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Abstract 

Phase separation is a cellular phenomenon where macromolecules aggregate or segregate, giving rise to biomolecu-
lar condensates resembling "droplets" and forming distinct, membrane-free compartments. This process is pervasive 
in biological cells, contributing to various essential cellular functions. However, when phase separation goes awry, 
leading to abnormal molecular aggregation, it can become a driving factor in the development of diseases, includ-
ing tumor. Recent investigations have unveiled the intricate connection between dysregulated phase separation 
and tumor pathogenesis, highlighting its potential as a novel therapeutic target. This article provides an overview 
of recent phase separation research, with a particular emphasis on its role in tumor, its therapeutic implications, 
and outlines avenues for further exploration in this intriguing field.
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Introduction
Cells have evolved intricate membrane systems to uphold 
normal physiological functions, effectively compart-
mentalizing various activities within distinct spaces and 
timeframes. These compartments, known as membrane 
organelles (MBO) or classical organelles, include familiar 
structures like mitochondria, the endoplasmic reticulum 
(ER), and the Golgi apparatus. Beyond these membrane-
bound organelles, cells also harbor membraneless orga-
nelles (MLO), intriguing structures devoid of the typical 
lipid membrane but instead formed through multivalent 
interactions among biomolecules, creating membrane-
less compartments. Examples of MLO encompass 
the nuclear kernel, P granules, stress granules (SGs), 

Promyelocytic Leukemia (PML) bodies, and nuclear 
granules [1]. Termed biomolecular condensates, MLO 
result from the spontaneous polymerization of biomol-
ecules via liquid–liquid phase separation (LLPS). Com-
prising primarily proteins and nucleic acids, MLO reside 
within the nucleus or cytoplasm, possessing liquid-like 
fluidity, enabling free flow, deformation, fission akin to 
droplets, and active interactions with the surrounding 
liquid milieu [2], which is the basis for maintaining a 
variety of physiological functions [3–7].

However, when phase separation occurs inappropri-
ately regarding timing, location, or environment, it can 
lead to abnormal biomolecular condensation, heighten-
ing the risk of tumor [8]; Conversely, if the liquid con-
densate transitions into a solid aggregate and impedes 
molecular exchange with the surrounding environment, 
it can predispose individuals to neurodegenerative dis-
eases such as Alzheimer’s disease (AD) [9]. Studies have 
elucidated that these abnormal phase separations may 
impact critical processes such as DNA repair, transcrip-
tional regulation, the expression of proto-oncogenes and 
tumor suppressor genes, and the formation of PML bod-
ies and SGs [10]. This article predominantly explores the 
intricate link between LLPS and tumor at the molecular 
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level, offering insights into the physiological functions, 
driving forces, and regulatory mechanisms of phase sepa-
ration. Additionally, it delves into the mechanisms and 
therapeutic prospects of biomolecular condensates aris-
ing from anomalous phase separation in the context of 
tumor, aiming to provide innovative avenues for tumor 
treatment.

Phase separation overview
In the realm of cell biology, phase separation refers to the 
physiological process wherein a single phase comprising 
diverse components spontaneously segregates into two 
or more coexisting phases within cells [11], a phenom-
enon also recognized as LLPS. Proteins and nucleic acids 
within cells become segregated from their surrounding 
environment through intramolecular or intermolecular 
interactions, culminating in the formation of autono-
mous phases termed MLO or biomolecular condensates. 
These biomolecular condensates exhibit molecular com-
positions akin to their surroundings but diverge in con-
centration. When their concentration surpasses solubility 
thresholds, they undergo condensation and separation 
from the solution, resembling the formation of droplets. 
The attributes of phase separation predominantly involve 
the creation of biomolecular condensates that are spheri-
cal, undergo dynamic fusion, and exhibit droplet recovery 
after photobleaching [12] and the proteins undergoing 
phase separation often possess characteristic sequence 
features, such as intrinsically disordered regions (IDRs) 
and multiple modular binding domains, within which 
multivalent weak interactions drive the process [13]. 
These biomolecular condensates have the potential to 
regulate a myriad of enigmatic biological processes.

In recent years, the field of phase separation has 
emerged as a prominent research topic within the life 
sciences. A growing body of evidence underscores the 
pivotal role of phase separation-mediated biomolecular 
condensates in cellular functions and their intimate asso-
ciation with a diverse array of diseases [14]. The explora-
tion of membraneless organelles dates back to the 1830s 
when the first such organelle, the nucleolus, was identi-
fied within neuronal nuclei [15]. Subsequently, Wilson 
et  al. in 1899 elucidated the presence of membrane-
less organelles, including nucleoli, within cells, formed 
through the condensation of various substances, and 
attributed specific physiological functions to them [16]. 
During the 1970s and 1980s, extensive research emerged, 
delving into the molecular mechanisms that govern the 
development of intricate condensates within cells [17, 
18]. Brangwynne and Hyman in 2009 observed the spon-
taneous condensation of P granules into droplet-like 
structures in Caenorhabditis elegans embryos. These 
droplets exhibited properties akin to liquids, capable of  

dissolution and concentration while undergoing phase 
transitions. Photobleaching-recovery experiments revealed  
their fluidity and dynamic exchange with the surround-
ing environment, hinting at the role of phase separa-
tion in cytoplasmic organization [19]. Further insights 
came in 2011 when Brangwynne and colleagues  
discovered that the nucleolus in African clawed frog 
oocytes comprised RNA and proteins with water droplet-
like characteristics, possessing discernible viscous fluid 
properties [20]. Subsequent research by Li et al. in 2012 
demonstrated that various synthetic multivalent mac-
romolecules, encompassing multi-domain proteins and 
RNA molecules, could undergo phase separation through 
intermolecular interactions, resulting in the formation 
of micron-sized droplets in aqueous solutions [21]. Kato 
and collaborators reconstructed RNA and protein drop-
lets in vitro, mirroring biomolecular condensates in vivo, 
thereby facilitating the study of these condensates by 
simulating the in vivo phase separation environment [22]. 
Lin et  al. in 2015 postulated that interactions between 
RNA and protein-disordered regions could drive the 
assembly of ribonucleoprotein (RNP) particles via phase 
separation. This process entailed the transition of RNP 
particles from a dynamic liquid state to a solid state, sub-
ject to intricate regulatory mechanisms, with improper 
regulation potentially leading to aberrant RNA-related 
disorders [23]. Building on these findings, Wegmann 
et  al. in 2018 uncovered the role of phase separation in 
explaining tau protein aggregation in neurodegenerative 
diseases [24]. Furthermore, Rubio et  al. in 2019 delved 
into the interaction between functional scaffolding pro-
teins, non-coding RNA, and genomic loci, culminating in 
three-dimensional structure-induced phase separation in 
cancer. This discovery held promise for the development 
of novel cancer treatment strategies [25]. Subsequent 
research has accumulated substantial evidence illustrat-
ing the close ties between abnormal phase separation-
induced biomolecular condensates and various human 
diseases, thus opening new avenues for the treatment of 
major human ailments [26]. Ongoing LLPS research is  
dynamic, uncovering novel functions of phase separation, 
such as its impact on cell organization, signal transduc-
tion, disease mechanisms, and potential therapeutic inter-
ventions (Table  1). As technology and methodologies 
advance, the trajectory of LLPS research holds promise 
for unveiling exciting discoveries and applications across 
various scientific domains.

