differentiation.
Extremely long-range promoter-promoter inter-
actions are established during the transition from
the 2i ground-state to the primed serum state of
mouse ESCs, which implies that the initiation of
ESC differentiation may be associated with these
early-established interactions (Joshi et al. 2015).
Furthermore, cell type-specific enhancer-promoter
interactions are established and are concurrent to
gene expression patterns during neuron, adipo-
cyte, B cell differentiation, and limb morphogen-
esis (Bonev et al. 2017; Boya et al. 2017; Krages-
teen et al. 2018; Siersbaek et al. 2017). For instance,
olfactory receptor gene clusters make specific inter-
chromosomal contacts, and associated-enhancers
form a super-enhancer during mouse olfactory sen-
sory neuron differentiation (Monahan et al. 2019).
In mouse hematopoiesis, gene-associating domains
of highly-expressed genes show high interactions
within gene bodies (Zhang et al. 2020).

Germ cell differentiation has certain unique char-
acteristics of 3D dynamics compared to others.
A/B compartments gradually become weaker in
late-stage growing oocytes. Polycomb-associating
domains marked by H3K27me3 appear in full-
grown oocytes and disappear during germinal vesi-
cle breakdown (Du et al. 2020). However, compart-
ments, TADs, and loops dissolve and then reappear
during rhesus monkey and mouse pachytene sper-
matogenesis (Vara et al. 2019; Wang et al. 2019b).

(4)

Phase separation

The dynamics of membrane-less compartments con-
tribute to cell identity and function during differentia-
tion. Germ granules are diverse and cell type-specific
and serve as excellent models for studying phase sep-
aration during germ cell development (Dodson and
Kennedy 2020; So et al. 2021). Subcellular localiza-
tion of germ granules may have important functions
hitherto unknown in germ cell maturation. During
mid-oogenesis in Drosophila, polar granules aggregate
at the posterior pole of the oocytes (Fig. 2B), which
is initiated by mRNA transport from the nurse cells
(Trcek and Lehmann 2019). In Xenopus and zebrafish,
the Balbiani bodies are first organized by germ gran-
ules and mitochondria near the nucleus and then dis-
perse to vegetal hemisphere during oocyte growth
(Bontems et al. 2009; Marlow and Mullins 2008; Schu-
macher et al. 2021). They contain germplasm that is
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essential for primordial germ cell formation, while its
exact function is not fully understood. During mouse
spermatogenesis, piP-body and pi-body are involved
in the processing of pre-pachytene PIWI-interacting
RNAs, a group of small RNAs that mediate transpo-
son silencing. The piP-bodies often localize adjacent to
pi-bodies in the prospermatogonia and fuse with pro-
chromatoid bodies before the round spermatid stage
to form mature chromatoid bodies (Aravin et al. 2009;
Shoji et al. 2009). These findings indicate that the rela-
tive location of membraneless and membrane-bound
organelles may be linked functionally and contribute
to germ cell differentiation.

The transition from epidermal keratinocytes to
squames is another typical process with dynamics of
keratohyalin granules (KGs) (Quiroz et al. 2020). KGs
gradually form from basal progenitors to granular cells
and dissolve from late-granular cells to squamous cells
due to the significant decrease of pH (Fig. 2C).

Like typical membrane-less organelles, some tran-
scriptional regulators and epigenetic factors function in
the form of protein-mediated phase separation during
cell differentiation (Daneshvar et al. 2020; Kuang et al.
2021; Liu et al. 2020b). The evolutionarily conserved
homeodomain transcription factor Prospero facilitates
terminal neural differentiation of Drosophila neural
precursors via LLPS on mitotic chromosomes, where it
recruits and condenses HP1a to drive heterochromatin
formation (Liu et al. 2020b). Likewise, the transcrip-
tional coactivator SS18 regulates Brg/Brahma-associ-
ated factor complex through condensation to mediate
pluripotent-somatic transition (PST) (Kuang et al.
2021). Furthermore, intrinsically disordered region
(IDR) replacement of SS18 can rescue its primary func-
tion in PST.

In addition to protein-mediated phase separation, there
are numerous RNA condensates consisting of coding or
non-coding RNAs, which play important roles in regu-
lating phase separation through nucleotide sequence,
length, structure, modifications, and interactions (Roden
and Gladfelter 2021). In the nucleus, hundreds of non-
coding RNAs can form high-concentration territories
and organize nuclear compartments to regulate RNA
processing, heterochromatin assembly, and gene expres-
sion (Quinodoz et al. 2021). The IncRNA DIGIT, a con-
served developmental regulator, controls endoderm
differentiation by promoting BRD3 condensation at
enhancers of endoderm transcriptional factors (Danesh-
var et al. 2020).

Based on these findings, we conclude that some DNA-
binding proteins regulate gene expression and promote
cell differentiation via LLPS, which may be further pro-
moted by non-coding RNAs.
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Somatic cell reprogramming

Chromatin organization

Somatic cell reprogramming is a process wherein mature
differentiated cells transform into pluripotent precursors
induced by several master factors, including Oct4, Sox2,
KIf4, and c-Myc (Takahashi and Yamanaka 2006). The
current consensus is that somatic cell reprogramming
exhibits reverse 3D chromatin reorganization (Fig. 1C)
compared to stem cell differentiation.

