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1  | INTRODUC TION

Tumor cells exhibit atypical nuclear morphologies that may reflect 
changes in genomic integrity and nuclear substructures and their 
functions. The nucleus is compartmentalized, and genomic DNA 
is surrounded by membraneless structures composed of proteins 
and RNAs. These include nucleoli, paraspeckles, promyelocytic 

leukemia (PML) bodies, chromosome territories and DNA damage 
foci1 (Figure 1A).

Over 10 years ago, Zaidi et al proposed the insightful concept 
that chromatin and nuclear substructures can be considered as 
“nuclear microenvironments,” which serve as platforms to spa-
tially organize nuclear machineries. Significantly, the composition 
and organization of nuclear microenvironments are compromised 
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Abstract
The eukaryotic nucleus is not a homogenous single-spaced but a highly compart-
mentalized organelle, partitioned by various types of membraneless structures, in-
cluding nucleoli, PML bodies, paraspeckles, DNA damage foci and RNA clouds. Over 
the past few decades, these nuclear structures have been implicated in biological 
reactions such as gene regulation and DNA damage response and repair, and are 
thought to provide “microenvironments,” facilitating these reactions in the nucleus. 
Notably, an altered morphology of these nuclear structures is found in many cancers, 
which may relate to so-called “nuclear atypia” in histological examinations. While 
the diagnostic significance of nuclear atypia has been established, its nature has re-
mained largely enigmatic and awaits characterization. Here, we review the emerging 
biophysical principles that govern biomolecular condensate assembly in the nucleus, 
namely, liquid-liquid phase separation (LLPS), to investigate the nature of the nuclear 
microenvironment. In the nucleus, LLPS is typically driven by multivalent interactions 
between proteins with intrinsically disordered regions, and is also facilitated by pro-
tein interaction with nucleic acids, including nuclear non–coding RNAs. Importantly, 
an altered LLPS leads to dysregulation of nuclear events and epigenetics, and often 
to tumorigenesis and tumor progression. We further note the possibility that LLPS 
could represent a new therapeutic target for cancer intervention.
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under stress.2 For example, upon DNA damage, BRCA1/2 (breast 
cancer-associated protein 1/2), whose mutations are associated 
with breast and ovarian cancer,3,4 forms a compartment (Figure 1A) 
that promotes DNA damage repair and maintenance of genome 
integrity.5 Histone proteins in chromatin become phosphorylated 
at damaged sites, which extend to long megabase-sized regions,6 
and create nuclear foci (Figure 1A), where numerous DNA damage 
repair molecules are recruited. Considering nuclear microenvi-
ronments, rather than a single biochemical reaction, may be ap-
propriate because a single component cannot confer multilayered 
cancer-related changes. From this viewpoint, the discovery and 

identification of the novel and fundamental properties that cre-
ate and regulate the nuclear microenvironments have been long 
awaited.

A series of recent collaborations between cell biologists and bio-
physicists have robustly revealed that membraneless structures, 
nuclear bodies or macromolecule condensates are formed through 
biophysical phenomena referred to as liquid-liquid phase separation 
(LLPS).7,8 LLPS is a process in which a single liquid phase composed 
of mutually soluble components demixes into two or more distinct 
phases, creating a “liquid droplet” (Figure 1B). Inside cells, LLPS con-
centrates certain factors at specific places and excludes other factors, 

F I G U R E  1   Nuclear microenvironments and principles of their formation. A, The eukaryotic nucleus is highly compartmentalized and 
contains various membraneless organelles (nuclear bodies/structures). Their immuno-stained or FISH images are shown. B, Multivalent 
interactions between proteins and nucleic acids trigger liquid-liquid phase separation (LLPS). LLPS is reversible (left) and the resultant liquid 
droplet (yellow-highlighted area) is dynamic (middle); however, its hyper self-assembly causes irreversible solid aggregate formation (right)
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creating a heterogenous environment. The molecules inside the drop-
let are highly mobile, and the droplet itself is also dynamic and re-
versible. These biophysical properties may bring efficient biological 
processes and acute cellular responses.

