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REVIEW

Heterochromatin organization and phase separation
Hui Zhang a, Weihua Qin b, Hector Romero a, Heinrich Leonhardt b, and M. Cristina Cardoso a

aCell Biology and Epigenetics, Department of Biology, Technical University of Darmstadt, Darmstadt, Germany; bHuman Biology and 
Bioimaging, Faculty of Biology, Ludwig Maximilians University Munich, Planegg-Martinsried, Germany

ABSTRACT
The eukaryotic nucleus displays a variety of membraneless compartments with distinct biomole-
cular composition and specific cellular activities. Emerging evidence indicates that protein-based 
liquid–liquid phase separation (LLPS) plays an essential role in the formation and dynamic 
regulation of heterochromatin compartmentalization. This feature is especially conspicuous at 
the pericentric heterochromatin domains. In this review, we will describe our understanding of 
heterochromatin organization and LLPS. In addition, we will highlight the increasing importance 
of multivalent weak homo- and heteromolecular interactions in LLPS-mediated heterochromatin 
compartmentalization in the complex environment inside living cells.
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Chromatin organization

The eukaryotic nuclei are heterogeneous contain-
ing multiple membraneless organelles with distinct 
compositions, metabolism, and dynamics [1]. In 
eukaryotic cells, chromatin is hierarchically orga-
nized into distinct domains with different epige-
netic modifications, gene expression profiles, and 
chromatin dynamics [2].

Based on the compaction levels, chromatin can be 
classified into euchromatin and heterochromatin. In 
vivo, the two components can be distinguished by 
differential DNA staining under the microscope 
(Figure 1a). Euchromatin is composed of mainly 
transcriptional active genes and hallmarked with 
low DNA methylation and high histone acetylation 
(H3K4ac) [3,4]. Heterochromatin is the highly com-
pacted form of chromatin with restricted accessibil-
ity of DNA and includes mainly inactive genes and 
repeat elements (Figure 1b). Heterochromatin is 
hallmarked by high DNA methylation and trimethy-
lation at histone 3 lysines 9 and 27 (H3K9me3 and 
H3K27me3) (Figure 1c) [3,5–7].

In mouse and Drosophila cells, the constitutive 
heterochromatin around the centromeres from 
multiple chromosomes clusters together forming 
pericentric heterochromatin compartments (also 
named chromocenters) during the interphase. In 

the last decades, several groups have investigated 
the composition, function, and dynamics of het-
erochromatin compartments [8–18].

Heterochromatin plays an essential role in 
nuclear architecture, genome stability, expression, 
and organization [8,11,19–21]. Dysregulation of 
the heterochromatin compartments is associated 
with senescence and aging, which are hallmarked 
by deregulated lamin B1 (LMNB1) [22]. Low 
LMNB1 leads to the loss of H3K9me3 at the 
nuclear periphery and contributes to the reactiva-
tion of inflammatory genes [23]. Besides, disease- 
causing lamin A (LMNA) mutations lead to glob-
ally reduced levels of LMNB1, HP1α, H3K9me3, 
and H3K27me3 [24–26].

Nevertheless, the underlying mechanisms regulat-
ing heterochromatin formation, maintenance, and/ 
or dynamics are still far from clear. Recent studies 
indicate a role of liquid–liquid phase separation 
(LLPS) in heterochromatin compartmentalization.

Liquid-liquid phase separation and human 
diseases

Distinct from membrane-bound organelles in 
cells, which are surrounded by a phospholipid 
membrane, membraneless organelles lack 
a definite boundary and are, thus, very dynamic 
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having the ability to condense and/or dissolve 
upon changing conditions. This phenomenon is 
named liquid–liquid phase separation (LLPS). 
The protein-based LLPS forms liquid-like spheri-
cal droplets (condensates, compartments, or foci), 
which are characterized by high protein concen-
tration (dense phase), reversibility, and molecular 
exchangeability with the surrounding milieu 
(dilute phase) (Figure 2a).

LLPS was originally applied in membrane 
science to describe and characterize the demixing 
process during asymmetric membrane formation 
in polymer solution [27]. In vitro, the lysozyme 
protein was also shown to undergo demixing and 
form liquid droplets at high lysozyme concentra-
tions, which promoted its crystallization process (a 
process called phase transition) [28]. Yet, the 
involvement of LLPS in cellular activities was not 
described until 2009, when Brangwynne et al. pro-
posed that germline P granules are liquid-like 
spherical droplets with fast exchange dynamics, 
fusion, and fission properties [29]. This indicates 
that P granules are probably regulated by LLPS 
and further that LLPS might underlie the forma-
tion and regulation of multiple membraneless 
organelles with different cellular activities.

Proteins that could undergo LLPS often contain 
intrinsically disordered regions (IDRs) [30]. 
Distinct from structured proteins or protein 
regions the IDRs are characterized by biased 
amino acid composition (more hydrophilic and 

less hydrophobic residues [31]), lack a fixed and 
ordered structure in the absence of interactive 
partners (nucleic acids, proteins, etc.), and adopt 
flexible conformations based on binding partners. 
IDRs are also involved in weak multivalent inter-
actions [32–34].

The LLPS is driven by multivalent weak and 
transient interactions among IDRs including elec-
trostatic interactions (charge–charge, charge-π, 
CH-π, π-π, and hydrogen bonds) and hydrophobic 
interactions (happening in nonpolar amino acid 
residues with hydrophobic side chains, such as 
methyl or aromatic groups) (Figure 2b) [35–38].

Further, the droplets formed by LLPS might 
undergo a further transition to less reversible gel- 
like and, at extreme conditions, solid condensates. 
This process is named phase transition (Figure 2a, 
right). The driving force underlying phase transi-
tion is not clear, but likely sequence coded. Phase 
transition plays a role in cellular activity. For 
example, in yeast, poly(A)-binding protein (Pab1) 
undergoes LLPS under heat shock and forms 
grainy, amorphous particles with little or no 
dynamics at higher temperatures and lower pH 
[39]. This suggests that the gel-like condensates 
formed by Pab1 are possibly an adaptive response 
during stress.