(1) The proportion of A compartments slightly
increases during somatic cell reprogramming. Dur-
ing the transition from mouse embryonic fibro-
blasts (MEFs) to induced pluripotency stem cells
(iPSCs), 25% of the compartments show frequent
switching, including 14% B-A switching, 5% A-B
switching, and 6% unstable switching (Wang et al.
2021). Another study showed that the proportions
of A and B compartments remain unchanged dur-
ing B cells - iPSCs reprogramming (Stadhouders
et al. 2018). It is worth mentioning that B-A com-
partments mainly contain early developmental
genes while A-B compartments contain immune-
associated genes (Stadhouders et al. 2018).

(2) The number of TADs increases, and the median
TAD size decreases during somatic cell reprogram-
ming, which is evidently opposite to TAD changes
seen during stem cell differentiation. TAD reor-
ganization can be divided into TAD shift, fusion,
and segregation (Wang et al. 2021). Only a minor
proportion of TAD boundaries were found to be
altered by in situ Hi-C, including a strong TAD
boundary gained or lost near pluripotent genes
Sox2 and Nanog, respectively (Stadhouders et al.
2018).

(3) Lineage-specific enhancer-promoter contacts are
established or removed during cellular reprogram-
ming. The 3D enhancer hubs, a set of highly-con-
nected active enhancers, are reorganized and in
contact with pluripotency genes to facilitate tran-
scriptional activation (Di Giammartino et al. 2019;
Di Stefano et al. 2020). Enhancer-promoter interac-
tions near somatic genes disappear, but some inter-
actions of NPCs around pluripotency genes still
exist in the iPSC cells obtained from NPCs (Beagan
et al. 2016). In general, chromatin loops are reor-
ganized but not all of them are perfectly rewired
during somatic cell reprogramming.

Phase separation
Phase separation is emerging as a new mechanism
underlying the involvement of transcription factors in
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somatic cell reprogramming. Somatic cells undergo
reprogramming to iPSCs following the transduction of
four master transcription factors (Oct4, Sox2, KIf4, and
c-Myc) (Takahashi and Yamanaka 2006). An elegant
work has revealed that OCT4 phase separation pro-
motes MEF-iPSC reprogramming by TAD reorgani-
zation (Wang et al. 2021), which is the first time that
phase separation of pioneer factors has been shown to
facilitate reprogramming. Interestingly, another study
found that KLF4 can form condensates with DNA frag-
ments via DNA-bridging rather than IDR, and fusion
of KLF4 condensates is likely to establish long-range
chromatin contacts and mediate pluripotency gene
transcription during somatic cell reprogramming (Di
Giammartino et al. 2019). It’s worth noting that there
are hundreds of zinc finger proteins in the human
genome, which might make bridging-induced phase
separation like KLF4. Thus, transcription factors can
regulate gene expression by phase separation during
somatic reprogramming.

Transdifferentiation and cell senescence
Chromatin organization
Cell transdifferentiation refers to the artificial repro-
gramming from one mature somatic cell type to another
mature somatic cell type without undergoing a pluri-
potent state (Graf and Enver 2009). During cell trans-
differentiation, cell-specific transcription factors play
pivotal roles in coordinating cell-of-origin gene repres-
sion and lineage-specific gene activation (Dall’Agnese
et al. 2019; Stik et al. 2020). For example, in fibroblast-
myoblast conversion, myogenic master transcription
factor orchestrates gene expression by driving signifi-
cant chromatin interactions of cis-regulatory elements
and altering insulated neighborhoods. Compartment
dynamics are analyzed during lineage conversions from
fibroblasts and immune cells (Ma et al. 2021). Contigu-
ous compartment switchable regions are identified as
chromatin-changing units during fibroblast-hepatocyte
transdifferentiation. Specifically, pre-existing accessi-
ble chromatin in B-to-A compartment switchable sites
existed before induction, which may allow the chroma-
tin-binding of pioneer factor Foxa3. Foxa3 can facili-
tate epigenetic activation, chromatin interactions, and
hepatic gene expression during transdifferentiation.
Thus, 3D chromatin reorganization in mature somatic
cell type transformation is drastic and is highly depend-
ent on cell-specific transcription factors, especially
TAD and loop dynamics.

Cell senescence is associated with various changes in
3D chromatin structures. Replicative cell senescence (RS)
is a fundamental biological process occurred in aging,

Page 9 of 22

embryonic development, and tumor suppression (Liu
et al. 2019). During RS, a small fraction of TADs con-
taining 20% of the genes undergo compartment switch-
ing, and long-range contacts increase and short-range
contacts decrease (Criscione et al. 2016). While in onco-
gene-induced senescence (OIS) cells, Lamin-associated
domains (LADs) are lost and involved in the assembly
of senescence-associated heterochromatin foci, which is
accompanied by the dramatic loss of local interactions
(Chandra et al. 2015).