Liquid-liquid phase separationis thought to be triggered by 
weak, multivalent interactions between proteins and nucleic acids.7,8 
Peptides with intrinsically disordered regions (IDR) in RNA binding 
proteins (RBPs) tend to undergo LLPS and form liquid droplets or 
hydrogels in vitro and in vivo.9 These peptides often contain limited 
kinds of amino acids, and are referred to as low-complexity (LC) or 
prion-like domains.10 LLPS is in principle reversible, and the resul-
tant liquid droplets are dynamic and easily undergo fusion and fis-
sion. However, liquid droplets composed of specific proteins such 
as fused in sarcoma (FUS) can also excessively self-assemble and ir-
reversibly transform into solid aggregates that are known to have a 
causative role in neurodegenerative diseases11 (Figure 1B).

In this review, we revisit the concept of nuclear microenvironments 
with the perspective of LLPS, to provide a new pathological framework 
for the aberrant chromatin and nuclear structures in cancer. We dis-
cuss recent discoveries regarding LLPS in chromatin and nuclear or-
ganization, and the role of nuclear ncRNAs as LLPS regulators. We 
specifically focus on instances in which the dysregulation of the nu-
clear microenvironment relates to cancer proliferation, progression 
and recurrence.

2  | CHROMATIN ORGANIZ ATION IS 
MODUL ATED BY LLPS

In the eukaryotic nucleus, the genomic DNA is packaged into chro-
matin. Chromatin organization is a major determinant for nuclear 
functions such as gene regulation, DNA replication and repair, and 
chromosome segregation, because chromatin serves as a platform 
for them. Therefore, chromatin can be considered as one of the com-
ponents that create a nuclear microenvironment. It is becoming clear 
that chromatin organization is modulated by LLPS.

2.1 | A nucleosome array undergoes LLPS

The nucleosome is the fundamental repeat unit of chromatin, in 
which 146 bp of DNA are wrapped around an octamer of core his-
tones, H2A, H2B, H3 and H4.12 DNA has a negatively charged phos-
phate backbone, while histones are enriched with positively charged 
amino acids. Thus, the nucleosome is formed by electrostatic inter-
actions between DNA and the histone octamer, which may halve the 
negative charge of DNA13 (Figure 2A).

A recent study indicated that nucleosome arrays form liquid 
droplets through LLPS, at a physiological cation concentration14 
(Figure 2B). Positively charged core histone tails promoted the 
droplet formation with electrostatic interactions between DNA 
and the histone octamer. Histone H1 is another histone that binds 
to a linker region of the nucleosome array. The addition of histone 

H1 or cations neutralized the repulsion among negatively charged 
nucleosomes, promoted multivalent interactions among the nu-
cleosomes, and facilitated the droplet formation. Increasing the 
concentration or number of nucleosomes also promoted LLPS, 
by increasing the chance of interactions among the multiple nu-
cleosomes. Further analysis revealed that histone acetylation re-
sulted in the dissolution of the nucleosome droplets, but adding 
the bromodomain-containing protein 4 (BRD4), which binds to 
acetylated histone tails, triggered re–phase-separation of nucle-
osomes.14 Droplets of nucleosomes with unmodified histone and 
newly-induced droplet of nucleosomes by BRD4 did not coalesce, 
indicating that distinct chromatin compartments are induced by 
LLPS with histone modifications and epigenetic “reader” proteins. 
These findings imply that LLPS is involved in the compartmental-
ization of nucleosome arrays, by concentrating the components 
and excluding the arrays with different properties.

2.2 | Chromatin structure is regulated by LLPS

Liquid-liquid phase separation is also involved in higher-order chro-
matin structure. Super-resolution imaging in live cells demonstrated 
that chromatin represents dynamic and liquid-like properties in the 
nucleus, rather than static and physically constrained solid-phase 
structures15 (Figure 2C). This observation inspired us to imagine that 
on a larger scale, chromatin may also be phase-separated, and dy-
namically form liquid droplets.

