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1. Introduction

Phase separation between intracellular biomolecules 
usually refers to the separation of eukaryotic proteins 
or nucleic acids (mostly RNA) through protein-protein, 
protein-nucleic acid and nucleic acid-nucleic acid 
multivalent binding aggregates from the surrounding 
liquid (cytoplasm or nucleoplasm) to form a semi-liquid 
(1), thereby maintaining order in the crowded chaos of 
cells. Study of phase separation began in 2009 when 
Tony Hyman and Cliff Brangwynne stuck worm gonads 
filled with P particles between two thin glass plates and 
slid the plates against each other. Under the shear stress 
of the sliding plates, the solids should have fallen off, 
however, the particles merged like raindrops, dropping 
and beading together (2). In 2021, Michael Rosen and 
Steven McKnight discovered a weak force between 
RNA and protein molecules in test tubes, which came 
close to each other and formed droplet-like substances 
(3). In 2015, Julie Forman-Kay discovered that a protein 
that affects sperm function forms droplets within human 
cells; this study accelerated the research into phase 
separation (4).
 Many intracellular biological processes involve 

phase separation (Figure 1). Accumulating evidence has 
revealed that multiple membraneless organelles (MLOs) 
within cells, such as paraspeckles, Cajal bodies and stress 
granules, are condensates formed via phase separation 
of specific proteins/RNAs. These dynamic MLOs, 
along with the normative membranous organelles, 
maintain the spatial order within the cell, thus ensuring 
that continuous or independent biochemical reactions 
and regulatory processes are performed in an orderly 
manner. In response to stimulation by cellular stressors 
such as heat shock, hypoxia, nutritional starvation and 
DNA damage, ncRNAs can control the stability of 
the intracellular environment by forming biological 
condensates through phase separation (5). SERRATE-
mediated phase separation forms D-bodies, which are 
essential for miRNA production (6). In addition, phase 
separation can lead to the formation of physicochemical 
and mechanical filters, such as nuclear pores (7). 
Meanwhile, ncRNA-mediated phase separation is 
required for genomic stability (8). Phase separation can 
locally concentrate molecules in cohesive condensates 
to activate cytoskeletal structural responses, signaling 
processes and nucleation (9). The understanding that 
phase separation underlies the formation of membrane-
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Phase separation refers to a phenomenon in which different components of a cell collide and 
fuse with each other to form droplets such that some components are encapsulated within the 
droplet and some are blocked outside. It is prevalent in eukaryotic cells and is closely related to 
genome assembly and transcriptional regulation, enabling multiple biological functions. With the 
development of high-throughput sequencing technologies, several non-coding RNAs (ncRNAs) 
have been shown to play an important role in epigenetic regulation of gene expression in addition 
to their roles at the transcriptional and post-transcriptional levels. In addition, some ncRNAs 
are involved in the formation of membraneless organelles (MLOs), the regulation of genomic 
stability and stress response through phase separation. Notably, phase separation can also affect 
the biogenesis, processing and maturation of ncRNAs. This review summarizes recent discoveries 
related to the relationship between ncRNAs and phase separation, providing new perspectives to 
guide future interventions.
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free compartments in cells has led to significant efforts to 
characterize the function of biomolecular condensates in 
neurodegenerative diseases and tumors (7).
 The genomes of higher eukaryotes are commonly 
transcribed to produce large amounts of non-coding 
RNAs (ncRNAs) (10), which function in many ways 
and can interact with proteins, DNAs and RNAs to 
participate in various cellular activities, including but 
not limited to gene activation and silencing, RNA 
splicing, modification and editing and protein translation. 
Since the 1950s, various types of ncRNAs have been 
identified in eukaryotic cells, including the most 
abundant transfer RNA (tRNA), ribosomal RNA (rRNA), 
small nucleolar RNA (snoRNA), small nuclear RNA 
(snRNA), microRNA (miRNA), linear long ncRNA 
(lncRNA), circular RNA (circRNA), etc. ncRNAs can be 
classified according to their length: small (about 20 bp), 
intermediate (less than 200 bp) and long (longer than 
200 bp). Small ncRNAs have attracted many studies, 
such as: piwi-interacting RNAs (piRNAs) and miRNAs 
[14]. Intermediate ncRNAs include snRNAs involved 
in splicing during protein synthesis, and the remaining 
ncRNAs larger than 200 bp are classified as lncRNAs, 
which are involved in epigenetic regulation of transcripts 
and inactivation of the X chromosome.
 ncRNAs, especially miRNAs and lncRNAs, have 
been shown to play an important role in the pathogenesis 
of many diseases. miRNA-132/212 promotes axonal 
evolution, neural migration, plasticity, and has very 
promising applications in neurodegenerative diseases 
such as Alzheimer's, Parkinson's, and epilepsy (11). 

Zhixin Ling reported miR-193a inhibited prostate cancer 
cell growth, suppressed migration and invasion, and 
significantly reduced prostate cancer xenograft tumor 
growth (12). lncRNA ITGB8-AS1 is highly expressed in 
colon cancer cells and tissues, and promotes proliferation, 
colony formation and tumor growth of colon cancer cells 
through integrin-mediated focal adhesion signaling (13). 
lncRNA SNHG1 regulates Treg cell differentiation and 
thus immune escape from breast cancer by regulating 
the miR-448/IDO signaling axis (14). A growing body 
of research indicates that ncRNAs can not only serve 
as biomarkers for disease diagnosis and prognosis, but 
they are also expected to be targets for novel therapeutic 
strategies.
 Although ncRNAs were initially defined as a 
class of RNA transcripts without coding capacity, 
it has been determined that some ncRNAs actually 
contain open reading frames that can to be translated 
into micropeptides or microproteins with regulatory 
functions in a variety of biological and oncological 
processes. ncRNA performs biological functions in the 
form of encoded peptides, suggesting it as a new tumor 
marker and anti-cancer drug target with high clinical 
translational value.
 Recent studies have revealed different effects of 
RNA on the occurrence of phase separation in cells. 
Some RNAs can facilitate protein phase separation by 
decreasing the critical saturation concentration. For 
example, the RNA-binding protein PTB can bind to RNA 
in the absence of intrinsically disordered regions (IDRs) 
and undergo phase separation in vitro. In addition, 
RNA can influence the properties of intracellular phase 
separation products. For example, short poly(A) RNA 
(50 nt) has a minimal effect on the critical saturation 
concentration for phase separation of the P-granule 
protein LAF-1 but causes dramatic changes in the 
internal physical properties of LAF-1 phase separation 
droplets, thus reducing their viscosity (15). Furthermore, 
including lncRNAs, miRNAs, circRNAs and eRNAs, 
can be involved in the regulation of biological processes 
via phase separation. In this review, we have summarized 
recent studies on the regulatory functions of phase 
separation and discussed its research progress in various 
biological processes in recent years, beginning from 
the relationship between ncRNAs and phase separation 
(Figure 2).