The abnormal phase transition is tightly corre-
lated with human diseases in most conditions stu-
died. Parkinson’s disease is such an example and is 
hallmarked by α-synuclein (α-Syn) aggregation 

NU

Nucleus Heterochromatin Epigenetic modifications and “readers”

DNA modifications

Modified-DNA binding
proteins

DNA binding proteins

Histone octamer

Histone modifications

Histone binding proteins

HC

EC

a b c

Figure 1. Heterochromatin recognition and epigenetic modifications.
(a) Transmission electron microscopy image of a mouse liver cell nucleus with electron-dense regions corresponding to hetero-
chromatin. Scale bar = 0.5 µm. (b) Graphical representation of densely packed nucleosomes within heterochromatin. (c) Simplified 
cartoon showing epigenetic modifications and corresponding ‘readers’ within heterochromatin regions. NU: nucleolus; EC: euchro-
matin; HC: heterochromatin. Symbols are as indicated.
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Figure 2. Multivalent interactions-directed liquid-liquid phase separation in vitro and in vivo.
(a) In a mixture containing different molecules, originally evenly dispersed unstructured protein(s) demix to form two phases, the 
dense phase, and the dilute phase. This process is called liquid–liquid phase separation (LLPS). The dense phase (droplets) shows the 
properties of reversibility, spherical morphology, and dynamic molecule exchange between the two phases. Under certain conditions 
(such as proteins with specific disease-related mutations), the liquid-like droplets further develop into irregular aggregates with 
slow/no molecule dynamics, a state which is irreversible. This process is called phase transition. (b) LLPS is mainly driven by 
multivalent interactions including electrostatic interactions and hydrophobic interactions. The electrostatic interactions include 
cation–anion interaction, π interactions, and hydrogen bond. The hydrophobic interactions happening between hydrophobic 
amino acids with methyl or aromatic groups can also contribute to the formation of condensates by excluding water molecules 
and, thus, being brought together. (c) LLPS is now characterized as a common mechanism underlying the formation and dynamic 
regulation of a variety of membraneless organelles within the cytoplasm and nucleus. Xi: inactive X chromosome.
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and amyloid plaque formation [40]. Both in vivo 
and in vitro results show that α-Syn can form 
liquid-like droplets, which eventually transform 
into amyloid-hydrogel-containing oligomers and 
fibrillar species [41]. In particular, familial 
Parkinson’s disease mutations promote the LLPS 
and phase transition to aggregated states [41]. 
Similar phenomena are also observed for tau, 
another component involved in Alzheimer’s dis-
ease [42].

The protein-based LLPS is now identified as 
a general mechanism underlying the organization 
of various membraneless organelles in the cyto-
plasm (P granules, stress granules, etc.) and 
nucleus (super-enhancers, heterochromatin com-
partments, etc.) with well-delineated physicochem-
ical boundaries but without phospholipid 
membrane barriers (Figure 2c).

LLPS in (hetero)chromatin 
compartmentalization

In recent years, an increasing amount of chroma-
tin-binding proteins were shown to have the abil-
ity of LLPS in both euchromatin and 
heterochromatin regions, while the chromatin 
itself exhibits solid-like state in vivo due to its 
large size [43]. On the other hand, the ‘jelly-like’ 
chromatin also provides a scaffold for the LLPS of 
multiple chromatin-binding proteins [43], which 
will be discussed.

In vitro, nucleosome arrays (NAs) were shown 
to undergo histone tail-dependent liquid-like 
phase separation in physiologic salt conditions 
[44]. This could be promoted by the linker histone 
H1, controlled by linker DNA length, and dis-
rupted by histone acetylation. Furthermore, NAs 
with acetylated histones were reported to form 
a new liquid phase with multi-bromodomain pro-
teins recognizing the acetylated histones and these 
condensates exhibited distinct properties com-
pared to droplets formed by unmodified histones. 
This indicates a role of LLPS in the segregation of 
euchromatin and heterochromatin [45,46].

In euchromatin, LLPS plays a role in the local 
enrichment of certain factors that are essential 
for certain nuclear activities, including DNA 
replication, transcription, damage repair, and 
alternative splicing (Figure 2c) [47–55]. For 

example, the super-enhancer-associated tran-
scription coactivators BRD4 and MED1 were 
shown to form liquid-like condensates in vivo 
and in vitro in an IDR-dependent manner [48]. 
The condensates could then recruit multiple 
transcriptional factors (such as OCT4, SOX2, 
and NANOG) and the transcriptional machinery 
[47,48]. Besides, disrupting the phase separation 
properties of OCT4 with MED1 via mutation of 
acidic residues (mutating negatively charged 
aspartic/glutamic acids to nonpolar alanine) also 
decreased the ability of OCT4 to activate gene 
expression [47].

LLPS was shown to drive heterochromatin com-
partmentalization, such as 1) pericentric hetero-
chromatin foci which could be mediated by 
heterochromatin protein 1 (HP1) [13], 53BP1 
[56], methyl-CpG binding protein 2 (MeCP2) 
[57–59], and scaffold attachment factor B (SAFB) 
[60]; 2) X chromosome inactivation which is 
initiated and maintained by RNA-binding proteins 
[61]; 3) telomeres whose multicomponent liquid- 
like state is regulated by TRF1/2 driven LLPS [62]. 
Moreover, LLPS could be regulated by distinct 
interactions, including homo/heterotypic interac-
tions between proteins [56,63,64], protein-DNA 
[57–59], and protein-RNA [60,62] (Figure 3). In 
the following, we discuss and illustrate these dif-
ferent modes of heterochromatin compartmentali-
zation (see summary in Table 1).

Protein-RNA-dependent LLPS and function in 
X chromosome inactivation

LLPS is involved in Xist long non-coding RNA 
initiated X chromosome inactivation (XCI) by 
recruiting ubiquitous Xist-RNA binding proteins 
(RBPs) via the multivalent E-repeat element of the 
Xist. Yet, the maintenance of the inactive 
X compartment is independent of Xist RNA 
(Figure 4) [61].

XCI is the transcription repression of one 
X chromosome in female cells to ensure equivalent 
expression levels of X-located alleles between male and 
female cells [65]. Heterochromatic inactive 
X chromosome (Xi) is then condensed into 
a compacted structure, which is often located close 
to the nuclear periphery or nucleolus with a complex 
but unique composition [66,67]. XCI is divided into 
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three distinct stages: initiation, establishment, and 
maintenance together with a transition from Xist- 
dependent silencing to Xist-independent during 
embryonic stem (ES) cell differentiation [68,69].

The long non-coding RNA Xist contains multiple 
functional elements featured with repetitive motifs 
including the E-repeat element [68]. The E-repeat 
element is a C, U, and G-rich RNA sequence and 
functions as a multivalent binding platform for 
PTPB1, MATR3, TDP-43, and CELF1 [61,69–72].