Phase separation

During transdifferentiation, to date, there is still no
published research reporting the dynamics of phase
separation. Besides, during cell senescence, especially
in OIS, researches mainly focused on the dynamics of
senescence-associated heterochromatin foci (SAHF),
which are specialized domains of facultative hetero-
chromatin formed in senescent cells (Narita et al. 2003;
Sati et al. 2020).

Disease

Chromatin organization

Different from a normal physiological state, 3D chro-
matin architecture exhibits aberrant changes in many
diseases, especially cancer, developmental disorders and
cardiopathy (Bertero and Rosa-Garrido 2021; Boltsis
et al. 2021; Li et al. 2018). Structural variations are com-
mon causes of TAD boundary disruption and abnormal
chromatin loops (Spielmann et al. 2018). Studies are
increasingly focusing on whether structural variations on
non-coding DNA sequences cause aberrant pathogenic
gene expression by changing 3D chromatin organization.
A greater understanding of 3D chromatin disruption in
diseases may provide new perspectives for clinical treat-
ment. Here, we have reviewed 3D chromatin misfolding
in cancer, developmental disorders, cardiac diseases, and
other diseases (Fig. 1D).

Cancer In cancer cells, 3D chromatin aberrations can
occur in different hierarchical structures, and may have
an impact on carcinogenesis. Nearly 12% of the genomic
regions in breast cancer cell line MCF-7 display compart-
ment switching compared to normal cell line MCF10A
(Barutcu et al. 2015). Furthermore, A-B and B-A switch-
ing are respectively associated with downregulated and
upregulated gene expression. Similar compartment
changes could also be observed in multiple myeloma
(MM) (Wu et al. 2017). The most studied 3D chromatin
alterations in cancer cells are TAD boundary disruption
and enhancer hijacking, which are closely associated
with dysregulated gene expression (Flavahan et al. 2016;
Groschel et al. 2014; Hnisz et al. 2016; Northcott et al.
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2014). For instance, the total number of TAD bounda-
ries is increased and the mean size of TADs is reduced
in prostate cancer and multiple myeloma cells (Taberlay
et al. 2016; Wu et al. 2017). TAD disorganization mainly
results from two reasons: linear genomic variations as
well as abnormal binding of structural factors due to epi-
genetic dynamics at TAD boundaries.

Malignant transformation of cells is accompanied by
structural variations (SVs), including deletions, inser-
tions, duplications, and translocations (Spielmann et al.
2018). Apart from gene dosage, structural variations have
been proved to promote carcinogenesis by disruption of
high-order chromatin structure (Dixon et al. 2018; Weis-
chenfeldt et al. 2017). They can induce neo-TADs that
encompass oncogenes, such as MYC and ERBB2, and
even cause abnormal promoter-enhancer interactions
and oncogene dysregulation. In T-cell acute lympho-
blastic leukemia, microdeletions at TAD boundaries
result in proto-oncogene activation, such as TALI and
LMO2 (Hnisz et al. 2016).

Abnormal structural factor binding on the genome is
another cause of TAD and loop disorganization dur-
ing cancer development. In glioma, hypermethylation at
CTCF and cohesin binding sites leads to loss of CTCEFE-
binding at a TAD boundary, which aberrantly activates of
oncogene PDGFRA through constant interactions with
its enhancer (Flavahan et al. 2016).

Developmental disorder Disruption of high-order chro-
matin structure can cause developmental disorders, such
as congenital limb malformation and cohesinopathies.
Preaxial polydactyly is a common congenital hand disor-
der, which is attributable to Skh misexpression. Sh# inter-
acts with ZRS, a unique enhancer located 1 MB upstream
from it (Lettice et al. 2003; Williamson et al. 2016).
Deletions of CTCF-binding sites around ZRS can lead
to reduced interactions between Shh and ZRS, eventu-
ally resulting in deregulated Sh/ expression (Paliou et al.
2019). Duplication of the Sox9 regulatory region leads
to the formation of a neo-TAD, which upregulates Kcnj2
and results in limb malformation phenotype in mice
(Franke et al. 2016). Femoral hypoplasia is closely asso-
ciated with ectopic chromatin contacts rather than gene
dosage effect at FGF8 locus due to duplication (Franke
et al. 2016). Therefore, ectopic interactions between
enhancers and genes are archetypical genetic causes of
developmental disorders. Cohesinopathies are another
group of developmental diseases caused by mutations
in the cohesin core and regulatory proteins (Bose and
Gerton 2010). Knocking out bromodomain-containing
protein 4 (BRD4) in the neural crest leads to decreased
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contact frequencies of chromatin loops and phenotypes
similar to that seen in cohesinopathies (Linares-Saldana
etal. 2021).