2. Molecular characterization and environmental 
conditions of phase separation

Phase separation is a process in which large molecules 
are separated from a large volume of solvent into 
different liquid phases, which is affected by a variety 
of factors. First, it is driven by multivalent interactions 
and prion-like structural domains (PrLDs), and IDRs 
and low-complexity regions (LCRs) of the protein are 
essential for the formation of phase separation (16). IDRs 
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Figure 1. Summary of functions of phase separation. i. Formation 
of MLOs for spatial and temporal control. ii. Perceives external stimuli 
such as heat shock, hypoxia, nutritional starvation and DNA damage, 
and responds to them quickly. iii. Mediate miRNA production. iv. 
Formation of physicochemical and mechanical filters such as nuclear 
pore. v. Maintain genomic stability by repairing broken DNA duplexes. 
vi. Concentrate molecules in condensates to activate signaling process.
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the nucleic acid molecule inhibits phase separation; if 
both nucleic acid-protein interaction and electrostatic 
shielding are present but weak, phase separation is 
usually promoted at low nucleic acid concentrations 
and inhibited at high nucleic acid concentrations. This 
phenomenon provides novel insights into the relationship 
between ncRNA and phase separation and its mode of 
regulation in biological processes.
 Third, the occurrence of phase separation is highly 
dependent on the proteins and nucleic acids in solution, 
but also on the environment and physicochemical 
properties of the solution such as temperature, pH, salt 
ion concentration, salt ion type, and the presence of other 
biomolecules in solution (19). Once phase separation 
occurs, the biomolecule is present in two forms, one at 
a low concentration in the solution and one at a higher 
concentration in the 'droplet'. The two forms can be 
transformed into each other as the relevant conditions 
change. In other words, phase separation is a highly 
dynamic process.

3. Experimental approaches and vital roles of phase 
separation

Various experimental approaches continue to enhance 
our understanding of phase separation (Table 1). 
The existence of a phase separation mechanism 
was demonstrated by purifying the target substance 
expression and reconstituting phase separation in vitro 
(20). Microscopic imaging plays an indispensable role 
as the main technique for observing phase separation. 
Phase separation in vitro can be observed very simply 
with an ordinary light microscope (21). The occurrence 
of phase separation is characterized by a cloudy solution 
and the presence of droplets in the solution such as oil 
droplets in water. The use of PEG or lipid-coated slides 
allows for better observation and documentation of phase 
separation. Time-lapse imaging, fluorescence recovery 
after photobleaching (FRAP) and 1,6-hexanediol 
sensitivity assays have been used to verify the dynamics 
and reversibility of phase-separated droplets (7). In 
addition, phase separation can be detected using a 
method that detects turbidity of a solution, or via 
centrifugal precipitation (17). Electrophoretic mobility 
shift assay (EMSA) and thermal shift measurement are 
also used to verify protein and nucleic acid interactions.
 The role of phase separation in various physiological 
processes confers its importance in clinical translation. 
YAP mediates the pro-tumor effects of IFN-γ via 
phase separation and can be used as a predictive 
biomarker and target for anti-PD-1 combination 
therapy (22). Wang Shuai et al. demonstrated that the 
phase separation activity of SARS2-NP protein can 
be a possible therapeutic target for neo-coronavirus 
infection, providing new possibilities for related drug 
development (23). Lu Bing et al. proposed a small-
molecule compound called GSK-J4, which regulates 

are usually free of the more aromatic and aliphatic amino 
acids that often construct the core of a folded structural 
domain. LCRs are regions with a higher proportion of a 
specific amino acid compared with other amino acids. 
In addition, the linear crosstalk of multiple identical/
similar structural domains, such as SH2 and SH3 repeats 
of proteins such as NCK, and oligomerization of proteins 
can specifically mediate phase separation (17). During 
phase separation, solutions containing proteins and 
other biomolecules automatically form two phases, one 
enriched in proteins and one deficient in proteins. The 
dense phase formed is surrounded by a membrane that 
is selectively permeable to certain macromolecules and 
acts as a relative isolator, which ensures that various 
components of the cell are assembled at the right 
time and space to perform appropriate functions. The 
compartment formed via phase separation is similar to a 
liquid droplet and allows rapid exchange of substances 
with the surroundings (18).
 Second, phase separation of certain proteins can 
also be regulated by other related proteins, DNAs and 
RNAs. If a nucleic acid molecule has a strong and 
specific multivalent interaction with a protein molecule, 
the nucleic acid molecule promotes protein phase 
separation. If the strongly charged nature of the nucleic 
acid molecule acts mainly as a salt ion-like electrostatic 
shield, weakening protein interactions, addition of 

Figure 2. Interactions between ncRNAs and phase separation. 
i. lncRNAs mediate formation of MLOs, genomic stability, stress 
response, activation of signaling pathways, gene expression and 
endodermal differentiation via phase separation. ii. miRNAs regulate 
stress response by phase separation while phase separation contributes 
to miRNA processing, sorting miRNAs into exosomes and miRNA-
mediated translational repression. iii. snRNA and snoRNA act as 
a scaffold for protein recruitment. iv. Yb bodies are multivalent 
condensates formed by phase separation and are responsible for piRNA 
biogenesis in Drosophila. v. circVAMP3 contributes to the formation of 
stress granules through phase separation. vi. ThymoD induces Bcl11b 
enhancer and promoter to form a loop that controls T cell development.
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phase separation of core regulatory circuitry factors, for 
therapeutic intervention in patients with chemoresistant 
and metastatic osteosarcoma (24). Ali Miserez et al. 
reported a coupled peptide that can form pH- and 
redox-responsive cohesive microdroplets through 
phase separation, thus facilitating delivery across cell 
membranes (25). In addition, stimulation of chaperone 
mechanisms to disassemble MLOs, induction of 
pathways that may inhibit aberrant phase separation, 
and development of antisense oligonucleotides to knock 
down RNAs can be evaluated as new strategies for the 
treatment of human diseases characterized by abnormal 
phase separation.
 With the gradual increase in the study of phase 
separation, researchers have found that phase separation 
may lead to diseases such as neurodegenerative diseases, 
tumors, and aging. FUS aggregation is a pathological 
hallmark in patients with amyotrophic lateral sclerosis 
(ALS). FUS protein and hnRNPA1 form droplets in ALS, 
which become progressively more viscous and eventually 
form fibrous solids that are abnormally deposited in 
cells (26). Phosphorylation of Tau repeats under cellular 
protein conditions leads to phase separation of Tau 
and promotes its abnormal deposition in the brains of 
Alzheimer's disease patients (27). EWSR1 is a protein 
with a PrLD that is a fusion partner with transcription 
factors leading to oncogenicity. The abnormal 'phase 
separation' of EWSR1 promotes its accumulation near 
the genome associated with tumorigenesis, which is 
important for the oncogenicity of Ewing sarcoma (28). 
Super enhancers can induce the activation of classical 
oncogenes and other genes associated with tumorigenesis. 
Recent studies have found that transcription factors 
containing IDRs, transcriptional cofactors and RNA pol 
II form phase-separated condensates at super enhancers 
(29). APC phase separation was observed in colorectal 
cancer, resulting in excessive activation of the Wnt 
pathway, affecting cell differentiation and promoting 
rapid proliferation, playing a key role in the initiation 
of tumorigenesis (30). The tumor suppressor gene 
SPOP forms phase-separated membrane-free clusters in 
nuclear speckles, and these droplets play a central role 
in suppressing the development of a variety of human 
malignancies such as gastric, hepatocellular and prostate 
cancers (31). Biomolecular condensates are intracellular 
assemblies without membranes that are usually formed 
by phase separation. Its formation and dissolution can 
lead to protein misfolding and aggregation, which is 
often the cause of aging-related diseases (32).