In ES cells, disrupting Xist-protein interactions via 
the Xist∆E (E-repeat depletion form of Xist) or deple-
tion of PTBP1, MATR3, TDP-43, and CELF1 resulted 
in more dispersed Xist foci with increased foci num-
ber. This could be rescued by targeted expression of 
the above mentioned genes [61]. This led to the pro-
posal that the E-repeat-mediated protein recruitment 
promotes the integration of multiple Xist transcripts 
into individual Xist foci, their localization and stabili-
zation. During differentiation, the X-chromosome 
gene silencing state could not be maintained in cells 
expressing Xist∆E, accompanied by decreased DNA 
and H3K27me3 intensities within Xi [61], indicating 
that the E-repeat is essential for heritable gene 

silencing and Xi compaction. Moreover, the E-repeat- 
binding proteins exhibited LLPS properties, including 
PTBP1 [38], TDP-43 [71], and MATR3 [73]. In vitro, 
the PTBP1 LLPS was enhanced by E-repeat RNA and 
CELF1, whereas the TDP-43 or MATR3 phase separa-
tions were diminished by point mutations [61]. In 
vivo, the point mutations that abolished the LLPS of 
TDP-43 or MATR3 failed to rescue the gene silencing 
in the differentiating cells with Xist∆E expression [61]. 
Thus, the E-repeat-mediated LLPS of PTPB1, 
MATR3, TDP-43, and CELF1 via homo/hetero- 
interactions compartmentalize Xist and enforce 
X-chromosome gene silencing. Moreover, CELF1 
enrichment at Xi remained upon depletion of Xist 
[61], indicating that protein condensates containing 
PTPB1, MATR3, TDP-43, and CELF1 persist in 
a Xist-independent manner in the Xist-independent 
stage.

Protein-DNA-dependent LLPS and function in 
heterochromatin

Methyl-CpG binding protein 2 (MeCP2) is the 
most studied member of the methyl-CpG binding 

protein protein interaction

protein RNA
interaction

protein DNA
interaction

protein histone modification
interaction

structurally
disordered protein DNA DNA modification RNA histone histone modification

Figure 3. Possible interactions occurring in heterochromatin compartmentalization by liquid-liquid phase separation.
Either homo or hetero protein–protein interactions are a prerequisite for liquid–liquid phase separation processes. Additionally, the 
proteins involved can interact with other factors, including: i) DNA, either naked DNA or modified DNA such as 5mC; ii) RNA; and iii) 
histone modifications such as H3K9me3. These interactions enhance the LLPS formation and/or allow the formation of the LLPS 
compartments in the heterochromatic regions.
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domain (MBD) containing proteins, which recog-
nize the 5-methyl-cytosine (5mC) modification in 
the DNA. MeCP2 has been shown to form LLPS in 
the absence of DNA in physiological concentra-
tions [58,59]. MeCP2-driven LLPS requires self- 
interactions and is mainly based on electrostatic 
forces [58]in particular, the ones derived from 
basic regions [59] located between the MBD and 
the NID domains [45] (Figure 5a). DNA was 

shown to promote MeCP2 LLPS formation in 
a concentration-dependent manner (Figure 5b), 
while the nucleosomes were shown to have 
a negative effect compared to the same size 
naked DNA [57–59].

There is a certain controversy concerning the 
results obtained regarding the effect of 5mC con-
taining DNA in MeCP2 LLPS. In all studies, 5mC 
containing DNA promoted LLPS formation, but 

Table 1. Summary of LLPS studies regarding heterochromatin compartmentalization.
In vitro In vivo

Ref.Factor conditions/mutants/PTMs/ interactors compartment & protein dynamics (properties)

RNA- 
dependent

Xist (E- 
repeat)

no LLPS by itself 
E-repeat of Xist recruits PTBP1 and  
promotes protein LLPS via protein-protein  
and protein-RNA interactions

Xist foci tethers to chromosomal locations with high 
affinity and limited movements 
E-element depletion (Xist∆E) increases Xi foci and 
causes inheritable gene silencing

[61,98]

PTBP1 > physiological concentration 
Xist E-repeat of Xist: promotes 
CELF1: promotes

wt PTBP1 rescues the phenotypes in Xist∆E cells, 
while PTBP1 mutants could not 
FRAP partial recovery

[61,98]

TDP-43 salt and protein concentration dependent 
RNA (promotes) 
TDP-43 mutations (attenuate)

wt TDP-43 rescues the phenotypes in Xist∆E cells, 
while TDP-43 mutations could not

[61,99,100]

DNA- 
dependent

MeCP2 salt: attenuates 
protein concentration dependent 
protein regions: basic (required), C-t (not 
required) 
isoform dependent (E2>E1) 
mutations: attenuate 
crowders: promote 
DNA: promotes 
5mC-DNA: dose-dependent 
NA: promotes 
5mC-DNA-NA: dose-dependent 
FRAP partial recovery 
single-molecule tracking microscopy:  
crowders (constrains), DNA (does not 
affect), 5mC-DNA (immobilizes)

FRAP partial recovery 
increase individual size (also limited by 5mC-DNA 
levels) and reduce compartment number 
single-molecule tracking microscopy: concentration 
(constrains), mutations (increase), 5mC (constrains) 
mutations: affect recruitment, compartment size and 
increase MaSat RNA transcription 
H1 is excluded from MeCP2 compartments

[57–59,74]

Histone- 
dependent

Histone 
H1

DNA: promotes 
NA: promotes

[44],[88,91],[101]

HP1α salt: attenuate 
phosphorylation: promotes 
hinge swap mutants: attenuate 
Sgo1: promotes 
LBR: attenuate 
SUV39H1/KAP1: promotes 
DNA: promotes 
NA: promotes

FRAP partial recovery [59], 
[13,16,50,84,85,102]

HP1β salt: attenuate 
phosphorylation: promotes 
hinge swap mutants: attenuate/promote 
core histones: promote 
SUV39H1/KAP1 together with  
nucleosome extracts: promote

FRAP partial recovery 
mutations: affect recruitment & size

[13,16,50,84,85,102], 
[63,64]

HP1γ hinge swap mutants: attenuate/promotes 
KAP1/TRIM28 together with chromatin  
extracts: promote 
DNA: promotes

[13,16,50,84,85,102]