Compacted and decompacted chromatin structures are known 
to tightly correlate to gene repression and activation, respectively. 
Constitutive heterochromatin is cytologically defined as a chro-
matin segment that is highly condensed throughout the cell cycle, 
and heterochromatin protein 1 (HP1) is its major component.16 An 
in vitro analysis revealed that the Schizosaccaromyces pombe HP1 
protein Swi6 interacts with the nucleosome through histone H2B, 
facilitating LLPS of the nucleosome array.17 A plausible interpreta-
tion of this phenomenon is that the histone octamer conformation 
is disorganized by Swi6 and buried nucleosome regions become 
exposed, which newly induces multivalent interactions and trig-
gers LLPS. This may lead to a higher concentration of nucleosomes 
within the droplets, explaining how the HP1 LLPS facilitates chro-
matin compaction and concentration, and steric exclusion of tran-
scription factors.

Polymer modelling analyses suggested that a compacted chro-
matin segment plays a role in “spreading” to large-scale chromatin 
structures in a self-organizing manner.18,19 In this model, an active 
system to decompact chromatin would also be required to pre-
serve decompacted chromatin structures. Nozawa et al demon-
strated that scaffold attachment factor A (SAF-A)/heterogeneous 
nuclear ribonucleoprotein U (hnRNP U) decompacts transcription-
ally active large-scale chromatin structures.20 SAF-A apparently 
formed a filament-shaped oligomer with nuclear RNA, which is 
required for chromatin decompaction. The SAF-A/RNA filaments 
are predicted to biochemically assemble into a nuclear mesh in 
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the nucleus. Nozawa et al suggested that SAF-A and RNA form 
a transcriptionally responsive, dynamic nuclear mesh that creates 
a highly viscous microenvironment that keeps chromatin decom-
pacted.21 Furthermore, the disruption of nuclear mesh led to chro-
mosomal instability; however, the detailed mechanisms remain to 
be elucidated. Taken together, it is tempting to speculate that a 
nuclear SAF-A/RNA mesh partitions the genome into functionally 
diverse nuclear microenvironments, an essential process for main-
taining genome integrity.

2.3 | Mitotic chromosome dynamics is governed 
by LLPS

Faithful genome segregation during cell division depends on the pre-
cise formation of mitotic chromosomes (Figure 2C), involving dynamic 
structural changes consisting of chromosome condensation, resolution 
of sister chromatids and individualization of chromosomes as spatially 
separate bodies. A failure in any of these steps can cause chromo-
some segregation errors, resulting in genome rearrangements and 

aneuploidy. Recent reports have suggested that the concept of phase 
separation could also be applicable to these processes.

Ki-67 was first identified as a nuclear antigen in Hodgkin lym-
phoma cells,22 and is now widely used as a proliferation marker for 
human tumor cells. Ki-67 primarily exists in nucleoli during inter-
phase, and becomes re–localized to chromosome surfaces in mito-
sis.23 In cells, the depletion of Ki-67 collapsed chromosomes into a 
single chromatin mass after mitotic entry.23 Further analyses using 
a series of Ki-67 truncations indicated that size and overall electric 
charge are important to keep mitotic chromosomes apart from each 
other. These results suggest that Ki-67 acts as a steric or electro-
static charge barrier, or surfactant, by phase-separating individual 
mitotic chromosome arms.

Aurora B kinase, a component of the chromosomal passenger 
complex (CPC), accumulates at inner centromeres in mitosis and 
controls the kinetochore-microtubule attachments to ensure accu-
rate chromosome segregation through its kinase activity. The ac-
cumulation of CPC at inner centromeres is reportedly mediated by 
LLPS.24 Significance of the accumulation of CPC in the regulation 
of the Aurora B kinase activity remains enigmatic. As in the nuclear 

F I G U R E  2   A nucleosome array undergoes LLPS. A, DNA has a negatively charged phosphate backbone, while the core histone proteins 
are enriched with positively charged amino acids. The nucleosome is formed by electrostatic interactions between DNA and the histone 
octamer, which may halve the negative charge of DNA. B, A nucleosome array undergoes LLPS upon cation or histone H1 addition in vitro. 
C, Interphase chromatin forms a large and irregular assembly that behaves like a “liquid droplet” in the nucleus. Metaphase chromosomes are 
coated with Ki-67 (orange), which serves as a surfactant
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microenvironment in interphase cells, LLPS is involved in the control 
of chromosome stability during mitosis, by concentrating appropri-
ate components, excluding unnecessary ones, and conferring dy-
namics and plasticity.