4. Interaction between lncRNAs and phase separation

lncRNAs are ncRNAs that are > 200 nt in length. They 
play an important role in various life processes including 
a dosage compensation effect, epigenetic regulation, cell 
cycle regulation, and cell differentiation regulation. Like 
mRNAs, lncRNAs are transcribed from corresponding 
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genes with 5' caps and polyA tails, and are formed into 
mature lncRNAs by splicing. lncRNAs show a strong 
tissue-specific expression pattern, suggesting their 
integral role in cell type-specific processes. Abnormal 
expression or function of lncRNAs is closely related to 
the development of human diseases, including cancer 
and degenerative neurological diseases, and other 
serious human health risks (33). In recent years, it has 
been demonstrated that lncRNAs can mediate phase 
separation involved in various physiological processes 
such as the formation of membrane-free compartments 
and maintenance of genomic stability (Table 2).

4.1. lncRNA mediates the formation of MLOs through 
phase separation

The eukaryotic nucleus is not a homogeneous 
monospace organelle but a highly compartmentalized 
organelle separated by various types of membrane-free 
structures. In living organisms, cells ensure accurate 
spatial and temporal control of complex biochemical 
reactions through independent subcellular compartments. 
Although these compartments differ in composition, 
localization, and function, they have extremely similar 
morphological features, kinetic properties, and assembly 
(34). Understanding the mechanism and function of 
membrane-free compartments in detail has been a 
challenge because of their protein and RNA complexity. 
The interaction between proteins and RNAs leads to 
the formation of MLOs, which are involved in various 
biological functions including but not limited to response 
to environmental changes. The liquid condensates formed 
via lncRNA-related phase separation include nucleolus, 
paraspeckles, nuclear speckles, Cajal bodies, amyloid 
bodies (A-bodies), stress bodies and Omega speckles 
(Figure 3). These compartments are composed of specific 
lncRNAs, which play a role in their organization and 
function.

alluRNA

The nucleolus is the most evident structure in the 
interphase nucleus of eukaryotic cells, and its main 
function is to synthesize rRNA. It consists of three 
major components as follows: a fiber center (FC), dense 
fibrillar component (DFC) and granular component 
(GC). The lncRNA alluRNA, an RNA polymerase II 
transcript derived from the intron Alu element, plays 
an important role in the assembly and function of the 
nucleolus. Both NCL and NPM contain IDRs and LCRs 
that form protein structural domains. alluRNA acts as a 
scaffold to regulate nucleolus formation by promoting 
the self-organization of NCL/NPM-containing 'droplets' 
into domains that efficiently associate with rDNA 
and support Pol I transcriptional activity within the 
nucleolus, leading to nucleolus structure regulation and 
rRNA production (35).
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NEAT1

Paraspeckles are composed of component proteins and 
RNA scaffolds that are essential for gene expression and 
intracellular homeostasis. They are subnucleosomes that 
are found near speckles, contain splicing factors and 
may regulate gene expression by sequestering mRNAs 
and proteins (36). The number of paraspeckles increases 
in many situations, such as when cells change from one 
state to another, are infected by viruses and bacteria, 
begin to degenerate and are in a state of inflammation, 
aging and cancer (37). Many paraspeckle proteins 
contain prion-like IDR structural domains that contribute 
to the formation of large phase-separated condensates in 
cell nuclei and hydrogels in vitro. Recent studies have 
shown that lncRNA NEAT1 can act as a scaffold to 
recruit specific component proteins to be enriched at high 
local concentrations. Subsequently, these component 
proteins recruit other proteins that mediate phase 
separation and the formation of paraspeckles through 
LCR. NEAT1 has three distinct RNA structural domains 
(A, B and C) that play a role in stabilization (A), isoform 
conversion (B) and scattering assembly (C) (38). NEAT1 
has two transcripts, NEAT1-1 and NEAT1-2, both of 
which share the same 5' terminus. The longer NEAT1_2 
isoform (22.7 kb in humans) is an important component 
of paraspeckles, whereas the shorter NEAT1_1 isoform 
(3.7 kb in humans) is dispensable. NEAT1-2 provides a 
structural scaffold for paraspeckles and has high-affinity 
constitutive sites for the core paraspeckle proteins 
NONO and SFPQ, which rapidly bind to NEAT1-2 
ribonucleoproteins, which are intermediates in para-
plaque formation. Subsequently, FUS and RBM14 are 

recruited and mediate the onset of phase separation, 
resulting in the formation of mature paraspeckles (39).

MALAT1

Nuclear speckles are prominent membrane-free 
compartments in the nucleus, which control different 
steps in gene expression, including transcription, 
splicing and mRNA export (40). An important function 
of nuclear speckles is to harbor spliceosomal small 
nuclear ribonucleoproteins (RNPs) and enable them to 
catalyze the removal of introns from transcriptionally 
active genes located at the periphery of the speckle. 
lncRNA MALAT1 is a major component of this droplet. 
It is localized in the periphery of nuclear speckles and 
in the centrally located pre-RNA splicing factor (41). 
Most proteins within nuclear speckles can directly bind 
to RNA, including SRSF1, SRSF2 and SPOP, leading to 
the recruitment of polyadenylated mRNA and uridine-
rich small nuclear RNA within nuclear speckles and 
eventually phase separation to initiate droplet formation 
(42). m6A-modified MALAT1 acts as a scaffold to 
recruit YTHDC1 to nuclear speckles and regulate the 
expression of key oncogenes (43).

rIGSRNA

A-bodies are a prime example of the widespread use 
of architectural RNA in the construction of membrane-
free compartments. They are non-dynamic MLOs, and 
their non-dynamic nature is attributed to proteins that 
adopt a reversible amyloid conformation. Assembly 
of A-bodies requires the expression of rIGSRNA 
derived from stimulus-specific sites of rDNA intergenic 
spacers. Low-complexity rIGSRNA sequences interact 
with short cationic peptides to induce a unique liquid-
like phase in the nucleolus region. rIGSRNA is a 
determinant of A-body protein recruitment because its 
silencing reduces the number of liquid-like nucleolus 
foci and impairs the formation of mature A-bodies 
during heat shock (44).