Abbreviations: 5mC - 5-methyl-cytosine; C-t - C-terminus; FRAP - fluorescence recovery after photobleaching; MaSat - major satellite; NA - 
nucleosomal array; wt - wild type. 
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they showed different outcomes when comparing 
the effect of 5mC on the size of the droplets 
relative to the respective unmethylated DNA. 
A potential explanation for this phenomenon 
could be the different distances between MeCP2 

binding sites (i.e., 5mC density) in the different 
studies (Figure 5c). With a distance of 28 bp [59], 
MeCP2 droplet size was increased compared to the 
corresponding naked DNA in all conditions stu-
died, while when this distance was reduced to 18 

Active X chromosome Initiating XCI

Xist

RBPs

Sustaining XCI

Xist

E-repeat

Figure 4. Model of inactive X chromosome compartment formation via Xist-initiated protein condensation and Xist-independent 
inactive X chromosome maintenance.
Initially, the Xist RNA recruits RNA-binding proteins (RBPs) across the X chromosome via the multivalent E-repeat motif and induces 
the condensation and inactivation of the X chromosome via homo- and heterotypic protein–protein interactions. This process is 
called X chromosome inactivation (XCI). After this, the condensates can be sustained in the absence of Xist.
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Figure 5. MeCP2 mediated liquid-liquid phase separation.
(a) MeCP2 LLPS is driven predominantly by electrostatic self-interactions mainly in the region from the end of the methyl-CpG binding 
domain (MBD) to the N-CoR interacting domain (NID). Color coding: blue for basic amino acids and red for acidic amino acids. TRD: 
transcriptional repression domain; ID: intervening domain. (b) Overview of MeCP2 phase separation propensity in the absence of DNA or 
in the presence of unmodified or methylated DNA. (c) In view of the differences found between publications, we compared the distance 
between MeCP2 binding sites and the results observed in each publication. 1 [59] 2 [57,74] 3 [58].
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bp [57,74], there were some conditions in which 
the size was unaffected or even restricted. 
Moreover, with a distance further reduced to 13 
or even 6 bp [58], most of the situations led to 
restriction of droplet size with greater effect with 
shorter binding site distances. For comparison, in 
mouse cells, major satellite repeats at pericentric 
heterochromatin have MeCP2 binding sites spaced 
from 5 to 14 bp [75].

Recent modeling studies suggest that immobili-
zation of a protein capable of LLPS reduces the 
compartment size [76], and this could explain 
what happens to MeCP2 LLPS by introducing 
5mC in the DNA. In addition, quantification of 
5mC in the heterochromatin suggested that 
around 65–85% of the CpGs located in hetero-
chromatin are methylated in proliferating mouse 
cells [75,77] and likely more in differentiated cells, 
which could be a mechanism of the cells to prevent 
that all heterochromatin fuse into one unique sub-
nuclear compartment. This phenomenon has been 
reported in Purkinje cells during the development 
of mouse cerebellum. Together with a global DNA 
demethylation process between postnatal day 7 
(P7) and P29 [78], there was an increase of the 
heterochromatin compartments size in contrast 
with what happened in the granular cells that 
surround the Purkinje cells, where there is an 
increase in 5mC levels. Indeed, MeCP2 mobility 
analysis showed a decreased bound fraction in 
Purkinje cells compared to the granular cells [79].

In addition to limiting the compartment size, 
5mC also plays a role in targeting MeCP2 to het-
erochromatin regions. MeCP2 mutants that affect 
the MBD binding to 5mC are not located in the 
heterochromatin [80] but, when ectopically tar-
geted to heterochromatin, their ability of cluster 
heterochromatin compartments was rescued [81]. 
Interestingly, most MeCP2 mutations linked to 
disease showed impaired LLPS ability, including 
those that are directly involved in 5mC binding 
[58,59,74]. In addition, MeCP2 is able to recruit 
other important factors, such as ATRX required to 
stabilize the heterochromatin compartments and 
associated to regulation of genomic imprinting 
[82]. On the other hand, LLPS could be 
a mechanism to exclude competitor proteins. In 
the case of MeCP2-based LLPS, it could exclude 
proteins such as linker histone H1, albeit both are 

able to undergo LLPS [57]. In this context, it 
would be interesting to investigate whether and 
how heterochromatin factors recruit or exclude 
each other from the same compartments and 
how that regulates the organization of (hetero) 
chromatin in different tissues and cell types.

Protein-histone dependent LLPS and function 
in heterochromatin

Heterochromatin binding protein 1 (HP1) is 
a non-histone chromosome-binding protein [83]. 
HP1α, one of the three homologs of HP1 (termed 
HP1α, HP1β, and HP1γ) was the first heterochro-
matin-binding protein reported with the property 
of LLPS. This phase separation was shown to be 
initiated through intermolecular interaction of the 
phosphorylated HP1α N-terminus with the hinge 
region [13,84]. The dimerization mediated by the 
chromoshadow domain (CSD) also contributes to 
its LLPS (Figure 6a). HP1β and HP1γ are very 
conserved with HP1α in the chromodomain 
(CD) and CSD, and less conserved in the intrinsi-
cally disordered regions including the N-terminus, 
hinge region, and C-terminus (Figure 6b). The 
intrinsically disordered regions, especially the 
hinge region, determine the different isoelectric 
points of HP1 proteins that cause the different 
properties of HP1ʹs LLPS [64,85]. Both negatively 
charged DNA and positively charged histones bind 
HP1 proteins and affect their LLPS. Addition of 
DNA strongly promotes the LLPS of HP1α [85], 
while HP1β forms liquid-like droplets in the pre-
sence of core histones [64] (Figure 6b). However, 
HP1 itself was shown not to be required for het-
erochromatin compartmentalization [16,86], 
which is likely to be the case for every single 
heterochromatin-enriched protein. Notably, the 
linker histone H1 is excluded from the phase dro-
plets of HP1β with core histones [64], but it can 
phase separate in the presence of DNA [57,87,88]. 
Addition of histone H1 promotes phase separation 
of polynucleosomes and slow dynamics of histones 
inside condensates [44]. HP1α-DNA, H1-DNA 
/polynucleosomes and HP1β-histones LLPS 
mechanisms contribute to heterochromatin forma-
tion and organization. The saturated histones or 
HP1 or DNA, lead to solid condensates [43,85,88]. 
Thus, LLPS of HP1 is highly regulated by its 
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interacting partners including DNA and proteins. 
It was shown that the phosphorylation at the 
N-terminus of HP1α and the trimethylation of 
histone H3 lysine 9 (H3K9me3) are required for 
HP1α and HP1β LLPS, respectively [64,84]. The 
CSD domain mediates homo- and hetero- 
dimerization and is responsible for interaction 
with other proteins [89], while the CD domain of 
HP1 mediates recognition of H3K9me2 and 
H3K9me3 [90–92]. The interactome of HP1 
range from heterochromatin structure regulators 
to cell cycle regulators, transcription, and DNA 
damage repair [93–95]. It was shown that the 