3  | RNA REGUL ATES NUCLE AR 
FUNC TIONS THROUGH LLPS

RNA is an important factor in LLPS, and early in vitro experiments 
showed that RNA binding proteins (RBPs) drive LLPS.25,26 Many non–
coding RNAs (ncRNAs) are localized on chromatin,27 and often oc-
cupy a particular nuclear area, forming an “RNA cloud.” ncRNA is a 
major component of membraneless structures such as the nucleolus 
and paraspeckles that exhibit biophysical properties as liquid drop-
lets.25,26,28-30 The expression and resulting nuclear structure seem 
physiologically relevant, as ncRNA is frequently dysregulated in can-
cers. For example, the MALAT1 ncRNA, consisting of nuclear speck-
les, is highly expressed in lung cancer and breast cancer, and aberrant 
nuclear speckles with excess amounts of MALAT1 ncRNA are known 
to be involved in cancer metastasis and oncogene activation during 
cancer progression.31-33

3.1 | ncRNAs regulate chromatin structure and 
gene expression

The XIST ncRNA acts in X-chromosome inactivation in mammalian 
females.34 In early development, one of the two X chromosomes in 
females is suppressed for dosage compensation. In this process, ap-
proximately 17 kb of the XIST RNA is produced from a region called 
the X-inactivation center in the inactive X chromosome. It then 
spreads along the entire chromosome, creates a XIST RNA cloud 
over it, and compacts and represses it.34,35 In the nucleus, the XIST 
RNA may serve as a platform to create a microenvironment for the 
repression of genes on the inactive X chromosome. For example, 
the XIST RNA recruits the SMCHD1-HBiX1 complex and polycomb 
repressive complex 2 (PRC2), which contribute to chromosome 

compaction and gene repression. 36,37 ncRNAs may be machiner-
ies for concentrating certain factors at specific sites in LLPS. In the 
human body, the XIST RNA is required for the suppression of leuke-
mia and breast cancers.38

Of note, ncRNA is not always involved in repressing gene ex-
pression. A recent study showed that nuclear ncRNAs, including the 
XIST RNA, have an ability to destabilize nucleosomes, both in vitro 
and in vivo. This intrinsic RNA activity may conversely facilitate the 
access of regulatory factors to chromatin for remodeling.39 There 
are also ncRNAs that activate transcription, including HOTTIP, XACT 
and ELEANORS, which we will discuss later.

3.2 | ncRNAs organize and regulate membraneless 
structures in the nucleus

Various mechanisms for LLPS modulation by RNAs have been pro-
posed (Figure 3). First, the transcription of a specific ncRNA can 
trigger nuclear body formation (Figure 3A). For example, the nucleo-
lus, the site of ribosome biogenesis, is formed around the riboso-
mal RNA (rRNA) transcription sites. When the rRNAs are artificially 
transcribed elsewhere in the chromosome, a nucleolus-like structure 
is newly formed at the site.40,41 The paraspeckle is a nuclear body 
involved in RNA editing and gene regulation, and its formation is 
dependent on the NEAT1 ncRNA.42,43 When the NEAT1 RNA is tran-
scribed ectopically, other paraspeckle components are recruited, 
and de novo functional paraspeckle is formed at the site.44 These 
observations suggest that nuclear body formation is initially driven 
by RNA seeding events and followed by the accumulation of RBP; a 
high local concentration of RBP leads to LLPS.