HSATIII

HSATIII  is  t ranscr ipt ional ly  repressed under 
physiological conditions, and its transcription is 
induced by HSF1 under heat shock stress conditions. 
Several repetitive sequences of HSATIII can bind to 
scaffold attachment factor B (SAFB), SR proteins and 
transcription factors to assemble nuclear stress bodies. 
Downregulation of HSATIII significantly affects the 
recruitment of RNA processing factors to nuclear stress 
bodies without altering the association of HSF-1 with 
these structures or the presence of acetylated histones in 
the nuclear stress bodies (45). Comprehensive HSATIII 
identification of RNA-binding proteins via mass 
spectrometry has helped to identify multiple splicing 

Figure 3. Biomolecular condensates formed by ncRNAs mediated 
phase separation. Nucleolus, Nuclear stress body, Perinucleolar 
compartment, Omega speckle, Nuclear body, Paraspeckle, Nuclear 
speckle, Amyloid body, HiNoCo body and Cajal body are found in 
the nucleus while processing body and stress granule are found in the 
cytoplasm. Not all compartments are present in each cell type, but are 
shown here for the sake of completeness. For example, Cajal bodies are 
only observed in a limited number of human cell types such as neurons 
and cancer cells.
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factors in nuclear stress bodies, including SRSFs, whose 
phosphorylation status affects the splicing pattern. SRSFs 
rapidly dephosphorylate upon heat stress exposure. 
During stress recovery, CDC recruits substances such 
as CLK1 to nuclear stress bodies and accelerates the 
rephosphorylation of SRSF9, thereby promoting target 
intron retention (46).

hsr-omega

Omega speckles are scaffolded by hsr-omega and 
distributed in the interchromatin space, close to 
chromatin. In situ immunocytochemical staining using 
antibodies against heterogeneous nuclear RNA binding 
proteins (hnRNPs) such as HRB87F, Hrp40, Hrb57A and 
S5 has shown that all hnRNPs resulted in diffuse staining 
of chromatin regions in all cell types, in addition to the 
presence of a large number of spots. In addition, studies 
have revealed absolute co-localization of hnRNPs and 
omega speckles. Immunoprecipitation studies using 
hnRNP antibodies have demonstrated the physical 
association between hnRNPs and hsr omega. Therefore, 
hsr-omega plays an important structural and functional 
role in the organization and establishment of hnRNP-
containing omega speckles, thereby regulating the 
transport and availability of hnRNPs and other associated 
RNA-binding proteins in the nucleus (47).

TNBL

Somatic global genomic hypomethylation is common 
in almost all cancer types, including colon cancer. 
Following DNA hypomethylation and histone 
acetylation, NBL2 repeat sequences are transcribed in 
colon cancer cell lines, exhibit promoter activity, and 
are contained in a novel non-polyA antisense lncRNA 
named TNBL. TNBL is stable throughout the mitotic 
cycle and forms perinuclear aggregates preferentially in 
the interphase nucleus near a subpopulation of NBL2 
sites (48).
 In addition, processing bodies (PBs) are RNPs 
formed via RNA-dependent phase separation, are 
enriched with various enzymes required for RNA 
processing and degradation and play a key role in the 
spatial regulation of gene expression. Super-resolution 
single-molecule fluorescence microscopy has shown 
that most miRNAs are stably anchored to the core or 
shell layer of PBs, whereas lncRNAs are temporarily 
bound to the PB shell, indicating that the localization of 
RNAs in PBs is closely related to the RNA species (49). 
Examining the effects of RNA assemblies on particle 
formation, and the effects of particle formation on RNA 
assemblies, may help to reconstruct at least some aspects 
of RNA particles in vitro.

4.2. lncRNA affects genomic stability via phase 
separation

Although proteins and DNA were previously considered 
to be the major components of chromatin, scholars have 
recently recognized that RNA occupies a large amount 
of chromatin and acts as a regulator of nuclear structure 
(50). Many lncRNAs tend to remain in the nucleus and 
cooperate with protein complexes to regulate epigenetic 
regulation, which is essential for gene expression and 
genomic stability (51).

dilncRNA and BGL3

DNA damage can increase genomic instability, which 
can lead to cellular senescence and death. DNA damage 
response (DDR) identifies the sites of DNA damage 
and repairs them, which can be regulated by RNAs. In 
DDR, 53BP1 protein is recruited to form foci in DNA 
double-strand breaks (DSBs). These foci have recently 
been identified as biomolecular condensates with 
droplet-like behavior. Homologous recombination and 
non-homologous end-joining are two repair modes of 
DSBs. DDSR1, BGL3, PRLH1, and TERRA promote 
DNA break repair through homologous recombination, 
whereas HITT, LINP1 and SNHG promote DNA break 
repair through non-homologous end-joining.
 Once a DSB has occurred, the MRE11-RAD50-
NBS1 (MRN) complex recognizes the exposed DNA 
ends and recruits RNA polymerase II (RNAPII) to 
synthesize damage-induced long non-coding RNA 
(dilncRNA). dilncRNA promotes DDR proteins, such as 
53BP1, to undergo phase separation, causing DDR lesions 
to exhibit fluid-like behavior, which in turn completes 
the process of DNA damage repair (52). LncRNA 
BGL3 acts as a molecular scaffold during homologous 
recombination by binding BARD1 and enhancing the 
binding of BARD1 to other repair proteins (53).

LINP1

Studies have confirmed that some RNAs can form 
phase-separated condensates through RNA-RNA 
interaction, such as the lncRNA LINP1. LINP1 is highly 
conserved among species and is involved in DNA repair 
in triple-negative breast cancer; its expression is closely 
associated with tumorigenesis. In the presence of 5% 
PEG400, full-length LINP1 is expressed as droplets 
ranging in size from 10 to 24 nm. Non-homologous end-
joining does not depend on DNA homology but avoids 
the retention of DNA or chromosome breaks and the 
resulting DNA degradation or impact on viability by 
connecting two broken DNA ends to each other via Ku 
proteins. Ku is a heterodimer composed of 70 and 80 
kDa polypeptides (Ku70/80) of heterodimers that bind to 
LINP1, which in turn multimerizes to stabilize the initial 
synaptic event, thus enabling efficient non-homologous 
end joining (54).