interacting proteins regulate the LLPS of HP1. 
For example, HP1 interaction with the inner 
nuclear membrane protein LBR (lamin 
B receptor) tethers heterochromatin to nuclear 
envelope [96]. This interaction negatively inter-
feres with the multivalent interaction of HP1α 
and inhibits the LLPS of HP1α [84]. However, 
HP1 interaction with shugoshin 1 (Sgo1) targets 
it to centromeres in mitosis and protects centro-
meric sister-chromatid cohesion [97]. Addition of 
the peptides of Sgo1 responsible for this interac-
tion promotes the LLPS of HP1α [84]. Thus, inter-
acting proteins may regulate LLPS of HP1 and 

a

b

Figure 6. HP1-mediated heterochromatin phase separation.
(a) Phase separation of HP1α is driven by the multivalent interactions of the N-terminus and hinge region. The chromoshadow 
domain (CSD) domain mediated dimerization also contributes to HP1α phase separation. Color coding: blue for basic amino acids 
and red for acidic amino acids. CD, chromodomain. (b) Comparison of HP1 homologues in phase separation with DNA or histones. 
Protein sequence similarities from different regions are indicated. Colors from blue to pink code for the isoelectric point of proteins 
from high to low. H1 is excluded from the phase droplets of HP1β and core histones but can form LLPS with polynucleosomes by 
binding to DNA.
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regulate chromatin dynamics during different cel-
lular pathways. Importantly, HP1 phase separation 
correlates with the formation of heterochromatin 
and its clustering in the nucleus. HP1α and HP1β 
predominantly accumulate at pericentric hetero-
chromatin (chromocenters), whereas HP1γ locates 
at euchromatin. Besides contributing to hetero-
chromatin formation, HP1β was shown to trap 
its interactor KAP1 in the heterochromatin, thus 
regulating gene expression during loss of pluripo-
tency [63]. This underscores the relevance of fac-
tor inclusion into LLPS compartments in addition 
to factor exclusion from LLPS compartments to 
the regulation of cell fate decisions.

Concluding remarks

As seen in the previous chapters, LLPS is one of 
the major driving forces for heterochromatin com-
partmentalization and in vitro experiments can be 
used to better understand how these membrane-
less compartments are formed in vivo. However, it 
is remarkable how small variations of any of the 
components of the reaction (proteins, salt, crowd-
edness) affect the final result of droplet formation 
or growth. Thus, it is increasingly important to 
establish standards in LLPS research and to quan-
titatively analyze the consequences caused by local 
perturbation (mutations, post-translational modi-
fications, interactive network changes, etc.) both 
in vitro and in vivo. Only with such combined 
approaches, it will become possible to: i) compare 
results of different studies; ii) explore how LLPS 
dysfunctioning relates to (patho)physiology; and 
iii) elucidate how multiple factors come together 
or not to shape subcellular compartmentalization 
(e.g., of heterochromatin) and, as such, regulate 
cellular metabolism and cell fate decisions.

Acknowledgments

We thank the past and present members of our laboratories 
as well as our collaborators for their contributions over the 
past years.

Disclosure statement

No potential conflict of interest was reported by the authors.

Funding

Our work was funded by the Deutsche Forschungsgemeinschaft 
(DFG, German Research Foundation) grants CA 198/10-1 pro-
ject number 326470517 and CA 198/16-1 project number 
425470807 to M.C.C., HL 721/18-1 project number 425470807 
and SFB 1064 project number 213249687 to H.L.

ORCID

Hui Zhang http://orcid.org/0000-0001-9912-8634
Weihua Qin http://orcid.org/0000-0002-4401-4442
Hector Romero http://orcid.org/0000-0002-2521-0034
Heinrich Leonhardt http://orcid.org/0000-0002-5086-6449
M. Cristina Cardoso http://orcid.org/0000-0001-8427-8859

References

[1] Dundr M, Misteli T. Functional architecture in the cell 
nucleus. Biochem J. 2001;356(2):297–310.

[2] Botchkarev VA, Gdula MR, Mardaryev AN, et al. 
Epigenetic regulation of gene expression in keratinocytes. 
J Invest Dermatol. 2012;132(11):2505–2521.

[3] Grewal SIS, Moazed D. Heterochromatin and epige-
netic control of gene expression. Science. 2003;301 
(5634):798–802.

[4] Guillemette B, Drogaris P, Lin -H-HS, et al. H3 lysine 4 is 
acetylated at active gene promoters and is regulated by H3 
lysine 4 methylation. PLoS Genet. 2011;7(3):e1001354.

[5] Hennig WH. Chromosoma. Vol. 108. 1999. p. 1–9. 
Heterochromatin.

[6] Allshire RC, Madhani HD. Ten principles of hetero-
chromatin formation and function. Nat Rev Mol Cell 
Biol. 2018;19(4):229–244.

[7] Poleshko A, Smith CL, Nguyen SC, et al. H3K9me2 
orchestrates inheritance of spatial positioning of per-
ipheral heterochromatin through mitosis. eLife. 2019;8: 
e49278.

[8] Peters AH, O’Carroll D, Scherthan H, et al. Loss of the 
Suv39h histone methyltransferases impairs mammalian 
heterochromatin and genome stability. Cell. 2001;107 
(3):323–337.

[9] Cheutin T, McNairn AJ, Jenuwein T, et al. Maintenance of 
stable heterochromatin domains by dynamic HP1 binding. 
Science. 2003;299(5607):721–725.

[10] Simon SA, Meyers BC. Small RNA-mediated epigenetic 
modifications in plants. Curr Opin Plant Biol. 2011;14 
(2):148–155.

[11] Yan S-J, Lim SJ, Shi S, et al. Unphosphorylated STAT 
and heterochromatin protect genome stability. FASEB 
J. 2011;25(1):232–241.