Physiological functions of phase separation
Extensive research has unveiled the ubiquitous pres-
ence of phase separation in living organisms, under-
scoring its indispensable role in a multitude of vital 
biological processes. This phenomenon profoundly 
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Table 1 Driving forces and functions of common biomolecular condensates

Biomolecular condensates Drive forces Functions References

Nucleoli RNA-proteins rRNA synthesis and nascent ribosome assembly Pederson et al. [15]
Brangwynne etal. [20]

P granules RNA-proteins Embryonic development Brangwynne et al. [19]

Stress granules RNA-proteins Induce tumor Protter et al. [23]
Tian et al. [27]

Tau protein Protein IDRs Induce neurodegenerative diseases Wegmann et al. [24]

Nucleosomes DNA-proteins Chromosome assembly Gibson et al. [28]

HP1α-H3K9me3 Protein IDRs Heterochromatin constriction Larson et al. [29]

Swi6-Nucleosomes Protein IDRs Nucleosome assembly Sanulli et al. [30]

NUP98-HOXA9 Protein IDRs Induce leukemia transformation Ahn et al. [31]

Centrosomes,Centromeres, 
and Mitotic spindles

Protein IDRs
DNA-proteins

Cell division Joseph et al. [4]

EB1-Microtubule Protein IDRs Chromosome separation Song et al. [32]

cGAS-dsDNA DNA-proteins Signal transduction pan et al. [33]

TRAF6-TLR4 Protein IDRs Signal transduction Li et al. [34]

PPARγ-RXRα-PPRE DNA-proteins Regulation of gene expression Li et al. [35]

Autophagosomes Protein IDRs Initiation of autophagy Fujioka et al. [36]

PGL particles RNA-proteins Escape of autophagy Zheng et al. [37]

abLIM1 protein Protein IDRs Microfilament assembly Yang et al. [38]

PSD Protein IDRs Neural synapse formation Chen et al. [39]

SH3-PRM proteins Protein modules Cell signal transduction Pilong Li [40]

DDX4 Protein IDRs Regulation of RNA metabolism Nott et al. [41]

FUS family proteins RNA-proteins Induce neurodegenerative diseases Wang et al. [42]
Qamar et al. [43]

NLRP6-dsRNA RNA-proteins Activation of the inflammasome Shen et al. [44]

P bodies RNA-proteins Maintenance of RNA stability Tian et al. [27]

TDP-43 RNA-proteins Induce neurodegenerative diseases Lara et al. [45]

P62-ubiquitination Protein IDRs Degradation of autophagy Sun et al. [46]

UBQLN2 Protein IDRs Ubiquitination-Proteasomal degradation Dao et al. [47]

α-syn protein Protein IDRs Induce neurodegenerative diseases Marotta et al. [48]

Nephin-NCK-N-WASP Protein IDRs Regulation of actin polymerization in renal podocytes Jones et al. [49]

LAT-Grb2-Sos1 Protein IDRs Immune signal transduction Huang et al. [50]

AGOs-miRNAs RNA-proteins Ubiquitination-Proteasomal degradation Gao et al. [51]

FIP200 Protein IDRs Initiation of autophagy Zheng et al. [52]

53BP1-P53 Protein IDRs DNA damage repair Kilic et al. [53]

SLX4-XPF Protein IDRs DNA damage repair Alghoul et al. [54]

NONO-SFPQ Protein IDRs Tumor radioresistance Udayakumar et al. [55]

EWS-FLI1 Protein IDRs Induce Ewing sarcoma Shirnekhi et al. [56]

EML4-ALK Protein IDRs Induce lung cancer Tulpule et al. [57]

CCDC6-RET Protein IDRs Induce thyroid cancer Tulpule et al. [57]

Enhancers and SEs Protein IDRs
RNA-proteins

Regulation of gene expression Hnisz et al. [58]

YAP/TAZ Protein IDRs Regulation of genes Lu et al. [59]

Laforin-Mst1/2 complex Protein IDRs Induce liver cancer Liu et al. [60]

kb-1980E6.3-IGF2BP1 RNA-proteins Induce Breast cancer Zhu et al. [61]

p53 family proteins Protein IDRs Induce tumor Kanapathipillai et al. [62]

PML bodies Protein IDRs Inhibit tumor development Mu et al. [63]

PML-RARα Protein IDRs Induce acute promyelocytic leukemia Wang et al. [64]

AR-MED1 Protein IDRs Regulate the expression of androgen-dependent genes Zhang et al. [65]

icFSP1-FSP1 Protein IDRs Inhibite tumor Nakamura et al. [66]
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influences chromosome assembly, cell division, signal 
transduction, gene expression, autophagy, cytoskel-
eton assembly, and synapse formation. Phase separa-
tion operates as a pivotal mechanism for the creation of 
membraneless compartments within cells, orchestrating 
the regulation of their specialized physiological func-
tions through the facilitation of compartmentalization. 
The condensates arising from phase separation serve as 
the foundational framework for biomolecules to exe-
cute specific functions with precision. Perturbations or 
irregularities within these condensates can disrupt their 
normal functionality, leading to dysfunctional physiologi-
cal processes and, consequently, the onset of associated 
diseases.

Phase separation regulates chromosome structure and cell 
division
Recent investigations have shed light on the pivotal role 
of LLPS in governing chromosome assembly and com-
partmentalization. Notably, Gibson et al. conducted stud-
ies demonstrating that recombined chromosomes in vitro 
exhibit characteristic LLPS behavior when immersed in a 
saline environment, giving rise to droplets dependent on 
histone tails. Intriguingly, the phase separation of chro-
mosomes intensifies with an increasing number of nucle-
osomes. Within cellular contexts, histone H1 emerges 
as a significant factor in promoting the phase separation 
of chromosomes, thereby elevating the concentration of 
nucleosomes within the droplets. Conversely, the acety-
lation of histones contributes to the dissolution of these 
droplets [28]. Furthermore, it has been discovered that 
N-terminally phosphorylated heterochromatin protein 
1α (HP1α) has the capacity to bind with histone H3 lysine 
9 methyl (H3K9me3), forming droplet-like condensates. 
This interaction plays a crucial role in regulating nucleo-
some assembly and constriction of heterochromatin, 
consequently influencing gene silencing mediated by 
heterochromatin [29]. The HP1 protein Swi6 in fission 
yeast exhibits the ability to condense with nucleosomes, 
altering the conformation of histone octamers within 
nucleosomes and facilitating heterochromatin compres-
sion [30]. Notably, aberrant phase separation has been 
implicated in promoting cancer by modulating chromo-
some assembly. In instances of human leukemia, recur-
rent chromosomal translocations give rise to an aberrant 
chimeric cancer variant featuring NUP98 and HOXA9 
proteins. This fusion, NUP98-HOXA9, instigates the for-
mation of chromatin loops independent of CTCF, sub-
sequently enhancing the expression of proto-oncogenes 
and culminating in the onset of leukemia [31].

Recent discoveries have unveiled the presence of phase-
separated condensates within various structures crucial 
to cell division, including centrosomes, centromeres, and 

mitotic spindles. Phase separation emerges as a funda-
mental mechanism governing cell division by orchestrat-
ing the assembly of molecules involved in this intricate 
process [4]. For instance, end-binding protein 1 (EB1), 
driven by multivalent interactions among its distinct 
regions, interfaces with microtubules to initiate LLPS 
and form molecular condensates. EB1’s involvement in 
regulating the dynamics of microtubule spindles signifi-
cantly influences chromosome movement during mito-
sis. Extensive research has demonstrated that the LLPS 
of EB1 serves as the foundation for precise chromosome 
segregation during mitosis. Consequently, deficiencies in 
LLPS, as observed in EB1 mutants, give rise to defects in 
chromosome separation and errors in spindle localiza-
tion, ultimately contributing to conditions such as cancer 
[32, 67]. By delving into the LLPS phenomena induced by 
specific proteins within MLO, we can unravel the intri-
cate molecular mechanisms underpinning the formation 
of diverse intracellular compartments during mitosis,  
gaining insights into their associations with various 
diseases [68].