NORAD
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NORAD is a highly conserved and cytoplasmically 
enriched lncRNA that is activated by DNA damage and 
is required for mammalian genomic stability. It drives 
efficient condensation and sequestration of PUM through 
multivalent PUM-NORAD RNA binding interactions 
and IDR-driven PUM-PUM interactions to form phase-
separated PUM condensates that competitively repress 
other PUM-binding transcripts. NORAD deficiency 
leads to PUM hyperactivity, resulting in the suppression 
of PUM target mRNAs, which includes important 
regulators of mitosis, eventually leading to a significant 
genomic instability phenotype in NORAD-deficient 
cells (8).

TERRA

Telomeres are nuclear protein structures formed at 
the end of chromosomes, which are essential for 
chromosome integrity and stability. One of the hallmarks 
of pluripotent telomeres is high TERRA levels, and 
TERRA depletion induces telomere dysfunction. In 
humans, TERRA is transcribed from subtelomeric 
promoters at the ends of most chromosomes and is 
associated with telomere maintenance. In mice, TERRA 
originates primarily from the pseudoautosomal PAR 
locus; however, TERRA derived from chromosomes 18q, 
2 and X has also been identified. TERRA is enriched 
in telomeric regions and scaffolds the nucleation of 
telomere-associated proteins. Phase separation provides 
an attractive model for coordinating various biochemical 
reactions occurring in genomic compartments and the 
nucleus and is fundamental for maintaining genomic 
integrity (55).

Sme2

Meiosis is the basic process of sexual reproduction in 
eukaryotes and plays an important role in the inheritance 
and variation of organisms. During this process, 
homologous chromosomes are selectively aligned 
and paired. Sme2 RNA is a meiosis-specific 1,500 nt 
lncRNA that accumulates at its locus, plays an active role 
in recombination-independent pairing, and is essential 
for recombination-independent pairing of homologous 
chromosomes in Schizosaccharomyces pombe. A portion 
of Sme2 RNA is present in the nucleus and co-localizes 
with Mei2p sites during the prophase of meiosis, forming 
Mei2p dots with droplet-like morphological features, 
which are smaller and clearer than the nucleolus and 
appear very compact (56). Smp proteins are conserved 
RNA-binding proteins that are associated with meiosis-
specific lncRNAs that co-accumulate at sme2 and two 
other chromosomal loci. In addition, Smp proteins co-
localize with Mei2-mCherry, a known protein located 
at the sme2 locus, and are required for robust pairing at 
the sme2 locus. Smp proteins contain IDRs necessary 
for phase separation. 1,6-hexanediol treatment reversibly 

disassembles these complexes and disrupts pairing at the 
relevant loci, suggesting that lncRNA-protein complexes 
mediate homologous chromosome recognition through 
phase separation, thereby mediating the pairing of 
homologous chromosomes (57).

SNHG8

The binding of histone H1 to ribosomes stabilizes 
the condensed state of chromatin and allows for the 
relative structural isolation of DNA. lncRNA SNHG8 is 
localized to chromatin and can interact with and promote 
the phase separation of histone H1. Overexpression of 
SNHG8 increases the amount of H1 bound to chromatin, 
promotes chromatin condensation, and induces 
gene expression patterns associated with epithelial 
differentiation (58).
 lncRNA XIST mediates the silencing of gene 
transcription on the X chromosome during female 
mammalian development by recruiting repressive 
protein complexes (59). During early development, 
one of the two X chromosomes in female mammals 
is suppressed for dosage compensation. During this 
process, approximately 17 kb of XIST is produced from 
a region of the inactive X chromosome called the X 
inactivation center. It subsequently spreads along the 
entire chromosome, forming a cloud of XIST RNA on 
it, and compresses and inhibits it. In the nucleus, XIST 
RNA can act as a platform to create a microenvironment 
for repression of genes on inactive X chromosomes. 
For example, XIST recruits proteins such as HNRNPU 
(with a phase separation propensity of 2.5) and MATR3 
(with a phase separation propensity of 1.5) to recruit 
the polycomb repression complex 2 (PRC2), which 
contributes to chromosome compaction and gene 
repression. Similarly, Andrea Cerase hypothesized 
that during X chromosome inactivation, XIST acts 
as a scaffold to recruit repressor proteins, which in 
turn recruit other IDR-containing proteins to bind to 
them, forming phase separation agglutination from 
which inactive X chromosomes are separated, and the 
peripheral localization of inactive X chromosomes 
helps to maintain phase separation. However, further 
experiments are warranted to support this hypothesis (60).

4.3. lncRNA mediates cellular stress response through 
phase separation

Stress is the adaptive response of an organism to 
environmental changes. Various factors such as 
hormones, neuroendocrine mediators, peptides and 
neurotransmitters are involved in maintaining the 
homeostasis of the central nervous system, digestive 
system, cardiovascular system and endocrine system. 
In recent years, it has been shown that membrane-free 
compartments formed via the phase separation of specific 
proteins are involved in the stress response. lncRNAs are 
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one of the important regulators of cellular stress. Some 
lncRNAs interact with proteins, resulting in the partition 
of molecules between dense cohesive and dilute liquid 
phases. Upregulation or translocation of lncRNAs may 
lead to changes in the local concentration of lncRNAs, 
which may trigger the nucleation of RNPs under stressful 
conditions (5).

MALAT1

MALAT1 is primarily localized to nuclear speckles 
and regulates selective splicing in nuclear speckles by 
interacting with serine- and arginine-rich family proteins. 
It is released from nuclear speckles shortly after heat 
shock via the PCBP-mediated pathway and localizes to 
HiNoCo bodies in an activity-dependent transcriptional 
manner. MALAT1 translocates from nuclear speckles 
to the nucleoplasm and is predominantly translocated 
to the nucleus after 10-15 min. HiNoCo bodies remain 
in the nucleus as long as 3 h after heat shock. They are 
disrupted after treatment with 1,6-hexanediol, indicating 
that they may be formed via phase separation. In 
addition, cell proliferation is reduced under heat shock 
stress after MALAT1 knockdown, suggesting that 
MALAT1/HiNoCo bodies are important for the heat 
shock response (61).

NEAT1

TDP-43 is a highly conserved RNP that is currently 
considered a pathological  marker  protein for 
neurodegenerative diseases such as ALS. The TDP-43 
protein contains a nuclear localization signal, a nuclear 
export signal, and three potential Caspase-3 recognition 
sites. In recent years, TDP-43 has been shown to undergo 
phase separation in vitro. Nuclear bodies (NBs) are 
dynamic, membrane-free structures that contain specific 
nuclear proteins and RNAs to regulate nuclear function 
and homeostasis. Various cellular stresses trigger the 
dynamic, reversible formation of TDP-43 NBs, which 
are partially co-localized with paraspeckles, and their 
scaffold lncRNA. NEAT1 is dramatically upregulated in 
stressed neurons and mediates their nucleation. Because 
NEAT1 is > 20 kb in length and has a complex secondary 
structure, it can provide multiple binding sites for TDP-
43 molecules. This provision may increase multivalent 
interactions, leading to the co-phase separation of TDP-
43 and NEAT1, thus forming the first line of defense 
against stress and diseases (62).