[12] Johnson WL, Straight AF. RNA-mediated regulation of 
heterochromatin. Curr Opin Cell Biol. 2017;46:102–109.

[13] Strom AR, Emelyanov AV, Mir M, et al. Phase separa-
tion drives heterochromatin domain formation. 
Nature. 2017;547(7662):241–245.

10 H. ZHANG ET AL.



[14] Isaac RS, Sanulli S, Tibble R, et al. Biochemical basis 
for distinct roles of the heterochromatin proteins swi6 
and chp2. J Mol Biol. 2017;429(23):3666–3677.

[15] Johnson WL, Yewdell WT, Bell JC, et al. RNA- 
dependent stabilization of SUV39H1 at constitutive 
heterochromatin. eLife. 2017;6:e25299.

[16] Erdel F, Rademacher A, Vlijm R, et al. Mouse hetero-
chromatin adopts digital compaction states without 
showing hallmarks of HP1-driven liquid-liquid phase 
separation. Mol Cell. 2020;78(2):236–249.e7.

[17] Nava MM, Miroshnikova YA, Biggs LC, et al. 
Heterochromatin-driven nuclear softening protects 
the genome against mechanical stress-induced 
damage. Cell. 2020;181(4):800–817.e22.

[18] Brero A, Easwaran HP, Nowak D, et al. Methyl 
CpG-binding proteins induce large-scale chromatin 
reorganization during terminal differentiation. J Cell 
Biol. 2005;169(5):733–743.

[19] Janssen A, Colmenares SU, Karpen GH. 
Heterochromatin: guardian of the genome. Annu Rev 
Cell Dev Biol. 2018;34(1):265–288.

[20] Greenstein RA, Al-Sady B. Epigenetic fates of gene 
silencing established by heterochromatin spreading in 
cell identity and genome stability. Curr Genet. 2019;65 
(2):423–428.

[21] Falk M, Feodorova Y, Naumova N, et al. Heterochromatin 
drives compartmentalization of inverted and conventional 
nuclei. Nature. 2019;570(7761):395–399.

[22] Shah PP, Donahue G, Otte GL, et al. Lamin B1 deple-
tion in senescent cells triggers large-scale changes in 
gene expression and the chromatin landscape. Genes 
Dev. 2013;27(16):1787–1799.

[23] Chen H, Zheng X, Zheng Y. Age-associated loss of 
lamin-B leads to systemic inflammation and gut 
hyperplasia. Cell. 2014;159(4):829–843.

[24] McCord RP, Nazario-Toole A, Zhang H, et al. 
Correlated alterations in genome organization, histone 
methylation, and DNA-lamin A/C interactions in 
Hutchinson-Gilford progeria syndrome. Genome Res. 
2013;23(2):260–269.

[25] Fernandez P, Scaffidi P, Markert E, et al. 
Transformation resistance in a premature aging disor-
der identifies a tumor-protective function of BRD4. 
Cell Rep. 2014;9(1):248–260.

[26] Loi M, Cenni V, Duchi S, et al. Barrier-to- 
autointegration factor (BAF) involvement in prelamin 
A-related chromatin organization changes. Oncotarget. 
2016;7(13):15662–15677.

[27] Koenhen DM, Mulder MHV, Smolders CA. Phase 
separation phenomena during the formation of asym-
metric membranes. J Appl Polym Sci. 1977;21 
(1):199–215.

[28] Muschol M, Rosenberger F. Liquid–liquid phase 
separation in supersaturated lysozyme solutions and 
associated precipitate formation/crystallization. 
J Chem Phys. 1997;107(6):1953–1962.

[29] Brangwynne CP, Eckmann CR, Courson DS, et al. 
Germline P granules are liquid droplets that localize 
by controlled dissolution/condensation. Science. 
2009;324(5935):1729–1732.

[30] Oldfield CJ, Dunker AK. Intrinsically disordered pro-
teins and intrinsically disordered protein regions. 
Annu Rev Biochem. 2014;83(1):553–584.

[31] Habchi J, Tompa P, Longhi S, et al. Introducing pro-
tein intrinsic disorder. Chem Rev. 2014;114 
(13):6561–6588.

[32] Wright PE, Dyson HJ. Intrinsically disordered proteins 
in cellular signalling and regulation. Nat Rev Mol Cell 
Biol. 2015;16(1):18–29.

[33] Dyson HJ, Wright PE. Intrinsically unstructured pro-
teins and their functions. Nat Rev Mol Cell Biol. 2005;6 
(3):197–208.

[34] Dunker AK, Lawson JD, Brown CJ, et al. Intrinsically 
disordered protein. J Mol Graph Model. 2001;19 
(1):26–59.

[35] Molliex A, Temirov J, Lee J, et al. Phase separation by 
low complexity domains promotes stress granule 
assembly and drives pathological fibrillization. Cell. 
2015;163(1):123–133.

[36] Brangwynne CP, Tompa P, Pappu RV. Polymer phy-
sics of intracellular phase transitions. Nat Phys. 2015;11 
(11):899–904.

[37] Krainer G, Welsh TJ, Joseph JA, et al. Reentrant liquid 
condensate phase of proteins is stabilized by hydro-
phobic and non-ionic interactions. Nat Commun. 
2021;12(1):1085.

[38] Li P, Banjade S, Cheng H-C, et al. Phase transitions in 
the assembly of multivalent signalling proteins. Nature. 
2012;483(7389):336–340.

[39] Riback JA, Katanski CD, Kear-Scott JL, et al. Stress- 
triggered phase separation is an adaptive, evolutiona-
rily tuned response. Cell. 2017;168(6):1028–1040.e19.

[40] Lücking CB, Brice A. Alpha-synuclein and Parkinson’s 
disease. Cell Mol Life Sci. 2000;57(13):1894–1908.

[41] Ray S, Singh N, Kumar R, et al. α-Synuclein aggrega-
tion nucleates through liquid-liquid phase separation. 
Nat Chem. 2020;12(8):705–716.

[42] Kanaan NM, Hamel C, Grabinski T, et al. Liquid-liquid 
phase separation induces pathogenic tau conforma-
tions in vitro. Nat Commun. 2020;11(1):2809.

[43] Strickfaden H, Tolsma TO, Sharma A, et al. Condensed 
chromatin behaves like a solid on the mesoscale in vitro 
and in living cells. Cell. 2020;183(7):1772–1784.e13.