Phase separation involves signaling pathway transduction 
and gene expression
Cell signaling pathways intricately rely on the formation 
of functional molecular condensates through phase sepa-
ration, ultimately facilitating the progression of signaling 
cascades. A prime example of this phenomenon can be 
observed in the cGAS-STING signaling pathway, com-
prising key components such as cyclic GMP-AMP syn-
thase (cGAS), stimulator of interferon genes (STING), 
and downstream signal adapters. Upon binding to cyto-
plasmic double-stranded DNA (dsDNA), cGAS triggers a 
cascade of events involving conformational changes and 
DNA-linked LLPS [33]. Crucially, the distinctive struc-
ture of the cGAS-DNA condensate significantly enhances 
the central role of LLPS in cGAS activation, resulting in a 
substantial augmentation of the efficiency of cGAS enzy-
matic reactions [69]. Recently, Li et al. demonstrated that 
Tumor necrosis factor receptor (TNFR)-associated fac-
tor 6 (TRAF6) undergoes phase separation in response to 
TLR4 signaling, and Suppressor of Fused (Sufu) functions 
through interfering phase-droplet formation of TRAF6, 
thereby restraining its signaling activity [34].

Phase separation plays a pivotal role in gene expression, 
with transcription-related molecules forming conden-
sates to finely tune the activity of target genes. A striking 
example of this phenomenon is observed in peroxisome 
proliferator-activated receptor gamma (PPARγ), a mem-
ber of the nuclear hormone receptor (NR) superfamily 
of proteins, which can assemble condensates for gene 
expression regulation [70]. When PPARγ is activated by 
ligand binding, it binds to retinoic acid X receptor (RXR)
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α to form a heterodimer. The complex orchestrates its 
binding to target genes through the mediation of a DNA 
binding domain characterized by the zinc finger motif. 
This interaction is directed towards the peroxisome pro-
liferation response element (PPRE) located within the 
promoter region, initiating PPARγ-specific transcrip-
tional activation. A noteworthy aspect of this process is 
that PPARγ forms nuclear condensates specifically at the 
PPRE site. This spatial compartmentalization effectively 
separates it from RXRα, which forms a separate heterodi-
mer, thereby facilitating PPARγ’s role in governing gene 
expression [35]. This regulatory mechanism extends its 
influence on various physiological processes such as glu-
cose and lipid metabolism, the inflammatory immune 
response, and more [71]. As a pivotal mechanism, phase 
separation plays a crucial role in regulating the expres-
sion of PPARγ target genes. However, it does not operate 
in isolation; instead, it synergizes with other traditional 
mechanisms of PPARγ action, such as the recruitment 
of co-activators and co-repressors [72]. Consequently, it 
becomes imperative to enhance our comprehension of 
the interplay between phase separation and the expres-
sion of target genes within the PPARγ pathway.

Phase separation participates in autophagy process
Phase separation plays a pivotal role in regulating 
autophagy, influencing various physiological activi-
ties in organisms. This phenomenon involves the con-
densation of ATG proteins, leading to the assembly of 
pre-autophagosomal structures (PAS), autophagosome 
formation, and the subsequent initiation of autophagic 
degradation. The Atg1 complex, responsible for initiating 
autophagy, induces phase separation through Atg13 and 
Atg17’s multivalent interactions, facilitating PAS liquid 
condensate assembly [36]. Furthermore, TORC1 kinase 
activity regulates PAS assembly via Atg13 phosphoryla-
tion. In nutrient-rich conditions, hyperphosphorylated 
Atg13 inhibits Atg1 complex formation, thus preventing 
PAS assembly. Conversely, nutrient deprivation or rapa-
mycin treatment dephosphorylates Atg13, promoting 
PAS assembly [7]. Under certain stress or pathological 
conditions, LLPS can undergo an abnormal phase transi-
tion, shifting from a liquid to a gel state. This transition 
can disrupt autophagic degradation, resulting in abnor-
mal protein condensate accumulation, which is associ-
ated with conditions like cancer, neurological diseases, 
and cardiovascular diseases [73]. For instance, during 
heat stress, PGL-1 and PGL-3 proteins in nematode 
embryonic somatic cells evade autophagic degradation, 
leading to abnormal accumulation of protein condensates 
known as PGL particles. These PGL particles recruit 
mRNA and RNA-binding proteins, initiating LLPS to 
form liquid biomolecular condensates. mRNA promotes 

PGL protein phase separation, inhibiting abnormal phase 
transitions by scaffold protein EPG-2, ultimately hinder-
ing PGL particle autophagic degradation [37].

Additionally, phase separation has significant roles 
in regulating cytoskeletal assembly and synapse forma-
tion. Research has revealed that the IDR of microfila-
ment-binding protein abLIM1 can induce LLPS to form 
condensates, whereas its LIM domain inhibits phase sep-
aration. Consequently, abLIM1 mutants with defective 
LIM domains can enhance microfilament nucleation and 
bundle microfilaments through LLPS [38]. In the nerv-
ous system, synaptic Arc proteins respond to neuronal  
stimulation by influencing the formation of postsynap-
tic density (PSD) condensates and aggregation of AMPA 
receptors (AMPAR). High Arc concentrations in syn-
apses inhibit PSD-95 and the auxiliary subunit TARPs 
of AMPAR from undergoing phase separation. Dispers-
ing TARPs from PSD condensates leads to AMPAR 
downregulation via endocytosis, resulting in weakened 
synapses [39].

In summary, phase separation condensates play diverse 
physiological roles in the human body, serving as essen-
tial components for maintaining normal cell function 
and various biological processes. The polymerization and 
depolymerization of these condensates are intricately 
regulated, ensuring precise timing and spatial coordi-
nation of their functions. Consequently, delving into 
the formation and regulation of phase separation con-
densates contributes to an improved understanding of 
intricate life activities and facilitates exploration into the 
intricate relationship between biomolecular condensates 
and various diseases.

Driving forces of phase separation
Phase separation of biomacromolecules is primarily  
governed by polyvalent interactions. Within cells, this 
force can be orchestrated by proteins containing multiple 
modular domains with similar functions, IDRs, RNA, 
and more [74].

Proteins featuring multiple modular domains with 
similar functions exert control over phase separation 
through specific interactions between these modules. 
For instance, the SRC homology 3 (SH3) and proline-rich 
motif (PRM) represent a common interacting pair, and 
research has identified LLPS involving tandem repeats of 
SH3 and PRM [40]. Notably, efficient LLPS necessitates a 
multivalent interaction force between highly valent poly-
mer sequences, such as ((SH3) n) and ((PRM) n). How-
ever, Hong et  al. demonstrated the induction of protein 
condensates with minimal scaffold modules using a diva-
lent metal ion-single-component scaffold (6 His). In this 
context, a straightforward fusion of 6His-labeled SH3 
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and PRM proteins can undergo LLPS and form protein 
condensates [75].