GIRGL

Glutamine is the most abundant circulating amino acid, 
and glutaminase-1 (GLS1) is the rate-limiting enzyme 
for glutamine catabolism. Under glutamine-deficient 
conditions, GLS1 expression is inhibited. lncRNA 
GIRGL inhibits GLS1 translation via phase separation. 

Under physiological conditions, HuR affects the stability 
of GIRGL transcripts via an AGO2-mediated RNA-
induced silencing complexes (RISCs) mechanism. In 
glutamine-deficient cells, GIRGL levels are upregulated 
owing to both a c-Jun-mediated increase in transcription 
and significantly longer half-lives, thus inducing the 
complex formation of CAPRIN1 and GLS1 dimers. 
This phenomenon helps to promote phase separation of 
CAPRIN1 and induces the formation of stress granules, 
which are produced by various factors, including heat 
shock, osmotic stress, oxidative stress, and nutrient 
starvation (63).

4.4. lncRNA regulates signaling pathways through phase 
separation

Some lncRNAs regulate signal transduction and cancer 
progression through phase separation. One of the core 
kinases of the Hippo pathway, LATS1, contains a PrLD 
in its N-terminal fragment, indicating that LATS1 can 
undergo phase separation. In addition, exogenously 
expressed LATS1-GFP forms puncta in the cytoplasm, 
whereas PrLD-deficient LATS1 mutants cannot 
form puncta. When the Hippo pathway is activated, 
MST, MAP4K, TAOK and other upstream regulators 
phosphorylate and activate LATS1. Activated LATS1 
promotes YAP phosphorylation and isolates YAP in 
the cytoplasm, leading to YAP degradation. SNHG9, 
a conservative lncRNA in humans, rhesus monkeys 
and mice, is up-regulated in breast cancer and interacts 
directly with LATS1 to promote the formation of 
heavy particles or potential droplets containing LATS1. 
SNHG9 reduces LATS1 phosphorylation and its kinase 
activity, inhibiting the Hippo pathway and leading to 
the activation and translocation of YAP to the nucleus, 
thereby promoting breast cancer progression (64).

4.5. lncRNA regulates gene expression through phase 
separation

The function of many lncRNAs depends on their ability 
to interact with multiple copies of specific RNA binding 
proteins (RBPs). Such lncRNAs can mediate gene 
expression in various ways via phase separation.

PNCTR

lncRNA PNCTR is upregulated in multiple cancers 
and is associated with programmed cell death, which is 
encoded as a short tandem repeat in the rDNA intergenic 
spacer and contains many PTBP1-specific motifs. 
PTBP1 has been shown to stimulate the expression of 
several apoptosis activators by altering the splicing of its 
pre-mRNA or increasing its translation efficiency. It has 
recently been shown that PNCTR contains hundreds of 
PTBP1-specific motifs, acting as a scaffold structure to 
recruit PTBP1 and form relatively isolated perinuclear 
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compartments to control alternative splicing and promote 
cell survival (65).

SLERT

The nucleolus is a membrane-free nuclear condensate 
driven by phase separation, in which FC/DFC units 
are the site of RNA polymerase I (RNAPI)-mediated 
transcription of ribosomal DNA (rDNA) and pre-
processing of rRNA. Rapid rRNA transcription occurs at 
the boundary of FC and DFC units, which is formed by 
the RNA helicase DDX21. lncRNA SLERT facilitates 
the transition of DDX21 from an open to a closed 
conformation through phase separation. DDX21 forms 
loose clusters in the closed conformation, providing 
the FC/DFC units with sufficient mobility and space 
required for RNAPI synthesis, thus regulating the 
multilayer nucleolus structure and enabling rapid 
RNAPI synthesis (66).

4 .6.  lncRNA regulates  defini t ive endodermal 
differentiation through phase separation

The liver, lungs, pancreas and digestive tract originate 
from the endoderm, and the optimization and 
specification of endodermal differentiation are essential 
for generating the cell types of these organs. lncRNA 
DIGIT is induced during endodermal differentiation, 
and the loss of its expression results in defective 
endodermal differentiation (67). Mass spectrometry 
and immunoblotting have validated the interaction 
between DIGIT and the BRD3 protein, a member of 
the bromodomain and extra-terminal domain family 
of proteins. BRD3 and H3K18ac interact and occupy 
promoters and enhancers of genes in embryonic stem 
cells. Furthermore, DIGIT is enriched in H3K18ac-
modified chromatin regions, and BRD3 occupancy 
decreases as DIGIT is depleted, suggesting that 
DIGIT recruits BRD3 to the H3K18ac locus via the 
bromodomain. DIGIT-induced BRD3 has the properties 
of a phase-separated condensate that regulates definitive 
endoderm differentiation (68).

5. Interaction between miRNAs and phase separation

Genes encoding miRNAs in the nucleus are transcribed 
by RNA polymerase to produce primary transcripts 
(pri-miRNAs) of several thousand bases in length. 
These pri-miRNAs are mainly processed via the protein 
complex of the micro-processor. This complex, which 
is approximately 400-500 kDa in size, mainly consists 
of two proteins, Drosha and Pasha. Drosha is an RNase 
III protein, whereas Pasha is a double-stranded RNA-
binding protein involved in substrate recognition by 
Drosha. pri-miRNAs are further processed into precursor 
miRNAs (pre-miRNAs) containing 60-70 nt of stem-
loop structure by the action of Drosha. pre-miRNAs 

are transported from the nucleus to the cytoplasm via 
the RanGTP/Exportin-5 transport protein (69). Nuclear 
pores responsible for transporting pre-miRNAs exhibit 
hydrogel characteristics (70). In the cytoplasm, pre-
miRNAs are recognized by Dicer and form miRNA: 
miRNA* dimers through shearing and modification of 
the stem-loop structure. miRNA: miRNA* dimers are 
destabilized by the action of decapping enzymes and 
eventually generate mature, functional single-stranded 
miRNAs, which subsequently bind to the miRNP 
complex, whereas miRNA* is rapidly degraded. The 
mature miRNA, along with other proteins, forms the 
RISC, which degrades or inhibits the translation of the 
target mRNA (71). Both cleavage steps are catalyzed 
by the cleavage complex (D-body), which contains 
three core components, including the RNase III family 
protein Dicer-like 1 (DCL1), the double-stranded RBP, 
Hyponastic leaf 1 (HYL1) and the zinc finger protein 
Serrate (SE) (6).