Cardiac disease Studies increasingly show a correlation
between 3D chromatin disruption and cardiac diseases.
LMNA is one of the most frequently mutated genes in
dilated cardiomyopathy (DCM) (Bertero et al. 2019; Lee
et al. 2019b). LMNA mutations strengthened compart-
ment segregation and altered the occupancy of Lamin-
associated domains (LADs) in haplo-insufficient human
iPSC models of LMNA-related DCM. Redistributed
LADs were associated with increased CpG methylation
and gene repression, although A/B compartment switch-
ing occurred in only 1% of the genome (Bertero et al.
2019). Heart failure is a severe cardiac disease accompa-
nied by dramatic 3D changes. CTCF is downregulated in
patients with heart failure, and deletion of Ctcf in mice
leads to heart failure and 3D chromatin reorganization
(Lee et al. 2019a; Rosa-Garrido et al. 2017), including
99% loss of chromatin loops, TAD disruption, and A/B
compartment switching in nearly 4% of the genome.
Furthermore, ectopic long-range interactions between
cis-regulatory elements in 4q25 and promoters of Pitx2c
and Enpep may be an indirect genetic risk for fibrillation
(Aguirre et al. 2015).

Other diseases Laminopathies, autoimmune diseases,
and infectious diseases are also associated with 3D chro-
matin alterations. Laminopathies encompass a wide
range of genetic disorders resulting from over 400 muta-
tions, the majority of which are linked with LMNA (Shin
and Worman 2022). Hutchinson-Gilford Progeria Syn-
drome (HGPS) is the most characteristic progeroid lami-
nopathy caused by a de novo point mutation at position
1824 of LMNA. In HGPS fibroblast cells, a subset (12%)
of compartments eventually undergoes switching (Chan-
dra et al. 2015), and chromatin compartmentalization
strength and Lamin A/C-heterochromatin interactions
are globally reduced compared to that in the normal cell
line. Capture Hi-C also showed for the first time that the
risk loci of rheumatoid arthritis have strong contacts with
the promoter of gene AZI2 in NF-«B pathway in immune
cells (Martin et al. 2015).

Phase separation

Neurodegenerative disorders and cancer are two main
diseases related to phase separation (Spannl et al.
2019). Aberrant aggregation of disease-related proteins
or disruption of some functional phase separation can
lead to pathological changes. Insoluble protein aggre-
gation is the most common pathological phenotype in
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neurodegenerative diseases, including Tau aggrega-
tion in Alzheimer’s disease (Jucker and Walker 2013),
Lewy body in Parkinson’ s disease (Polymeropoulos
et al. 1997; Spillantini et al. 1997), huntingtin exonl
aggregation in Huntingtin disease (Peskett et al. 2018),
and stress granule protein aggregation in amyotrophic
lateral sclerosis and frontotemporal dementia (Aulas
and Vande Velde 2015; Elbaum-Garfinkle 2019). Phase
separation disruption or changes in location, compo-
nents, or condensation caused by genetic mutations
can drive cancer development (Boija et al. 2021). For
example, chromatin condensates and gene expression
are disrupted due to the histone mutation H3K27M and
H3K36M respectively occurred in brainstem gliomas
and sarcoma (Larson et al. 2019; Lu et al. 2016). In acute
lymphoblastic leukemia, transcriptional condensate
mislocalization due to SVs can lead to oncogene activa-
tion (Mansour et al. 2014). Some congenital hereditary
diseases are also associated with abnormal transcrip-
tional condensates. Repeat expansions in transcription
factors alter their phase separation ability and perturb
their transcriptional condensates in a mouse model
of synpolydactyly (Basu et al. 2020). Likewise, MLL4-
associated transcriptional condensates are disrupted,
and nuclear mechanical stress mediated by PcG bodies
increases in the Kabuki syndrome disease model (Fas-
ciani et al. 2020). Rett syndrome-associated mutations
in MeCP2 reduce its phase separation ability to form
heterochromatin condensates, which may contribute to
Rett syndrome pathogenesis (Wang et al. 2020). In addi-
tion, in the skin barrier disorders, altered phase separa-
tion dynamics of KGs are caused by filaggrin mutations
or environmental changes (Quiroz et al. 2020).

Brief summary

In conclusion, 3D chromatin misfolding is not only a set
of accompanying dynamics, but also acts as a key cause
in some diseases. High-order chromatin structure rewir-
ing in diseases can occur due to the following reasons: (1)
Point mutations or structural variations in enhancers or
target genes, (2) structural variations at chromatin struc-
tural factor-binding sites, and (3) mutations of chroma-
tin structural factors or other regulatory proteins. The
underlying mechanisms of compartment switching in
disease are still not fully understood. Phase separation
has been proposed to facilitate compartment formation
(Larson et al. 2017; Strom et al. 2017; Zenk et al. 2021),
and is likely to be involved in abnormal compartment
changes (Wang et al. 2020). Further studies are needed
to understand how 3D chromatin dynamics affect the
pathogenesis of critical diseases in order to devise novel
therapeutic strategies.
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The behaviors of phase separation may have possi-
ble functional effects on cellular activities. It has been
assumed that phase-separated compartments may pro-
mote the efficiency of biological process by increasing
local concentration and interactions of distinct compo-
nents. Besides, they may buffer the average concentration
of a given component within the cells (Bergeron-Sand-
oval et al. 2016). More investigations should be put into
the possible functions of phase separation.