[44] Gibson BA, Doolittle LK, Schneider MWG, et al. 
Organization of chromatin by intrinsic and regulated 
phase separation. Cell. 2019;179(2):470–484.e21.

[45] Becker A, Allmann L, Hofstätter M, et al. Direct homo- 
and hetero-interactions of MeCP2 and MBD2. PLoS 
ONE. 2013;8(1):e53730.

[46] Larson AG, Narlikar GJ. The role of phase separation 
in heterochromatin formation, function, and 
regulation. Biochemistry. 2018;57(17):2540–2548.

NUCLEUS 11



[47] Boija A, Klein IA, Sabari BR, et al. Transcription fac-
tors activate genes through the phase-separation capa-
city of their activation domains. Cell. 2018;175 
(7):1842–1855.e16.

[48] Sabari BR, Dall’Agnese A, Boija A, et al. Coactivator 
condensation at super-enhancers links phase separa-
tion and gene control. Science. 2018;361(6400): 
eaar3958.

[49] Parker MW, Bell M, Mir M, et al. A new class of 
disordered elements controls DNA replication through 
initiator self-assembly. eLife. 2019;8:e48562.

[50] Wang L, Gao Y, Zheng X, et al. Histone modifications 
regulate chromatin compartmentalization by contri-
buting to a phase separation mechanism. Mol Cell. 
2019;76(4):646–659.e6.

[51] Laflamme G, Mekhail K. Biomolecular condensates as 
arbiters of biochemical reactions inside the nucleus. 
Commun Biol. 2020;3(1):773.

[52] Levone BR, Lenzken SC, Antonaci M, et al. FUS- 
dependent liquid-liquid phase separation is important 
for DNA repair initiation. J Cell Biol. 2021;220(5): 
e202008030.

[53] Reber S, Jutzi D, Lindsay H, et al. The phase 
separation-dependent FUS interactome reveals nuclear 
and cytoplasmic function of liquid-liquid phase 
separation. Nucleic Acids Res. 2021;49(13):7713–7731.

[54] Pessina F, Gioia U, Brandi O, et al. DNA damage 
triggers a new phase in neurodegeneration. Trends 
Genet. 2021;37(4):337–354.

[55] Shi B, Li W, Song Y, et al. UTX condensation underlies 
its tumour-suppressive activity. Nature. 2021;597 
(7878):726–731.

[56] Zhang L, Geng X, Wang F, et al. 53BP1 regulates 
heterochromatin through liquid phase separation. Nat 
Commun. 2022;13(1):360.

[57] Wang L, Hu M, Zuo M-Q, et al. Rett 
syndrome-causing mutations compromise 
MeCP2-mediated liquid-liquid phase separation of 
chromatin. Cell Res. 2020;30(5):393–407.

[58] Zhang H, Romero H, Schmidt A, et al. MeCP2-induced 
heterochromatin organization is driven by 
oligomerization-based liquid-liquid phase separation 
and restricted by DNA methylation. Nucleus. 2022;13 
(1):1–34.

[59] Li CH, Coffey EL, Dall’Agnese A, et al. MeCP2 links 
heterochromatin condensates and neurodevelopmental 
disease. Nature. 2020;586(7829):440–444.

[60] Huo X, Ji L, Zhang Y, et al. The nuclear matrix protein 
SAFB Cooperates with major satellite RNAs to stabilize 
heterochromatin architecture partially through phase 
separation. Mol Cell. 2020;77(2):368–383.e7.

[61] Pandya-Jones A, Markaki Y, Serizay J, et al. A protein 
assembly mediates Xist localization and gene silencing. 
Nature. 2020;587(7832):145–151.

[62] Jack A, Kim Y, Strom AR, et al. Compartmentalization 
of telomeres through DNA-scaffolded phase 
separation. Dev Cell. 2022;57(2):277–290.e9.

[63] Qin W, Ugur E, Mulholland CB, et al. 
Phosphorylation of the HP1β hinge region sequesters 
KAP1 in heterochromatin and promotes the exit 
from naïve pluripotency. Nucleic Acids Res. 2021;49 
(13):7406–7423.

[64] Qin W, Stengl A, Ugur E, et al. HP1β carries an acidic 
linker domain and requires H3K9me3 for phase 
separation. Nucleus. 2021;12(1):44–57.

[65] Lyon MF. Gene action in the X-chromosome of the 
mouse (Mus musculus L.). Nature. 1961;190 
(4773):372–373.

[66] Yang F, Deng X, Ma W, et al. The lncRNA Firre 
anchors the inactive X chromosome to the nucleolus 
by binding CTCF and maintains H3K27me3 
methylation. Genome Biol. 2015;16(1):52.

[67] Fang HE, Bonora G, Lewandowski J, et al. Trans− and 
cis−acting effects of Firre on epigenetic features of the 
inactive X chromosome. Nat Commun. 2020;11(1):6053.

[68] Maduro C, de Hoon B, Gribnau J. Fitting the puzzle 
pieces: the bigger picture of XCI. Trends Biochem Sci. 
2016;41(2):138–147.

[69] Wutz A, Jaenisch R. A shift from reversible to irrever-
sible X inactivation is triggered during ES cell 
differentiation. Mol Cell. 2000;5(4):695–705.

[70] Coelho MB, Attig J, Ule J, et al. Matrin3: connecting 
gene expression with the nuclear matrix. Wiley 
Interdiscip Rev RNA. 2016;7(3):303–315.

[71] Prasad A, Bharathi V, Sivalingam V, et al. Molecular 
mechanisms of TDP-43 misfolding and pathology in 
amyotrophic lateral sclerosis. Front Mol Neurosci. 
2019;12:25.

[72] McHugh CA, Chen C-K, Chow A, et al. The Xist 
lncRNA interacts directly with SHARP to silence tran-
scription through HDAC3. Nature. 2015;521 
(7551):232–236.

[73] Gallego-Iradi MC, Strunk H, Crown AM, et al. 
N-terminal sequences in matrin 3 mediate phase 
separation into droplet-like structures that recruit 
TDP43 variants lacking RNA binding elements. Lab 
Invest. 2019;99(7):1030–1040.

[74] Fan C, Zhang H, Fu L, et al. Rett mutations attenuate 
phase separation of MeCP2. Cell Discov. 2020;6(1):38.

[75] Casas-Delucchi CS, van Bemmel JG, Haase S, et al. 
Histone hypoacetylation is required to maintain late 
replication timing of constitutive heterochromatin. 
Nucleic Acids Res. 2012;40(1):159–169.