5.1. miRNA regulates stress responses through phase 
separation

miRNAs can simultaneously regulate multiple targets 
and rapidly adapt to cellular metabolism in response 
to reversible stress. Drosophila miR-980 is one of the 
stress response factors and is associated with ovarian 
germ line differentiation. In a study, under stress 
conditions, miR-980 levels were significantly reduced, 
whereas Rbfox1 mRNA levels were increased, and 
a luciferase reporter gene assay verified that miR-
980 directly targeted Rbfox1 in vitro and in the ovary. 
miR-980 also affects the protein levels of Rbfox1. 
Drosophila Rbfox1 protein contains multiple LCRs 
and can undergo phase separation under stress to 
form condensates, which can be disintegrated by 
1,6-hexanediol. Therefore, miR-980-mediated Rbfox1 
phase separation is a novel stress-responsive signaling 
cascade with profound effects on the survival, growth 
and differentiation of cells, and on the ability of 
organisms to survive under stress (Table 3) (72).

5.2. Phase separation regulates miRNA processing

The D-bodies are 0.2-0.8 μM in diameter and are 
essential for miRNA processing. They are central to 
miRNA biogenesis and represent phase-separated 
condensates of SE proteins, which contain IDRs (73). 
SE can form phase-separated droplets through weak 
intermolecular interactions generated by its N-terminal 
IDR and can subsequently recruit DCL1, HYL1 and pri/
pre-miRNAs into the droplets to form D-bodies (74). As 
cleavage proceeds, pri-miRNAs are gradually consumed, 
intermolecular collisions are reduced, the interaction 
between HYL1 and SE is weakened and pri-miRNAs 
are released outside the cleavage vesicle. The release of 
miRNAs from D-bodies is achieved via co-transport. 
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D-bodies are involved in gene transcription, RNA 
variable splicing and transposon silencing in addition to 
contributing to the maturation and release of miRNAs 
through phase separation. Therefore, phase separation 
may also play a role in these processes (6). Consistently, 
Seung Cho Lee and Robert A Martienssen reported that 
D-bodies are sites of miRNA biogenesis in plants and 
represent phase separated condensates of SE proteins 
containing IDRs. 
 FUS is one of the RNA-binding proteins containing 
an IDR and is associated with neurodegeneration. 
Mutations in its PrLD or nuclear localization signal 
enhance the conversion of FUS from liquid to solid 
deposits. FUS promotes Drosha recruitment on nascent 
pri-miRNAs, leading to miRNA maturation (75). As 
a pathological marker of ALS and frontotemporal 
dementia, TDP-43 fuses with FUS and is involved in 
the biogenesis and metabolism of coding RNAs and 
ncRNAs (76).
 Stress-induced interactions between stress granules 
and miRNA-associated proteins (AGO2 and DICER) 
can regulate miRNA biogenesis by attenuating DICER 
catalytic activity (70). In a study, in a rat model of acute 
ischemic stroke with middle cerebral artery occlusion, 
miR-335 promoted the formation of stress granules by 
downregulating ROCK2 (77). Therefore, membraneless 
compartments and biomolecular condensates can regulate 
miRNA biogenesis. In addition, miRNAs can regulate 
the homeostasis of many biological and physiological 
processes such as transcription and apoptosis (78).

5.3. Phase separation specifically sorts miRNAs into 
exosomes

The RNA-binding protein YBX1 not only forms liquid 
biomolecular condensates in cells, but also undergoes 
phase separation in vitro via tyrosine- and arginine-rich 
motifs in the IDR. Two structural domains of YBX1, 
namely, CSD and IDR, are sorted together into cell-
secreted exosomes, leading to the recruitment of miR-
223 to droplets. Overexpression of YBX1 increases miR-
223 levels in HEK293T and U2OS exosomes, and YBX1 
phase separation is critical for the recruitment of miR-
223 to exosomes (79). Point mutations in YBX1 inhibit 
its phase separation, prevent biomolecular condensation 
resulting from the admixture of YBX1 protein into cells 

and interfere with the sorting of miR-233 into exosomes. 
Increasing the RNA/YBX1 ratio initially promotes 
droplet size until the droplet is unstable or not produced.

5.4. Phase separation contributes to miRNA-mediated 
translational repression

The AGO family and miRNAs assemble into miRISCs 
that synergize with the GW182 protein to bind to target 
mRNAs with sequence complementarity to miRNAs, 
leading to their degradation (80). Nup358, a mutated 
protein present in patients with acute necrotizing 
encephalopathy, interacts with the C-terminal silencing 
domain of GW182 in its N-terminal region, affecting 
the inhibition of miRNA-mediated translation (81). 
miRISCs can assemble into phase-separated condensates 
through the interaction between AGO2 and GW182. 
Recent studies have also supported the phase-separating 
property of Nup358. Therefore, it can be speculated 
that Nup358 phase separation contributes to the stable 
binding of miRISCs to target mRNAs in the cytoplasm 
and hence plays a role in miRNA-mediated translational 
repression (82). In addition, AGO proteins undergo lipid-
mediated phase separation to control de novo peptide 
ubiquitination (83).
 FMRP is enriched in neuronal granules and can 
bind to RNA to regulate translation. It contains LCRs 
that form droplet-like condensates with 4E-BP2 and 
miR-125b, which coincides with in vitro inhibition of 
translation. Phosphorylation of the LCRs of FMRP 
increases its phase separation tendency and facilitates 
particle assembly, whereas their methylation decreases 
the phase separation tendency and facilitates particle 
disassembly (84).

6. Interaction between other ncRNAs and phase 
separation

snRNA and snoRNA

Cajal bodies are organelles present in the nucleus of 
proliferating cells. They are often close to the nucleolus, 
which is the most prominent nucleolar structure (85). 
Cajal bodies are structures that coordinate, facilitate and 
investigate the nuclear phase of spliceosomal snRNP 
biogenesis. They undergo fusion and fission events 
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Table 3. List of other ncRNAs (except lncRNAs) interacting with phase separation

ncRNA

miR-980
miR-223
snRNA
snoRNA
piRNA

circVAMP3
ThymoD

Localization

Cytoplasm
Cytoplasm
Nucleus

Cytoplasm

Cytoplasm
Nucleus

Interaction

Rbfox1
YBX1
Coilin

Piwi proteins

CAPRIN1
Cohesin

Structure

Not known
Not known
Not known

Uridine at the 5' end and 
2'-O-methyl modification 
at the 3' end
Closed loop
Not known