Phase separation is involved in 3D chromatin
reorganization

There is ample evidence that nuclear phase separation
can directly regulate 3D chromatin reorganization (Ahn
et al. 2021; Liu et al. 2021; Shi et al. 2021; Shin et al. 2019;
Wang et al. 2021). However, the exact role of phase sep-
aration in 3D chromatin reorganization has not been
completely elucidated in most studies. We have summa-
rized the direct and indirect evidence of the relationship
between phase separation and 3D chromatin reorganiza-
tion in the following sections.

Direct evidence that phase separation can facilitate 3D
chromatin reorganization

The relationship between phase separation and 3D
chromatin reorganization can be analyzed by three
research strategies: (1) artificially induce liquid conden-
sates at specific genomic loci to observe 3D chromatin
alterations (Fig. 3A), (2) global damage of phase separa-
tion to observe changes in global chromatin structures
(Fig. 3B), and (3) disruption of distinct nuclear conden-
sates by mutating key factors and rescuing through IDR
fusion (Fig. 3C).

The most forceful method currently is the CasDrop
system, which uses liquid condensation to restructure
chromatin loops (Shin et al. 2019). Based on CRISPR-
Cas9 and optogenetic technology, CasDrop can pull tar-
geted genomic loci together via IDR-driven condensates.
Intriguingly, the droplets tend to grow in chromatin
regions of low density and mechanically exclude hetero-
chromatin, which suggests that liquid condensates can
construct chromatin contacts selectively through “chro-
matin filtering” Disrupting and rescuing phase separa-
tion globally or specifically is another effective way to
directly study its relationship with 3D chromatin reor-
ganization (Liu et al. 2021). 1,6-hexanediol (1,6-HD) is a
useful chemical that can dissolve liquid condensation by
disrupting weak hydrophobic protein-protein or protein-
RNA interactions (Cermakova and Hodges 2018; Kro-
schwald et al. 2017), while improper use of 1,6-HD (high
concentration and long term) can result in the loss of
membrane integrity, cell shrinkage and aberrant aggrega-
tion of proteins. 1,5% 1,6-HD for 2min was found to be
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Fig. 3 Research strategies for studying the relationship between 3D chromatin organization and phase separation. A Artificially induce
condensates at specific genomic loci to form chromatin loops by the combination of light induction, CRISPR-Cas9, and IDR-induced phase
separation in CasDrop system. B Globally damage phase separation in the nucleus by 1.5% 1,6-HD treatment for 2 min, which leads to strengthened
compartment segregation, homogenized A-A interactions, B-A compartment switching, TAD reorganization and weakened long-range interactions.
C Disrupt distinct nuclear condensates by key phase-separating protein mutations and rescue them through IDR fusion to observe 3D chromatin

reorganization

the optimal using condition to dissolve phase separation
in living cells (Liu et al. 2021). Treatment of 1.5% 1,6-HD
for 2min in mESCs leads to 3D chromatin reorganiza-
tion at different hierarchies, including strengthened A/B
compartment segregation, homogenized A-A interac-
tions, B-A compartment switching, TAD reorganization,
and weakened long-range interactions. These remarkable
changes indicate that phase separation is a widespread
state for numerous molecules to maintain stable 3D
chromatin organization.

Different from global phase separation damage in the
nucleus, interference with distinct nuclear biomolecu-
lar condensates only causes the rewiring of more refined
high-order chromatin structures. Phase separation of
master transcription factors can directly regulate 3D
chromatin reorganization. Disruption of OCT4 phase

separation via acidic mutations attenuates TAD reor-
ganization and somatic cell reprogramming, which can
be rescued by fusing FUS-IDR to OCT4 (Wang et al.
2021). In the OCT4 phase, the formation of inter-TAD
OCT4 loops may drive neighboring TAD fusion. In addi-
tion, CTCF mediates long-range chromatin interactions
between A compartments through RING1 and YY1 bind-
ing protein (RYBP) -dependent phase separation (Wei
et al. 2022). Induced CTCF phase separation can restore
inter-A interactions after RYBP depletion, which pro-
vides a new insight into the mechanisms of how struc-
tural factors facilitate chromatin loops apart from loop
extrusion. KLF4 is thought to induce long-range pluri-
potency contacts through condensation at promoters of
pluripotency factors (Sharma et al. 2021). However, KLF4
condensation depends on KLF4-DNA bridging not IDR,
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indicating that zing-finger proteins may contribute to
chromatin contacts via DNA-binding-mediated phase
separation. More in vivo assays are needed to confirm the
importance of KLF4 phase separation in 3D chromatin
organization and cell fate regulation.

Aberrant protein phase separation and the ensuing 3D
chromatin misfolding can lead to cancer. For example,
phase separation of protein chimera NUP98-HOXA9
at proto-oncogenes in human leukemia induced CTCE-
independent chromatin loops and promoted carcino-
genesis (Ahn et al. 2021). In addition, loss of liquid
condensation also leads to tumor development. UTX is
a key tumor suppressor with a strong phase-separating
ability, and its IDR-lacking mutant eliminated condensa-
tion and resulted in the loss or gain of long-range chro-
matin loops in the acute myeloid leukemia (AML) cell
line (Shi et al. 2021). Therefore, changes in liquid conden-
sation propensity in proteins can promote tumorigenesis
through aberrant long-range interactions.