In addition to conventional structural domains, cer-
tain proteins encompass regions lacking a fixed struc-
ture and stable tertiary conformation, referred to as 
IDRs or low complexity regions (LCRs) [76]. IDRs are 
frequent sites for phase separation, characterized by low 
sequence complexity and comprising specific amino acid 
types, including hydrophilic (serine, arginine, glutamic 
acid, and lysine), aromatic (tyrosine, phenylalanine, and 
tryptophan), and charged amino acids. The presence of 
IDRs facilitates the formation of weak multivalent inter-
actions such as π-π interactions, cation-π interactions, 
cation–anion interactions, dipole–dipole interactions, 
electrostatic interactions, and hydrophobic interactions 
between protein molecules [77], rendering proteins more 
susceptible to phase separation. For example, DDX4’s 
IDR is enriched in phenylalanine-glycine repeats, which 
drive phase separation [41].

Phase separation occurs not only among proteins but 
also between proteins and nucleic acids [78]. Wang et al. 
discovered that certain proteins not only possess IDRs 
but also include RNA-binding domains (RBDs). RBDs 
consist of one or more folded RNA recognition mod-
ules and include IDRs. These disordered regions within 
RBDs frequently exhibit a high abundance of glycine 
and positively charged residues, such as arginine. It has 
been established that the phase separation of FUS fam-
ily proteins, which feature both IDRs and RBDs, primar-
ily hinges on multivalent interactions between tyrosine 
residues in the protein-like region and arginine residues 
in the RNA-binding region [42]. Shen et al. observed that 
NLRP6 (Nucleotide-Binding Oligomerization Domain-
Like Receptor Pyrin Domain-Containing Protein 6) can  
directly interact with double-stranded RNA (dsRNA) to 
create a dynamic liquid condensed phase. Activated NLRP6 
can induce inflammasome activation, pyroptosis, and inter-
feron production, thereby influencing intestinal homeosta-
sis, and microbial colonization, and playing a pivotal role 
in various infectious diseases and inflammation [44].

Interestingly, interactions solely among RNAs can also 
drive phase separation, leading to the formation of RNA 
condensates, such as SGs and Processing bodies (P bod-
ies) in mammalian cells [27]. RNA-RNA interactions 
exert a robust multivalent force, and nearly any pair of 
RNAs can interact rapidly to form polymers. This mul-
tivalent interaction force becomes more pronounced 
with increasing RNA concentration, thereby facilitat-
ing the creation of "droplets." Philip et  al. revealed that 
RNA-RNA polymers can be composed of as few as 4 base 
pairs of RNA fragments, encompassing ring-ring RNA 
base pairing and RNA sequences with CNG repeats. 

RNA aggregation is more likely to occur among multiple 
chains [79].

Furthermore, phase separation is influenced by concen-
tration and macromolecular crowding. When the concen-
tration of specific proteins or RNA molecules surpasses 
their solubility threshold, they can undergo LLPS, tran-
sitioning from the solution into droplets. With increasing 
concentration, the significance of multivalent weak inter-
actions between proteins and RNA is magnified, facilitat-
ing the formation of these "droplets" [80]. Within cells, 
a diverse array of macromolecules populates a highly 
crowded environment. This molecular crowding fosters 
interaction between proteins and RNA within the droplets, 
consequently promoting phase separation and impacting 
droplet properties such as viscosity and fusion reactions 
[81]. Simultaneously, phase separation is subject to regu-
lation by various physiological and pathological factors, 
including temperature, pH, ATP/energy levels, and ionic 
strength. Manipulating these influential parameters can 
control the formation and dissolution of biomolecular con-
densates arising from phase separation. This underscores 
phase separation as a dynamic and reversible process capa-
ble of achieving the aggregation and depolymerization of 
biomolecules through alterations in environmental condi-
tions. Notably, many proteins exhibit heightened sensitivity 
to pH changes, with even minor pH fluctuations trigger-
ing phase separation [82]. Environmental conditions can 
thus modulate the propensity and stability of biological 
macromolecule droplets, while changes in cell physiology 
or stress responses can either initiate or disrupt the phase 
separation process [83].

To encapsulate, phase separation emerges as a sophisti-
cated biophysical phenomenon influenced by factors such 
as multivalent interactions among biological macromol-
ecules, concentration, macromolecular crowding, tem-
perature, and pH. These elements synergistically induce 
the aggregation of biological macromolecules within cells, 
contributing to a spectrum of biological processes. Notably, 
these condensates are subject to simultaneous regulation 
by a diverse array of effects.

Regulation of phase separation
The dynamic and reversible aggregation and disaggrega-
tion of liquid molecular condensates formed through 
LLPS are intricately regulated by a multitude of mecha-
nisms. These include post-translational modifications 
(PTMs), interactions with membrane surfaces, involve-
ment of molecular chaperones, the activity of RNA heli-
cases, and the modulation of RNA itself, among others. 
By modulating the driving forces behind phase separation, 
the generation of biomolecular condensates can be either 
facilitated or impeded, thereby enabling precise control 
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over phase separation. Disruption in the regulation of 
phase separation can result in the formation of aberrant 
condensates, consequently triggering the onset of related 
diseases.

PTMs and phase separation
PTMs play a pivotal role in the regulation of protein 
phase separation by inducing conformational alterations 
through processes such as phosphorylation, ubiquitina-
tion, glycosylation, methylation, and acetylation. These 
modifications can modulate intermolecular interactions, 
thereby promoting or inhibiting the occurrence of phase 
separation [84].

Among PTMs, phosphorylation emerges as the most 
prevalent type affecting protein LLPS. This effect is 
characterized by its rapid and reversible nature. Phos-
phorylation can either facilitate or impede biomolecular 
condensation in diverse cellular contexts. For instance, 
Wegmann et al. identified over 80 potential phosphoryla-
tion sites within the amino acid sequence of the patho-
logical condensate Tau protein associated with AD, with 
phosphorylation being its predominant PTM. LLPS of 
Tau is primarily driven by electrostatic and hydropho-
bic interactions. Phosphorylation introduces negative 
charges to the proteins, altering the charge distribution 
and electrostatic interactions along the polypeptide back-
bone. This, in turn, promotes the phase separation and 
aggregation of Tau [24]. Conversely, Lara et al. discovered 
that excessive phosphorylation of the C-terminal serine 
residue of TDP-43, a major protein condensate detected 
in amyotrophic lateral sclerosis (ALS) and frontotem-
poral dementia (FTD), inhibits its own phase separa-
tion and condensation. The researchers hypothesize that 
hyperphosphorylation of TDP-43 may serve as a protec-
tive cellular mechanism countering the abnormal phase 
transition of TDP-43. This is achieved by reducing multi-
valent interaction forces at the C-terminus through nega-
tively charged and highly hydrated phosphate groups. 
Consequently, TDP-43 becomes more dynamic and 
mobile. These findings highlight that abnormal PTMs 
observed in pathological condensates may not universally 
act as drivers of protein condensation but can also fulfill a 
protective, anti-aggregation role [45].

Ubiquitination, a process catalyzed by a signal cascade 
involving ubiquitin-activating enzymes (E1), ubiquitin-con-
jugating enzymes (E2), and ubiquitin-ligase enzymes (E3), 
results in the covalent attachment of ubiquitin to target 
proteins [85]. Research indicates that ubiquitination plays a 
crucial regulatory role in the phase separation of chromatin 
and various nuclear structures [86]. Some ubiquitin-related 
molecules have been identified as participants in the regu-
lation of biomolecular condensate formation or membrane-
less organelles created through specific biomolecular LLPS, 

including SGs, nuclear speckles, and autophagosomes [87]. 
Ubiquitination can exert both positive and negative regu-
latory effects on protein phase separation. For instance, 
Sun et al. demonstrated that the addition of K63 polyubiq-
uitin chains to the scaffold protein P62 induces the phase 
separation of P62, leading to the formation of biomolecular 
condensates of P62 bodies. This polyubiquitin-dependent 
phase separation of P62 occurs through the PB1 domain, 
which interacts with ubiquitin via the UBA domain. Fur-
thermore, the study revealed that phosphorylation of 
S403 enhances the formation of P62 bodies [46]. Dao et al. 
demonstrated that the ubiquitin adapter protein UBQLN, 
involved in the protein quality control(PQC) mechanism, 
can interact with ubiquitin molecules on ubiquitinated 
substrate proteins through its UBA domain. Specifically, 
ubiquitination can inhibit LLPS within SGs under stress 
conditions by disrupting the weak multivalent interac-
tion between UBQLN2 and its substrate. Simultaneously, 
UBQLN2 transports ubiquitinated substrate proteins 
within SGs to the proteasome for degradation through its 
UBL domain [47].