Function

Cell survival
Packaging RNAs into exosomes
Forming Cajal bodies

Regulating gene silencing

Inhibiting Hepatocellular Carcinoma
Repositioning of the Bcl11b enhancer

References

72
79

86-88

90-91
96
99
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and are sensitive to 1,6-hexanediol treatment, which 
is a key feature of the droplet organelle. Cajal body-
associated regions are enriched with highly expressed 
histone genes and U sn/snoRNA loci that form intra- 
and inter-chromosomal clusters (86). snRNAs and 
snoRNAs act as scaffolds for local recruitment through 
RNA-protein interactions at high protein concentrations. 
The Cajal body structural protein, coilin, is both highly 
phosphorylated and methylated, which is essential 
for nucleosome assembly (87). Coilin, along with 
another essential Cajal body protein called SMN1, 
can oligomerize and interact with various key effector 
proteins and snRNPs. It forms a shell around the 
periphery of Cajal bodies, whereas SMN1 forms the 
inner core. Notably, Logan et al. demonstrated that 
disruption of Cajal bodies is associated with altered 
levels of primary and mature miRNAs and the let-7a 
mRNA target HMGA2 and suggested that Cajal bodies 
and miRNA processing mechanisms functionally interact 
to promote the biogenesis of miRNAs and snRNPs (88). 

piRNA

piRNAs are small ncRNAs (24-31 nt) that can form 
complexes with Piwi proteins of the AGO family (89). 
piRNAs are characterized by uridine at the 5' end and 
2'-O-methyl modification at the 3' end (90). They are 
mainly found in mammalian germ cells and stem cells 
and form piRNA complexes by binding to Piwi proteins. 
They regulate gene silencing pathways by binding to 
piRNA complexes.
 In Drosophila, Yb bodies are liquid-like multivalent 
condensates that are considered the site of piRNA 
biogenesis in ovarian somatic cells. Yb is the major 
component of Yb bodies and consists of the C-terminus 
of helicase, RNA helicase and the extended Tudor 
structural domain; among which, the structural domain 
of RNA helicase is required for Yb-RNA interactions, Yb 
body formation and piRNA biogenesis (91).
 AGO2 and TNRC6B are core protein components of 
RISCs, and multivalent interactions between the glycine/
tryptophan-rich structural domain of TNRC6B and the 
tryptophan-binding pocket in the PIWI structural domain 
of AGO2 facilitate the formation of phase-separated 
droplets (92). Phase separation can isolate miRNA targets 
and accelerate their deadenylation, thereby regulating 
the rate of mRNA translation and decay. In a study on 
Caenorhabditis elegans, an IP assay verified that DEPS-
1 binds to the PIWI protein PRG-1 through its PIWI 
binding site and forms elongated cohesions in vivo that 
mediate piRNA-dependent silencing (93).

circRNA

circRNAs are a unique class of RNA molecules. 
Unlike traditional linear RNAs, circRNA molecules 
have a closed-loop structure, are not affected by RNA 

exonucleases and are more stably expressed and less 
susceptible to degradation (94). Recent studies have 
shown that circRNAs are rich in miRNA binding sites, 
which act as miRNA sponges in cells, thereby relieving 
the repressive effect of miRNAs on their target genes 
and elevating their expression levels. This mechanism 
of action is known as the competitive endogenous RNA 
(ceRNA) mechanism (95). Several studies have shown 
that circRNAs play an important regulatory role in 
diseases.
 circVAMP3, formed by reverse splicing of exons 
3 and 4 of the VAMP3 gene, is lowly expressed 
in hepatocellular carcinoma tissues and correlates 
negatively with patient prognosis. In a study, an 
immunoprecipitation assay showed that antibodies to the 
RNA-binding protein CAPRIN1 or G3BP1 significantly 
enriched circVAMP3 relative to IgG antibodies. In 
addition, circVAMP3 promoted CAPRIN1 and G3BP1 
phase separation in a concentration-dependent manner, 
leading to the formation of a stress granule, inhibition of 
c-Myc translation to downregulate protein levels of the 
Myc proto-oncogene protein and impairment of HCC 
cell proliferation and metastasis in vitro and in vivo (96).

eRNA 

The ncRNA transcribed from enhancers is defined as 
'enhancer RNA' (eRNA) (97). Studies have shown 
that eRNA transcription can stabilize or enhance 
phase separation. Super enhancer RNA promotes 
phase separation of super enhancer through RNA-
RNA interactions and successfully forms local liquid 
condensates (98).
 T cells are the primary performers of human immune 
function, and their developmental progression is 
regulated by a combination of transcriptional regulators. 
During T cell development, the intergenic region of 
Bcl11b containing enhancers is relocated from the lamina 
to the nuclear interior to direct the Bcl11b enhancer to 
the Bcl11b promoter. Enhancer RNA ThymoD mediates 
the repositioning of Bcl11b enhancers. ThymoD 
transcription promotes the demethylation of CTCF 
binding sites, recruiting the cohesin complex to the 
transcribed region to activate the cohesin-dependent loop 
that induces loop formation of Bcl11b enhancers and 
promoters, allowing epigenetic labeling of the activated 
deposited loop domain to facilitate phase separation (99).

7. Conclusion

Protein phase separation has emerged as a potential 
mechanism for regulating biological function. RNA-
protein condensates are essentially hydrogel-like droplets 
rich in RNA and RNA-associated proteins. Stress-
induced phase separation via RNA-binding proteins 
may be an evolutionarily conserved mechanism for 
cellular adaptation to and survival against environmental 
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stress (76). Notably, the sequence-specific base-pairing 
properties of RNAs can lead to their phase separation 
and are responsible for many neurological disorders such 
as Huntington's disease, muscular dystrophy, and ALS 
(100). The genomes of higher eukaryotes are commonly 
transcribed to produce large amounts of ncRNAs, which 
are key regulators of embryonic development, DNA 
damage response, and human diseases such as neuronal 
diseases, heart dysfunction and cancer.
 The extensive involvement of ncRNAs and phase 
separation in the regulation of physiological processes 
suggests that their functional significance remains to be 
discovered. Therefore, specific regulatory mechanisms 
of ncRNAs associated with phase separation should 
be assessed to enhance the understanding of ncRNA 
regulation and function.
 The association between ncRNAs and phase 
separation offers novel insights into the biology of 
enigmatic ncRNAs. Although the properties that allow 
ncRNAs to act as a scaffold structure remain uncertain, 
the underlying mechanisms can be explained with 
further investigation. Several questions remain to be 
addressed: What are the physicochemical mechanisms 
underlying the assembly of MLOs? How can precise 
IDRs and drug target regions be predicted? Can specific 
kinetics of lncRNA-driven phase separation be used 
as markers of disease? Can specific MLOs be targeted 
by targeting the corresponding RNAs? How can phase 
separation be accurately controlled? More research into 
phase separation in diseases is required to derive medical 
benefits from therapeutic strategies, early and accurate 
diagnosis and disease prevention.
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