Indirect evidence of possible regulatory roles of phase
separation in 3D chromatin reorganization

Most studies’ evidence correlating phase separation
with 3D chromatin organization is indirect. On the one
hand, many nuclear condensates are shown to regulate
3D chromatin organization, such as the nucleus, nuclear
speckles, Cajal body, PcG body, and BRD4 condensates
(Bantignies and Cavalli 2011; Linares-Saldana et al. 2021;
Quinodoz et al. 2018; Sawyer et al. 2016a, b; Schoen-
felder et al. 2015; Wang et al. 2016a). On the other hand,
some chromatin structural factors and heterochromatin-
related proteins have the ability to form LLPS (Larson
et al. 2017; Ryu et al. 2021; Sanulli et al. 2019; Strom et al.
2017; Wang et al. 2020, 2022).

Nuclear condensates are involved in 3D chromatin
organization

Nuclear bodies recruit specific genomic loci to their
peripheries and regulate gene expression. Chroma-
tin interactions, especially gene clusters, are predomi-
nantly observed around these subcellular structures. As
the most common bodies in the nucleus, both nucleo-
lus and nuclear speckles contribute to the organization
of high-order chromatin interactions. A large number
of inter-chromosome interactions have been identified
by SPRITE, and divided into active and repressive hubs
based on gene density and transcription (Quinodoz et al.
2018). Repressive hubs preferentially form around the
nucleolus, while active hubs are arranged near nuclear
speckles. Furthermore, disruption of nuclear speckles by
Srrm2 knockdown specially reduces the insulator score
of TADs in active compartments (Hu et al. 2019).

Page 13 of 22

Cajal bodies form and maintain a number of intra-
chromosomal and inter-chromosomal gene clusters
detected by 4C-seq and DNA FISH technique (Sawyer
et al. 2016b, Wang et al. 2016a). The transcriptionally
active spliceosomal U snRNA/snoRNA genes and histone
genes are in close proximity to the CBs, and the disas-
sembly of CBs disrupts these gene clusters and inhibits
snRNA/snoRNA and histone gene expression.

PcG bodies organize repressive genome interaction
network to regulate gene silencing functionally. Poly-
comb repressive complex 1 (PRC1) protein CBX2 is
able to undergo phase separation and may be the driver
for PRC1 to form liquid condensates (Tatavosian et al.
2019). Furthermore, the propensity of LLPS also con-
tributes to targeted H3K27me3-marked chromatin
organization. Long-range chromatin interactions have
been detected between PcG-repressed regions, such as
Hox gene clusters (Bantignies et al. 2011; Schoenfelder
et al. 2015; Sexton et al. 2012). In Drosophila, “Hox
gene kissing” is an intriguing phenomenon referring
to contacts between two repressed Hox gene clusters
(Antennapedia complex and bithorax complex, respec-
tively) within PcG bodies (Bantignies et al. 2011; Sexton
et al. 2012). In mouse ESCs, PRC1 functions as a key
regulator of 3D chromatin organization by mediating
gene network, and the strongest contacts consist of 4
Hox gene clusters and early developmental transcrip-
tion factors (Schoenfelder et al. 2015). PRC1 knock-
out causes disruption of promoter-promoter contacts.
Interactions between poised enhancers and promoters
facilitate neural induction in a PRC2-dependent manner
during ESC differentiation (Cruz-Molina et al. 2017).
Thus, PcG bodies are a key organizer of chromatin-
interacting network and gene repression to facilitate cell
fate transition.

A few components of transcriptional machinery, such
as RNA Pol II, Mediator, and BRD4, contain IDRs and are
capable of forming liquid condensation (Boehning et al.
2018; Boija et al. 2018; Cho et al. 2018; Nagulapalli et al.
2016; Sabari et al. 2018), which may be involved in the
3D chromatin folding. BRD4 degron leads to decreased
NIPBL occupancy as well as contact frequencies of most
chromatin loops (n =5298/7517), suggesting that BRD4
may be involved in 3D chromatin folding through liquid-
liquid phase separation (Linares-Saldana et al. 2021).
Functional transcription is regulated by transcription fac-
tor residence time, multivalent interactions, and phase
separation. It has been proposed that multivalent inter-
actions of activating domains are sufficient to enhance
transcription. Liquid droplets only increase local TF
concentration, but cannot enhance the activation of tran-
scription (Trojanowski et al. 2022).
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Chromatin structural factors can undergo phase separation
Polymer-polymer phase separation and liquid-liquid
phase separation have been proposed as essential
mechanisms for chromatin structural factors to con-
struct the 3D chromatin architecture (Erdel and Rippe
2018). Structural maintenance of chromosome (SMC)
protein complex induces loop extrusion and is cru-
cial for the establishment and maintenance of chro-
matin loops (Davidson and Peters 2021). Yeast SMC
protein can form liquid-like condensates with DNA
through DNA-bridging in vivo, and the cohesin-DNA
clustering is strongly dependent on the DNA length
in vitro (Ryu et al. 2021). Furthermore, computational
modeling based on polymer physics has shown that
polymer phase separation of chromatin structure fac-
tors including cohesin and CTCE, is a key molecular
mechanism regulating 3D chromatin organization at
the single molecular level (Conte et al. 2020). YY1,
another structural factor of enhancer-promoter loop-
ing, can form LLPS by the histidine cluster to coordi-
nate coactivators and activate gene expression (Wang
et al. 2022).