Second, RNA buffers LLPS (Figure 3B). FUS is an LC do-
main-containing RBP and forms FUS bodies with the NEAT1 RNA, 
while FUS bodies are dissolved with an increasing concentration 
of non–specific RNAs. This suggests that the LLPS mediated by 
the FUS protein is modulated by both specific (NEAT1 RNA) and 
non–specific RNAs.45 An excessive LLPS caused by a reduction of 
the nuclear RNA levels, genetic ablation of FUS and other RBP, 
and overmaturation or aging of their liquid droplets may trigger 

F I G U R E  3   RNAs are regulatory factors for LLPS in the nucleus. A, RNA serves in the “seeding” of membraneless organelles in the 
nucleus. Many non–coding RNAs (ncRNAs) are localized on chromatin and recruit RNA binding proteins that drive LLPS. B, Non–specific 
RNAs buffer LLPS of proteins. A specific ncRNA, such as NEAT1, facilitates LLPS of the fused in sarcoma (FUS) protein, while the LLPS of 
FUS is repressed by an increasing concentration of non–specific RNAs. C, Single-stranded RNAs containing repetitive sequences tend to 
self-assemble through their multivalent base-pairings
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the formation of cytotoxic solid-like, insoluble assemblies in cells. 
Therefore, buffering the LLPS level by RNA is important for keep-
ing RBP in a soluble state.45

Finally, RNA itself also undergoes LLPS46 (Figure 3C). The ex-
pansion of short nucleotide repeats is found in patients with neu-
rological and neuromuscular disorders. A transcript containing 
such repetitive sequences drives self-assembly through multivalent 
base-pairing with a similar repeat number, resulting in RNA conden-
sates in the nucleus, which potentially disrupt cellular functions. 
Increasingly, various mechanisms for the regulation of nuclear mi-
croenvironments by ncRNAs are being explored.

4  | NUCLE AR MICROENVIRONMENTS ARE 
ALTERED IN C ANCERS

In cancer cells, the nuclear morphologies are frequently altered, 
in a phenomenon referred to as nuclear atypia.2 For example, 
changes in composition, number, size and activity on nucleoli are 
seen, and their diagnostic significance has been proposed 47,48 
The prominent nucleolus observed in a rare hematological ma-
lignancy, blastic plasmacytoid dendritic cell neoplasm, is a com-
pelling case.49Another relevant alteration is found in the PML 
body, in which the level of SUMOylation may underlie LLPS.50 
In acute promyelocytic leukemia (APL), heterozygotic chromo-
somal translocation between the long arms of chromosome 15 
and 17, t(15;17)(q22;q21), produces the PML-retinoic acid recep-
tor alpha (RARα) fusion protein, leading to PML body disruption 
and loss of its function.50 Treatment with all-trans retinoic acid 
(ATRA) induces degradation of the fusion protein and recovers 
the PML body and the cellular functions, which corresponds to an 
improved outcome of patients. As the integrity of these nuclear 
structures and thereby the microenvironments are governed 
by LLPS, a manipulation of LLPS must provide a way to develop 
novel therapeutics.

4.1 | DNA damage foci provide nuclear 
microenvironments crucial for genome integrity

Defects in DNA repair pathways lead to genomic mutations that can 
contribute to tumorigenesis or increase cancer aggressiveness. The 
DNA damage response (DDR) pathway is crucial for the maintenance 
of genome integrity. The early steps in DDR are the recognition of 
the DNA lesion and the recruitment of DNA repair proteins to it. 
Part of the DDR pathway is regulated by LLPS.51 p53-binding pro-
tein1 (53BP1) is a major player in the DDR pathway and accumu-
lates at DNA lesions, where it creates a nuclear environment called 
“53BP1 nuclear bodies” to scaffold factors for downstream signal 
cascades.52 A live-cell imaging analysis revealed that the 53BP1 bod-
ies undergo dynamic fusion and fission, a hallmark of LLPS.51 The 
p53 tumor suppressor, a transcription factor, and USP28, a deubiqui-
tinase that stabilizes p53, are assembled on the 53BP1 bodies, which 
are required for the activation of target genes including p21, encod-
ing another tumor suppressor.53 Therefore, the 53BP1 nuclear body 
coordinates the DNA damage recognition with gene expression. A 
super-resolution microscopic analysis revealed that the 53BP1 nu-
clear body is colocalized with megabase-sized chromatin domains 
called topologically associating domains (TAD), and re–organizes the 
3D genome architectures surrounding the DNA damage site, which 
may be important for reducing the chance of chromosomal translo-
cations.54 Altogether, the 53BP1 bodies represent the LLPC’s role in 
DDR: the concentration of proper factors on DNA damage sites and 
the exclusion of undamaged DNA from damaged DNA.