Glycosylation stands as another PTM with a crucial 
role in the regulation of phase separation [88]. Research 
has illuminated the capacity of O-acetyl-glucosamine gly-
cosylation (O-GlcNAcylation) modification to govern the 
aggregation of certain proteins linked to neurodegenera-
tive disorders, such as α-synuclein (α-syn) and Tau pro-
tein. O-GlcNAcylation occurs on serine and threonine 
side chains, facilitated by O-GlcNAc transferase (OGT), 
and reversed by O-GlcNAcase enzyme (OGA). Impor-
tantly, phosphorylation can co-occur with O-GlcNAcyla-
tion, with O-GlcNAcylation affecting phosphorylation. 
This interplay can potentially reduce the concentration 
of α-syn and Tau protein condensates, thereby offering 
insights into the progression of diseases like Parkinson’s 
and Alzheimer’s [48]. Furthermore, O-GlcNAcylation 
has extensive interactions with other PTMs, including 
acetylation, methylation, and ubiquitination [89].

Other PTMs can also modulate protein phase sepa-
ration by perturbing cation-π interactions. Examples 
include arginine methylation (inhibition), arginine citrul-
lination (inhibition), and lysine acetylation (inhibition/
promotion) [84]. It is noteworthy that the phase separa-
tion process of a given protein can involve the combined 
effects of multiple PTMs. Thus, investigating the mecha-
nisms by which PTMs interact can enhance our under-
standing of how PTMs regulate protein phase separation 
and their roles in the development of various diseases.

Membrane surface interaction and phase separation
The phase separation of biological macromolecules typi-
cally occurs in three-dimensional solutions via multiva-
lent interactions, and emerging research suggests that 
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the cell membrane surface plays a crucial role as a regu-
latory platform for orchestrating the controlled assem-
bly of biomolecular condensates. The membrane surface 
confines protein diffusion to a two-dimensional plane, 
fostering the aggregation of biological molecules by creat-
ing micron-sized protein clusters on the membrane. This 
phenomenon effectively lowers the molecular threshold 
concentration required for phase separation, facilitat-
ing protein aggregation on the membrane surface and 
culminating in two-dimensional phase separation [90]. 
Consequently, once signaling proteins are activated in 
various signaling pathways, they amplify signal trans-
mission through phase separation, culminating in the 
assembly of protein clusters on the membrane [91]. For 
instance, the Nephin-NCK-N-WASP system, which gov-
erns actin polymerization in renal podocytes, promotes 
actin assembly on the membrane surface [49]. The SH2 
domain within NCK interacts with the phosphotyrosine 
residues in Nephin, while its SH3 domain engages with 
the proline-rich domain of the actin regulatory protein 
N-WASP. This interaction results in the formation of 
Nephin-NCK-N-WASP protein clusters on the mem-
brane. In the presence of actin and the N-WASP target 
Arp2/3 complex, this protein cluster induces actin polym-
erization, thus regulating the actin signaling pathway [92]. 
Additionally, during T cell receptor (TCR) activation, the 
T cell activation linker protein (LAT) plays a pivotal role 
as a transmembrane protein connector. When TCR acti-
vation occurs, LAT undergoes phosphorylation, leading 
to the formation of micron-sized clusters on the mem-
brane alongside proteins Grb2 and Sos1. Grb2 and Sos1 
are essential for this protein cluster’s formation. Grb2’s 
SH2 domain binds to phosphotyrosine in LAT, while its 
SH3 domain interacts with the proline-rich domain in 
Sos1. Upon binding to the membrane, Sos1 undergoes a 
conformational change, promoting RAS activation and 
the conduction of downstream signals [50]. LAT clus-
ters mediate crucial cellular processes, including calcium 
mobilization, mitogen-activated protein kinase (MAPK) 
activation, and the facilitation of biochemical reactions 
within downstream signaling pathways. This particularly 
includes the promotion of NCK-N-WASP-Arp2/3-medi-
ated actin polymerization [93].

Significantly, the control of condensates extends 
beyond the surface of the plasma membrane to include 
the inner membrane. Notably, the ER membrane holds 
a crucial role in this regulatory landscape [94]. Recent 
discoveries highlight that AGO proteins, in association 
with miRNAs, undergo lipid-mediated phase separa-
tion on the ER membrane, coalescing into RNP particles 
that control protein production. This condensation is 
orchestrated by electrostatic interactions between the 

conserved lipid-binding motif in AGOs and the lipid PI 
(4,5)  P2. This interaction recruits the E3 ubiquitin ligase 
Ltn1 to catalyze the ubiquitination of nascent polypep-
tides, collaborating with the VCP-Ufd1-Npl4 complex 
to facilitate proteasomal degradation [51]. Moreover, the 
ER membrane plays a significant role in governing the 
assembly of autophagy initiation sites during autophagy. 
Stimulation of autophagy triggers  Ca2+ oscillations on 
the outer surface of the ER membrane, promoting the 
formation of LLPS and droplet-like condensates by the 
autophagy-initiating FIP200 complex on the ER mem-
brane. These condensates interact with endoplasmic 
reticulum membrane proteins VAPA/B and ATL2/3, 
localizing them on the ER and serving as autophagy initi-
ation sites [52]. Additionally, other organelle membranes, 
such as endosomal membranes [95] and lysosome mem-
branes [96] may also play a significant role in regulating 
the formation of biomolecular condensates.

Molecular chaperones and phase separation
Molecular chaperones represent a class of proteins dedi-
cated to facilitating intracellular molecular assembly and 
protein folding, integral to the maintenance functions of 
diverse proteomes, including prominent members such 
as Hsp60, Hsp70, and Hsp90 [97]. Numerous studies 
have demonstrated that molecular chaperones play a piv-
otal role in modulating the phase separation of biological 
macromolecules. These chaperones can either facilitate or 
impede phase separation, ensuring the regulated localiza-
tion and temporal coordination of these macromolecules 
within cells. For instance, transporter protein1 (TNPO1) 
has been identified as a molecular chaperone for FUS pro-
tein, acting at both the distal axonal compartment and 
nuclear pores of neurons to modulate FUS phase separa-
tion. In cases of abnormal FUS accumulation, TNPO1 
functions to inhibit the formation of FUS granules [43]. 
Chaperones Hsc70 and Hsp90 collaboratively act as 
molecular chaperones on the amino terminus and Tyr39 
residue of α-syn to prevent its aggregation. Inhibitors of 
Hsc70 and Hsp90 disrupt this protective effect, leading to 
α-syn reaggregation. Experimental evidence demonstrates 
that the interaction between Hsc70 and Hsp90 regulates 
α-syn accumulation, a key factor in Parkinson’s disease 
development. This finding opens new avenues for poten-
tial treatments targeting α-synucleinopathies [98]. These 
studies collectively illustrate the critical role of molecular 
chaperones in preserving protein function and mitigating 
neurodegenerative diseases arising from aberrant neuronal 
protein deposition. Molecular chaperones accomplish this 
by preventing the aggregation of misfolded proteins, regu-
lating abnormal phase separation, and facilitating the dis-
solution of deleterious aggregates. These insights highlight 
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the potential of molecular chaperones as intervention 
targets for degenerative proteinopathies [99].