Heterochromatin related proteins or ncRNAs drive chromatin
compartmentalization in the form of phase separation

Chromatin undergoes intrinsic LLPS in physiological
salt modulated by histone H1, linker DNA length, and
histone acetylation (Gibson et al. 2019). Several inves-
tigations have shown that heterochromatin related
proteins are essential for heterochromatin compaction
through phase separation and promote compartmen-
talization by mediating heterochromatin interactions
(Larson et al. 2017; Strom et al. 2017; Wang et al. 2020;
Zenk et al. 2021). HPla is the best-known binding
protein of transcription-silencing chromatin region
marked by H3K9 methylation and can induce chroma-
tin into droplet-like condensation in vivo (Larson et al.
2017; Strom et al. 2017). The driving forces of HPla
phase separation are multivalent H3K9me3-chromo-
domain interactions and increasing dynamics within
histone octamer core (Sanulli et al. 2019; Wang et al.
2019a). In contrast, another study showed that HP1la
has a limited ability to form liquid droplets in mouse
fibroblasts and chromocenter is maintained indepen-
dently of HP1a LLPS (Erdel et al. 2020). MeCP2 is a
ubiquitous binding partner to DNA methylation and
plays an important role in transcriptional repression
(Jones et al. 1998; Nan et al. 1998). Similar to HP1aq,
MeCP2 can induce LLPS of nucleosomal arrays in vitro
as well (Wang et al. 2020). Pathological mutations of
MeCP2 compromise MeCP2-associated chromatin
condensation in Rett syndrome. Nevertheless, we still
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lack a complete understanding of the biophysical basis
of heterochromatin compaction, and the extent to
which phase separation contributes to heterochromatin
formation in vivo requires a more exact answer.

The ncRNA Xist can induce X-chromosome inactiva-
tion by recruiting repressive protein complexes to chro-
matin (Chu et al. 2015; McHugh et al. 2015). Notably,
Xist foci spreading along the X chromosome are actu-
ally phase-separated condensates dependent on mul-
tivalent E-repeat elements of Xist and self-aggregation
of Xist-binding proteins (Jachowicz et al. 2022; Pandya-
Jones et al. 2020). Hence, phase separation drives the
formation of Xist loci and ensures the persistent inacti-
vation of X chromosome.

Chromatin models based on polymer phase separation can
reconstruct the 3D chromatin organization

Computational methods have provided evidence that
phase separation can serve as a new mechanism of chro-
matin folding beyond loop extrusion (Conte et al. 2020;
Esposito et al. 2022). Polymer models have been devel-
oped to make predictions on contacts between distal
DNA binding sites by soluble molecular factors (e.g.,
transcription factors), thermodynamic mechanisms of
phase separation or interaction probabilities based on
diffusional motion (Bohn and Heermann 2010; Brackley
et al. 2013, 20164, b; Chiariello et al. 2016, 2020; Conte
et al. 2020; Di Pierro et al. 2016; Esposito et al. 2022;
Nicodemi and Prisco 2009). Based on polymer model
and machine learning from Hi-C bulk data, a chromatin
model can reconstruct 3D chromatin structure consist-
ent with single-cell super-resolution microscopy results,
revealing that polymer phase separation is likely to drive
the 3D chromatin conformation (Conte et al. 2020). In
another study, polymer physics is sufficient to recapitu-
late 3D chromatin contact patterns across the entire
genome (Esposito et al. 2022). Importantly, the combina-
torial action of epigenetic factors seems to be important
to explain the complex contact patterns.

Brief summary

Summing up, phase separation is emerging as an impor-
tant mechanism involved in 3D chromatin organization
at different hierarchies. OCT4 and CTCF-interactors
phase separation are two compelling examples facilitat-
ing 3D chromatin structure directly. Typical nuclear bod-
ies and local condensation of different chromatin-binding
factors, including transcriptional factories, structural
factors, heterochromatin related proteins and ncRNAs,
are likely to be involved in chromatin folding through
LLPS or PPPS. Apart from the above nuclear conden-
sates, other known condensates (e.g., paraspeckles and
PML nuclear bodies) may also regulate 3D chromatin
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organization in a similar way. More direct evidence is
required to validate the causal relationship between
phase separation and 3D chromatin organization.