4.2 | Aberrant nuclear microenvironment is created 
through LLPS in cancers

Gene expression is dysregulated in cancer. RNA polymerase II (RNA 
pol II) and nascent transcripts are concentrated at discrete sites in 
the nucleus, the so-called transcription factories,55 which can now 

F I G U R E  4    Transcription regulation by membraneless structures in the nucleus. A, A super-enhancer is a cluster of enhancers that are 
bound by RNA polymerase II, transcription factors, the mediator subunit MED1 and bromodomain-containing protein 4 (BRD4). Super-
enhancers are locally concentrated and create a microenvironment for highly active transcription. B, ELEANOR RNA cloud (green) in 
the nucleus (blue) in a recurrent estrogen receptor-positive breast cancer model cell (left). ELEANORS activate a large chromatin domain 
containing multiple breast cancer-related genes (right) 
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be explained by LLPS. The C-terminal domain (CTD) of RNA pol II is 
a disordered, low-complexity region that is differentially phospho-
rylated at transcriptional initiation, elongation, and termination. At 
transcription initiation, the phosphorylated CTD plays a central role 
in assembling transcription factors, including the mediator subunit 
MED1, through LLPS, resulting in a transcription factory or con-
densate.56-58 Upon entering the elongation stage, the differential 
phosphorylation of CTD dissociates RNA pol II from the transcrip-
tional condensate and relocates it to another condensate for splicing 
factors59 These findings imply that LLPS is involved in transcription 
processes, including initiation and the switch to elongation, by con-
centrating factors and conferring dynamics with phosphorylation.

Super-enhancers are proposed to be large clusters of enhancers 
that lead to the highly active transcription of nearby target genes.60 
At each super-enhancer, RNA pol II, transcription factors, MED1 and 
BRD4 undergo LLPS and form condensates (Figure 4A).57,61 LLPS 
thus selectively concentrates factors at specific genomic regions. 61 
It was postulated that cancer cells gain large super-enhancers for 
driver oncogenes, and, therefore, they are more sensitive to tran-
scriptional inhibitors than normal cells.61

When estrogen receptor (ER)-positive breast cancer cells are de-
prived of estrogen for a long period of time, they acquire estrogen 
independent proliferation ability. These cells called long-term estro-
gen deprivation (LTED) cells recapitulate and, therefore, are a model 
for recurrence after endocrine therapy. In these cells, a cluster of 
ncRNAs, named ELEANORS, is produced from the approximately 
700 kb chromatin domain containing the estrogen receptor 1 (ESR1) 
gene, encoding estrogen receptor α. ELEANORS activate the entire 
domain and lead to the high expression of ESR1 and neighboring 
genes. ELEANORS form a cloud, providing a nuclear microenviron-
ment for active transcription62-64 (Figure 4B). ELEANORS also play 
a role in mediating long-range chromatin interactions and balancing 
between cell proliferation and apoptosis.64

5  | CONCLUDING REMARKS

In this review, we have discussed the emerging concept of LLPS in 
nuclear microenvironment formation, and how it regulates nuclear 
functions such as gene expression and maintains genome integrity. 
LLPS is a well-studied phenomenon in physics and protein chemis-
try, and now this knowledge can be transferred to understanding 
the structure and functions of the nucleus. We reconsidered the 
nuclear atypia from the viewpoint of LLPS, and gained a clearer 
understanding of genome dysregulation in cancer cells. The nu-
clear microenvironments that are newly created or disrupted in 
cancer may potentially be therapeutic targets. In fact, oligonucle-
otide-mediated inhibition of the ncRNAs seems promising.65-67 
Searches for small compounds that target LLPS have started for 
neurodegenerative diseases,68 in which pathogenic membraneless 
aggregates are formed. These studies will pave the way for novel 
cancer therapies.
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