RNA and phase separation
RNA helicases, as energy-consuming proteins, actively 
participate in the regulation of biomolecular conden-
sate formation by reorganizing RNA structures. Studies 
have highlighted the importance of the ATP-dependent 
DEAD-box protein family of RNA helicases in various 
RNA metabolic processes, playing a significant role in 
genome stability and the pathogenesis and treatment of 
tumor [100, 101]. DEAD-box RNA (DDX) helicases local-
ize to SGs and function as pivotal regulators of SGs and 
other ribonucleoprotein condensates [102]. For instance, 
recent research has unveiled that both DDX helicases 
DDX3X and DDX3Y, encoded by sex chromosomes, can 
promote the LLPS of FUS protein. Interestingly, DDX3Y 
exhibits greater efficacy in inhibiting mRNA translation 
and promoting FUS protein condensation compared to 
DDX3X. This discovery offers fresh insights into investi-
gating gender-related disparities in RNA metabolism and 
their implications for human diseases [103].

Additionally, RNA molecules themselves can act as 
regulators, participating in the control of the phase sep-
aration process. Research suggests that the phosphate 
backbone of RNA inherently imparts a high negative 
charge density, thereby influencing the state of conden-
sates formed through the phase separation of biological 
macromolecules during the transcription process, pri-
marily through electrostatic interactions. At low RNA 
concentrations, RNA appears to promote interactions 
between opposite charges, fostering condensate for-
mation. Conversely, at high RNA concentrations, RNA 
appears to discourage interactions between like charges, 
leading to condensate dissolution [104, 105]. Further-
more, RNA’s composition, length, structure, and modifi-
cations can impact the composition, size, shape, viscosity, 
fluidity, surface tension, and other characteristics of bio-
molecular condensates [106].

To summarize, the regulation of phase separation 
encompasses various intricate mechanisms (Fig.  1). 
These regulatory processes collaborate to guarantee that 
phase-separated biomolecular condensates effectively 
execute normal biological functions within cells and 

Fig. 1 Formation and regulatory mechanisms of biomolecular condensates. RNA, transcribed from DNA, transits the nuclear pores to enter 
the cytoplasm, where it undergoes translation into proteins possessing either IDRs or multiple modular domains with analogous functions 
within the nucleus. Proteins with IDRs can form condensates with target proteins in the cytoplasm or, upon entering the nucleus through nuclear 
pores, participate in the formation of condensates with specific DNA and RNA. Conversely, proteins with specific modules assemble condensates 
in the cytoplasm through interaction forces between these modules. The endoplasmic reticulum and the cell membrane contribute to the creation 
of surface protein condensates, such as protein granules and clusters, through interaction forces on the membrane surface. The intricacies 
of aggregation and disaggregation of protein condensates, protein granules, and protein clusters with IDRs in the cytoplasm are finely regulated 
by PTMs and molecular chaperones
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appropriately respond to external stimuli and environ-
mental changes. Among these mechanisms, PTMs play a 
critical role in phase separation regulation, with several 
other mechanisms interacting with PTMs. For instance, 
PTMs such as phosphorylation can govern the activation 
of Nephin and LAT proteins, thereby regulating their 
phase separation on membrane surfaces. PTMs can also 
collaborate with molecular chaperones and RNA heli-
cases to modulate phase separation. Dysregulated control 
of phase separation can result in the abnormal aggrega-
tion of functional molecules, disrupting their normal 
physiological functions and fostering tumor develop-
ment. In the case of LLPS, it undergoes a liquid-to-solid 
phase transition (LSPT), causing the irreversible trans-
formation of liquid condensates into pathogenic amyloid 
aggregations. This transformation adversely impacts the 
function of nerve cells, triggering a range of neurodegen-
erative diseases [107]. Hence, by studying the intricate 
coordination of these mechanisms in regulating phase 
separation and preserving the homeostasis of biological 
macromolecules, we can better harness the potential of 
biomolecular phase separation for regulating abnormal 
condensates associated with diseases, thus playing a vital 
role in disease treatment.

Phase separation and tumor
Phase separation serves a multitude of vital physiological 
functions, encompassing the regulation of chromosome 
structure, cell division, signal transduction, gene expres-
sion, and DNA repair, and its significance extends to the 
preservation of cellular homeostasis. Abnormal phase 
separation can trigger the pathological aggregation of 
functional molecules, subsequently leading to associated 
diseases (Fig.  2). In recent years, an increasing body of 

evidence has highlighted the significant involvement of 
aberrant LLPS in tumor cells. This phenomenon plays a 
crucial role in the initiation, progression, and resistance 
to treatment of tumors by influencing DNA repair, tran-
scriptional regulation, the expression of proto-oncogenes 
and tumor suppressor genes, as well as the formation of 
PML bodies and SGs. At the same time, targeting biomo-
lecular condensates driven by abnormal phase separation 
in tumor represents a promising avenue for investigating 
tumor pathogenesis and identifying potential therapeutic 
targets.

Phase separation participates in the DNA repair of tumor 
cells
The influence of phase separation extends to DNA repair 
processes, a critical component of the DNA damage 
response (DDR), which encompasses complex cellu-
lar reactions triggered by DNA damage. Dysregulation 
of DDR can lead to genome instability, contributing to 
tumorigenesis. Among the primary pathways for repair-
ing DNA double-strand breaks (DSBs) are non-homolo-
gous end joining (NHEJ) and homologous recombination 
(HR) [108]. Emerging evidence suggests that LLPS plays a 
role in regulating DNA damage repair, and its close asso-
ciation with the occurrence and treatment of tumor is 
becoming increasingly apparent.

In the context of the DDR, studies suggest that numer-
ous DDR proteins aggregate within the nucleus. This 
aggregation is facilitated by multivalent cooperative 
interactions in areas of protein and/or nucleic acid bind-
ing, along with IDRs. The resulting structure is reversible 
and forms a biomolecular condensate, which undergoes 
disassembly upon the completion of the repair pro-
cess [109]. The activation of DDR at DNA break sites is 