[76] Chiang M, Brackley CA, Marenduzzo D, et al. 
Predicting genome organisation and function with 
mechanistic modelling. Trends Genet. 2022;38 
(4):364–378.

[77] Schermelleh L, Haemmer A, Spada F, et al. Dynamics 
of Dnmt1 interaction with the replication machinery 
and its role in postreplicative maintenance of DNA 
methylation. Nucleic Acids Res. 2007;35(13): 
4301–4312.

[78] Zhou FC, Resendiz M, C-L L, et al. Cell-Wide DNA 
de-methylation and re-methylation of purkinje 

12 H. ZHANG ET AL.



neurons in the developing cerebellum. PLoS ONE. 
2016;11(9):e0162063.

[79] Piccolo FM, Liu Z, Dong P, et al. MeCP2 nuclear 
dynamics in live neurons results from low and high 
affinity chromatin interactions. eLife. 2019;8:e51449.

[80] Agarwal N, Becker A, Jost KL, et al. MeCP2 Rett 
mutations affect large scale chromatin organization. 
Hum Mol Genet. 2011;20(21):4187–4195.

[81] Casas-Delucchi CS, Becker A, Bolius JJ, et al. Targeted 
manipulation of heterochromatin rescues MeCP2 Rett 
mutants and re-establishes higher order chromatin 
organization. Nucleic Acids Res. 2012;40(22):e176.

[82] Kernohan KD, Vernimmen D, Gloor GB, et al. 
Analysis of neonatal brain lacking ATRX or MeCP2 
reveals changes in nucleosome density, CTCF binding 
and chromatin looping. Nucleic Acids Res. 2014;42 
(13):8356–8368.

[83] Eissenberg JC, Elgin SC. The HP1 protein family: get-
ting a grip on chromatin. Curr Opin Genet Dev. 
2000;10(2):204–210.

[84] Larson AG, Elnatan D, Keenen MM, et al. Liquid 
droplet formation by HP1α suggests a role for phase 
separation in heterochromatin. Nature. 2017;547 
(7662):236–240.

[85] Keenen MM, Brown D, Brennan LD, et al. HP1 pro-
teins compact DNA into mechanically and positionally 
stable phase separated domains. eLife. 2021;10:e64563.

[86] Müller-Ott K, Erdel F, Matveeva A, et al. Specificity, 
propagation, and memory of pericentric 
heterochromatin. Mol Syst Biol. 2014;10(8):746.

[87] Leicher R, Osunsade A, Chua GNL, et al. Single-stranded 
nucleic acid binding and coacervation by linker histone 
H1. Nat Struct Mol Biol. 2022;29:463–471.

[88] Shakya A, Park S, Rana N, et al. Liquid-liquid phase 
separation of histone proteins in cells: role in chroma-
tin organization. Biophys J. 2020;118(3):753–764.

[89] Nielsen AL, Oulad-Abdelghani M, Ortiz JA, et al. 
Heterochromatin formation in mammalian cells: inter-
action between histones and HP1 proteins. Mol Cell. 
2001;7(4):729–739.

[90] Bannister AJ, Zegerman P, Partridge JF, et al. Selective 
recognition of methylated lysine 9 on histone H3 by the 
HP1 chromo domain. Nature. 2001;410(6824):120–124.

[91] Jacobs SA, Khorasanizadeh S. Structure of HP1 chro-
modomain bound to a lysine 9-methylated histone H3 
tail. Science. 2002;295(5562):2080–2083.

[92] Nakayama J, Rice JC, Strahl BD, et al. Role of histone 
H3 lysine 9 methylation in epigenetic control of hetero-
chromatin assembly. Science. 2001;292(5514):110–113.

[93] Ainsztein AM, Kandels-Lewis SE, Mackay AM, et al. 
INCENP centromere and spindle targeting: identifica-
tion of essential conserved motifs and involvement of 
heterochromatin protein HP1. J Cell Biol. 1998;143 
(7):1763–1774.

[94] Ostapcuk V, Mohn F, Carl SH, et al. Activity- 
dependent neuroprotective protein recruits HP1 and 
CHD4 to control lineage-specifying genes. Nature. 
2018;557(7707):739–743.

[95] Quivy J-P, Gérard A, Cook AJL, et al. The HP1-p150/ 
CAF-1 interaction is required for pericentric hetero-
chromatin replication and S-phase progression in 
mouse cells. Nat Struct Mol Biol. 2008;15(9):972–979.

[96] Ye Q, Worman HJ. Interaction between an integral protein 
of the nuclear envelope inner membrane and human 
chromodomain proteins homologous to Drosophila HP1. 
J Biol Chem. 1996;271(25):14653–14656.

[97] Yamagishi Y, Sakuno T, Shimura M, et al. 
Heterochromatin links to centromeric protection by 
recruiting shugoshin. Nature. 2008;455(7210):251–255.

[98] Markaki Y, Gan Chong J, Wang Y, et al. Xist nucleates 
local protein gradients to propagate silencing across the 
X chromosome. Cell. 2021;184(25):6174–6192.e32.

[99] Conicella AE, Zerze GH, Mittal J, et al. ALS mutations 
disrupt phase separation mediated by α-helical struc-
ture in the TDP-43 low-complexity c-terminal domain. 
Structure. 2016;24(9):1537–1549.

[100] McGurk L, Gomes E, Guo L, et al. Poly(ADP-Ribose) 
prevents pathological phase separation of TDP-43 by 
promoting liquid demixing and stress granule 
localization. Mol Cell. 2018;71(5):703–717.e9.

[101] Muzzopappa F, Hertzog M, Erdel F. DNA length tunes 
the fluidity of DNA-based condensates. Biophys J. 
2021;120(7):1288–1300.

[102] Sanulli S, Trnka MJ, Dharmarajan V, et al. HP1 
reshapes nucleosome core to promote phase separation 
of heterochromatin. Nature. 2019;575(7782):390–394.

NUCLEUS 13


	Abstract
	Chromatin organization
	Liquid-liquid phase separation and human diseases
	LLPS in (hetero)chromatin compartmentalization
	Protein-RNA-dependent LLPS and function in Xchromosome inactivation
	Protein-DNA-dependent LLPS and function in heterochromatin
	Protein-histone dependent LLPS and function in heterochromatin
	Concluding remarks
	Acknowledgments
	Disclosure statement
	Funding
	References