Discussion

Cell fate transitions are accompanied by dynamics of 3D
chromatin organization and phase separation, and nuclear
condensates can directly facilitate 3D chromatin organi-
zation. However, the complexity of chromatin folding is
far beyond imagination since different regulatory mecha-
nisms exist at the same time. There is a long-standing con-
troversy over the functional roles of phase separation in
enhancer-promoter interaction establishment and main-
tenance. By regulating cell type-specific gene expression,
phase separation and 3D chromatin organization can con-
comitantly or independently affect cell fate transitions.

The mechanisms of chromatin folding distinct from phase
separation

Phase separations, including LLPS and PPPS, pro-
vide new insights into how chromatin is folded into
complicated but mostly distinct structures at differ-
ent hierarchies in the nucleus. Loop extrusion is the
typical mechanism directly mediating chromatin loop-
ing by SMC complexes and CTCEF. There are probably
some unknown possibilities to explain chromatin fold-
ing, since cellular condensation can result from other
mechanisms distinct from phase separation. One study
found that recruitment of RNA Pol II and other factors
to replication compartments is predominantly depend-
ent on transient and non-specific binding to DNA dur-
ing viral infection (McSwiggen et al. 2019). Therefore,
phase separation is emerging as an important but not the
only mechanism involved in 3D chromatin organization.
In order to distinguish between phase separation and
other possible mechanisms, compelling evidence based
on quantitative experiments or other new strategies are
undoubtedly required.

Distinct mechanisms can underly E-P interaction
establishment and maintenance

Specific enhancer-promoter interactions determine cell
type-specific gene expression as well as cell fate transi-
tions. There is some controversy regarding the regula-
tory mechanisms in the establishment and maintenance
of E-P interactions. Loop extrusion had been thought of
as a key controller of E-P interactions (Symmons et al.
2014). However, recent studies found that cohesin and
CTCF are not required for E-P interactions through
acute degradation or deletion of CTCF motifs (Aljahani
et al. 2022; Chakraborty 2022). Furthermore, CTCF and
a portion of cohesin in yeast interact with interactors or
chromatin through phase separation (Ryu et al. 2021; Wei
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et al. 2022). RNA Pol II, transcription factors and cofac-
tors with IDRs have a general property to assemble into
enhancers and promoters through phase separation (Ahn
et al. 2021; Boija et al. 2018; Cho et al. 2018; Sabari et al.
2018). However, rapid degradation of the phase-sepa-
rated proteins, including Mediator, BRD4, Pol II, or YY1,
separately has little impact on E-P contact frequencies
(Crump et al. 2021; EI Khattabi et al. 2019). Altogether, it
seems that disrupting loop extrusion or phase separation
cannot eliminate the transient maintenance of E-P inter-
actions. The possible speculations are: (1) loop extru-
sion or phase separation mainly act at the establishment
of E-P interactions. E-P interactions could be affected
through at least one cell cycle, since E-P interactions go
through re-establishing during cell cycle. (2) the underly-
ing proteins which drive E-P interactions may display a
great deal of redundancy. Removing one protein individ-
ually does not affect other proteins. (3) the role of these
factors in regulating E-P interactions has the loci speci-
ficity of cell type-specific characteristics. Notably, a very
recent study based on polymer physic model showed that
loop extrusion and phase separation can co-exist simulta-
neously at the single-molecule level to recapitulate chro-
matin structure from Hi-C and microscopy data (Conte
et al. 2022). In summary, there are probably different
mechanisms sustaining functional E-P interactions at the
same time, and it seems difficult to estimate which one is
more vital across the whole genome by existing methods.
Therefore, available methods should be explored. In addi-
tion, how E-P interactions are established is another key
question remained to be answered.

Coordinated or independent roles of 3D chromatin
organization and phase separation in cell fate regulation
The hallmark and key to cell fate transition is cell type-
specific gene expression. Here we propose three possible
models of 3D chromatin structure and phase separation
in cell fate determination (Fig. 4): (1) Phase separation
affects cell type-specific gene expression to regulate cell
fate by regulating 3D chromatin structure at different
hierarchies; (2) Specific chromatin structure recruits dif-
ferent phase separations, affects cell type-specific gene
expression to regulate cell fate; (3) Phase separation and
3D chromatin structure affect cell type-specific gene
expression to regulate cell fate without interfering with
each other. These three models may coexist at differ-
ent sites in cells, and more direct evidence is needed to
explore and prove them.

Conclusions and perspectives

There are still many enigmatic questions remained to be
answered. How nuclear condensates (nuclear speckles,
heterochromatin loci, transcriptional condensates and so
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on) are organized exactly? What molecular events related
to 3D chromatin organization happen in or around these
condensates in vivo? How do these nuclear condensates
change accompanied with 3D chromatin reorganization
during cell fate transitions?

More and more studies are focusing on whether phase
separation is involved in 3D chromatin regulation cur-
rently, but it remains to be determined as to why regula-
tors undergo LLPS to exert their functions. The possible
functions of LLPS include to facilitate cellular activities
by sequestering distinctive molecules and forming rel-
atively-independent microenvironments, and to buffer
the effective condensation of other cellular molecules.
Further investigations are needed to elucidate the role of
3D chromatin organization in phase separation modula-
tion, and new methods have to be developed to unravel
the relationship between 3D chromatin and phase
separation.
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