Fig. 2 Biomolecular condensates in tumor. Within the cellular milieu of tumors, an array of biomolecular condensates manifests. In the nucleus, 
these encompass SGs, FOs, PML bodies, protein condensates associated with DSBs formed by P53 and 53BP1, along with TFs, co-activators, 
and SEs-related transcriptional condensates. In the cytoplasm, condensates are constituted by P53 and the P53 family proteins, FOs, 
autophagosomes, and Iron death-related condensates formed by icFSP1 and FSP1. The presence and dynamics of these condensates significantly 
influence tumor proliferation, metastasis, and the development of treatment resistance
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initiated by the ATM kinase, which phosphorylates the 
histone variant H2A.X, generating γH2AX. This process 
induces the LLPS of DDR proteins along with damage-
induced long non-coding RNAs (dilncRNAs). Among 
these, 53BP1 (p53-binding protein) is a principal compo-
nent of functional condensates within DDR. Positioned 
at the double-strand break (DSB) site, 53BP1 exhibits 
high liquid mobility and plays a pivotal regulatory role in 
two DNA repair pathways. Specifically, it impedes DSB 
end resection in the G1 phase, promotes the DSB repair 
pathway mediated by NHEJ, facilitates the reconnec-
tion of DSB ends, and counters the initiation of HR [53, 
110]. Subsequent studies have revealed the enrichment 
of DNA damage-induced 53BP1 droplets with the tumor 
suppressor protein P53. Disrupting the conditions con-
ducive to 53BP1 phase separation inhibits the expression 
of P53 target genes and the 53BP1-dependent induction 
of P53. This suggests a potential novel strategy for tar-
geted cancer therapy by interfering with this mechanism 
[111]. Much like the condensate formed by 53BP1, SLX4 
also creates nuclear condensates in collaboration with 
the structure-specific endonuclease XPF. This interaction 
serves to recruit DDR factors, thereby enhancing DNA 
repair through HR. Additionally, the SLX4-XPF conden-
sate exhibits interactions with SUMO-SIM, promoting 
its assembly on chromatin. This, in turn, facilitates the 
SUMOylation or SUMO-dependent ubiquitination of 
substrate proteins, expediting protein turnover at DNA 
damage sites and thereby contributing to the efficiency 
of DNA repair processes [54, 112]. In addition, during 
the DDR process induced by tumor radiotherapy, it was 
found that the overexpression of the NONO protein can 
lead to the formation of heterodimers with SFPQ that 
undergo LLPS. This process enhances the interaction 
between the nuclear translocation of EGFR and DNA-PK 
and the phosphorylation of DNA-PK, ultimately facili-
tating DNA repair mediated by the NHEJ pathway and 
tumor radioresistance. Experiments have underscored 
that the NONO protein is integral to DNA repair and 
radioresistance in tumor cells. Its overexpression fosters 
the formation of condensates driven by LLPS, bolster-
ing DNA repair capabilities and radioresistance of tumor 
cells. Conversely, knockout of the NONO gene or use 
of the LLPS inhibitors targeting NONO can selectively 
target DNA repair and restore the sensitivity of tumor 
cells to radiotherapy, representing a pivotal strategy for  
enhancing the effectiveness of tumor radiotherapy [55, 113].

Chromosomal rearrangements arising from DNA 
breaks and misjoining at incorrect locations can result in 
the expression of fusion oncoproteins (FOs), recognized 
as oncogenic contributors in various cancers [114]. Cur-
rently, numerous FOs are identified as droplet-shaped 

biomolecular condensates formed through LLPS, com-
prising two primary types of phase-separated FOs. One 
type involves the generation of nuclear condensates, 
exerting carcinogenic effects by influencing the expres-
sion of chromatin-related genes. Notably, examples like 
NUP98-HOXA9 in AML and EWS-FLI1 FOs in Ewing 
sarcoma induce abnormal gene expression by forming 
chromatin-associated nuclear condensates, thereby pro-
moting cancer development. The other type involves the 
formation of cytoplasmic condensates that facilitate the 
propagation of abnormal signals, such as RAS/MAPK 
signals, thus contributing to cancer onset. For instance, 
the driver EML4-ALK in lung cancer and the driver 
CCDC6-RET FOs in thyroid cancer can generate cyto-
plasmic condensates, promoting aberrant Ras signaling 
[56, 57]. These droplets steer cells toward a cancerous 
state by sequestering crucial protein and RNA molecules. 
In the future, therapeutic drugs targeting oncogenic 
fusion oncoproteins can be designed to specifically coun-
teract the tumor pathology instigated by these ectopic 
condensates [115]. It’s noteworthy that certain studies 
have introduced a high-throughput screening program 
named DropScan, enabling the analysis and screening 
of FOs formed through various abnormal condensa-
tion events. This facilitates the discovery of small mol-
ecule modulators, holding significant implications for the 
investigation of FOs-related cancer treatment [116].

Phase separation is involved in transcriptional regulation 
and oncogene expression
The development and progression of tumor are accompa-
nied by transcriptional dysregulation. During transcrip-
tion, transcription factors (TFs) regulate gene expression 
by recognizing and binding to specific genomic sequences 
[117]. Enhancers, particularly super-enhancers (SEs), 
play a pivotal role in gene transcription regulation. SEs 
denote transcriptional regulatory complexes resulting 
from the cooperative assembly of transcription factors, 
transcription co-factors, chromatin regulators, non-cod-
ing RNAs, and RNA polymerase II (RNAPII). In contrast 
to individual enhancers, SEs exhibit heightened efficacy 
in governing gene transcription. The current understand-
ing affirms that both enhancers and SEs are membrane-
less organelles formed through phase separation [58]. 
In the context of cancer, SEs can drive elevated intracel-
lular expression of oncogenes and assume a crucial role 
in boosting the transcription of proto-oncogenes upon 
which cancer cells heavily rely [118]. The mechanism is  
that IDRs-containing TFs, transcription coactivators, and 
RNAPII can undergo phase separation on the target genes 
of super enhancers, consequently enhancing the expres-
sion of related transcriptional regulatory elements [119].
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Research has demonstrated that, under conditions 
of hyperosmotic stress, the transcriptional coactiva-
tor YAP undergoes LLPS in both the nucleus and cyto-
plasm, resulting in the formation of liquid condensates. 
These condensates facilitate the redistribution of YAP 
into the nucleus. Within the nucleus, YAP condensates 
are enriched with YAP-specific transcription factors and 
co-activators, activating the transcription of target genes 
and thereby fostering cell proliferation and differentia-
tion [120]. The Hippo signaling pathway, functioning as a 
tumor suppressor pathway, regulates the cellular localiza-
tion of YAP/TAZ. Upon deactivation, it allows YAP and 
TAZ to accumulate in the nucleus, leading to an eleva-
tion in gene expression levels. Furthermore, this process 
promotes the binding of YAP to DNA-binding cofactor 
TEAD, transcription coactivators BRD4 and MED1, and 
transcription elongation factor CDK9 on SEs, result-
ing in the formation of a phase-separated biomolecular 
condensate. This condensate activates the transcription 
of proto-oncogenes, thereby promoting tumorigenesis 
[59]. For instance, in lung cancer, YAP forms conden-
sates through interaction with TEAD and SRC-1, widely 
enhancing the transcription of YAP in cancer cells and 
consequently promoting the growth of YAP-dependent 
cancer cells [121]. In a mouse lung adenocarcinoma 
model, interferon-γ (IFN-γ) triggers the phase separa-
tion of YAP, conferring resistance to anti-PD-1 immuno-
therapy in tumor cells. Disrupting YAP phase separation 
inhibits tumor growth, enhances immune responses, and  
restores tumor cell sensitivity to anti-PD-1 treatment [122].

Moreover, proteins such as FUS, EWS, and TAF15, 
which incorporate low complexity domains (LCDs), 
have the capacity to form condensates through phase 
separation with the C-terminal domain (CTD) of the 
RPB1 subunit of RNA polymerase II (RNAPII) [123]. 
This interaction results in the activation of the expres-
sion of pertinent proto-oncogenes, a phenomenon evi-
denced in myxoid liposarcoma and Ewing’s sarcoma 
[124]. Interestingly, Liu et  al. found in a recent study 
that glycogen accumulation is commonly present in 
the early stage of human and mouse liver tumors and 
essential for tumor initiation. The accumulated glyco-
gen in tumor cells undergoes LLPS, which leads to the 
assembly of the Laforin-Mst1/2 complex in glycogen 
liquid droplets and consequently activates Yap for cell 
survival and transformation [60].

In tumor, certain proteins or RNAs undergo phase 
separation and directly contribute to the abnormal acti-
vation or overexpression of proto-oncogenes, as well as 
the compromised activity of tumor suppressor genes, 
thus fostering tumor development. For instance, a long 
non-coding RNA (LncRNA) known as Kb-1980E6.3 

exhibits abnormal upregulation in clinical breast cancer 
tissues induced by hypoxia. This LncRNA can associate 
with insulin-like growth factor 2 mRNA binding protein 
1 (IGF2BP1) to form condensates, amplifying the sta-
bility of c-myc mRNA under hypoxic conditions. Con-
sequently, this process promotes the self-renewal and 
tumor formation of breast cancer stem cells (BCSCs) 
[61]. Furthermore, research has demonstrated that a 
cluster of mutations in the tumor suppressor gene p53 is 
prevalent in most cancers. These mutations result in the 
loss of tumor suppressor p53 function, thereby promot-
ing cancer development. Mutant p53 aggregates encom-
pass both the abnormal self-aggregation of p53 and the 
co-aggregation of its mutants with p53 family proteins 
[62]. Intriguingly, p63 and p73 have been shown to co-
aggregate with mutant p53, forming biomolecular con-
densates that acquire negative oncogenic activity. This 
suggests that impeding the formation of p53 condensates 
may reinstate its capability to curtail excessive cancer 
cell proliferation and foster cell death, offering interven-
tion strategies for mitigating p53 mutation aggregation 
[125]. Understanding the impact of phase separation on 
the expression of proto-oncogenes and tumor suppres-
sor genes could unveil novel therapeutic approaches for 
tumor treatment. Presently, various studies are investi-
gating ways to regulate the expression of tumor-related 
genes by intervening in the phase separation process. 
This may involve the use of drugs to impede the forma-
tion of phase separation or disrupt the formed phase 
separation structure. Such interventions aim to inhibit 
the overexpression of proto-oncogenes or enhance the 
function of tumor suppressor genes.

Phase separation affects the formation of PML bodies
PML bodies, also known as nuclear bodies (NBs), are 
membraneless organelles formed through phase separa-
tion. They are localized within specific areas of the nucleus, 
bind to specific functional proteins, and participate in the 
regulation of various cellular processes, including cell pro-
liferation, apoptosis, DNA repair, transcriptional regula-
tion, tumorigenesis, and more [126]. The protein Death 
domain-associated protein (DAXX) was identified within 
PML bodies (PML-NBs). DAXX undergoes phase sepa-
ration and condensation into droplets facilitated by the 
polyvalent interaction of its SIM motif with SUMO. SPOP, 
a tumor suppressor, promotes the degradation of DAXX 
within these droplets. This action inhibits the overexpres-
sion of DAXX in tumor cells, thereby disrupting its capac-
ity to promote tumor formation, proliferation, metastasis, 
and resistance to treatment when highly expressed [127, 
128]. Additionally, PML-NBs play a role in depositing 
the histone variant H3.3 at specific chromatin sites and 
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facilitating PTMs that interact with other biomolecules 
[129, 130]. DAXX protein needs the help of PML-NBs 
condensate in transcription regulation, apoptosis, viral 
infection, and tumorigenesis [131].

PML-NBs are involved in the regulation of the cell 
cycle. For instance, overexpression of PML in HeLa 
cells can induce G1 phase arrest and S phase delay, 
effectively inhibiting cell growth [63]. In acute promye-
locytic leukemia (APL), chromosomal translocation 
leads to the formation of a heterodimer (PML-RARα) 
between PML and retinoic acid receptor α (RARα). 
This interaction disrupts the PML bodies structure 
and diminishes the transcriptional function of RARα, 
consequently impeding myeloid cell differentiation 
[64]. Additionally, PML-RARα acts as a transcriptional 
repressor, diminishing the transcriptional activity of 
RARα and thereby impeding myeloid differentiation 
[132]. Furthermore, the interference of PML-RARα 
with PML and RARα functions leads to the conden-
sation of DSB repair proteins and delays the activa-
tion of ATM protein, resulting in DNA damage [133]. 
Some studies have also identified the mutant A216V of 
PML-NBs, which disrupts its LLPS. Consequently, this 
reduces PML’s ability to recruit partner proteins like 
DAXX and UBC9 and affects post-translational modi-
fications such as SUMOylation, phosphorylation, and 
acetylation of PML. Ultimately, eventually leading to 
impairment of the PML network function and resist-
ance to arsenic-targeted therapy for leukemia [134].

Phase separation regulates the formation of stress 
granules
When cells encounter stressors such as oxidative stress or 
chemotherapy drugs, phase separation occurs between 
mRNA and RNA-binding proteins through multivalent 
interactions, forming liquid biomolecular condensates 
known as SGs. Extended or aberrant SGs formation 
can contribute to alterations in the biological behavior 
of tumor cells [135]. SGs play a pivotal role in regulat-
ing the survival of tumor cells under stress conditions, 
influencing cell proliferation, invasion, metastasis, and 
chemoresistance, while also inhibiting apoptosis by 
modulating gene expression and signal transduction pro-
cesses. Simultaneously, in the context of disruptions in 
Ras, mTOR, and histone deacetylase 6 (HDAC6), among 
others, SGs can promote tumor signaling by enhancing 
translation and the assembly of core components of pro-
tein–protein interactions within the SG structure. This 
promotes the formation of SGs within cancer cells in 
response to stress, augmenting the adaptability of cancer 
cells [136]. These findings suggest that SGs may function 
as a pivotal regulator and potential therapeutic target in 
cancer.

The G3BP1 protein acts as a core component in the 
assembly of SGs and can regulate LLPS through interac-
tions involving its three distinct IDRs, thereby controlling 
SG assembly [137]. In another study, it was found that 
SGs protein YB-1 is an oncoprotein that can directly bind 
to the non-coding region at the 5’ end of G3BP1. This 
interaction results in the increased expression of G3BP1 
protein, facilitates SGs assembly, and plays a role in regu-
lating cancer cell growth and proliferation, thereby expe-
diting tumor development. The overexpression of YB-1 
is linked to cancer treatment resistance and an unfavora-
ble prognosis [138]. Therefore, studies by Somasekharan 
et al. demonstrated that knocking out the YB-1 or G3BP1 
genes in myeloma cells can reduce SG assembly, thereby 
inhibiting tumor invasion and metastasis [139]. El-Nag-
gar et al. additionally demonstrated that a class I HDAC 
inhibitor can impede the binding of YB-1 to G3BP1 
by promoting YB-1 acetylation and inducing oxidative 
stress. This outcome leads to diminished G3BP1 levels 
and a decrease in SG assembly, ultimately accomplishing 
the inhibition of sarcoma metastasis [140].

Moreover, phase separation manifests on certain sign-
aling proteins within numerous signaling pathways. 
Aberrant LLPS in this context can result in the dysreg-
ulation of signaling pathways, compromise the proper 
functioning of tumor suppressor proteins, or induce the 
constitutive activation of oncogenic pathways. Conse-
quently, this process contributes to the progression of 
cancer. Such oncogenic signaling pathways include P53, 
Wnt/β-catenin, Hippo, TGF-β, AMPK, and mTOR sign-
aling pathways [141]. In summary, in tumor, phase sepa-
ration participates in multiple physiological processes 
such as DNA damage repair, transcriptional regulation, 
signal transduction, and the formation of PML bod-
ies and SGs. Abnormal phase separation plays a signifi-
cant role in driving tumor initiation, progression, and 
resistance to treatment by giving rise to biomolecular 
condensates.

Therapeutic potential of targeting biomolecular 
condensates in tumor
In recent years, an increasing body of research indicates 
that targeted intervention against biomolecular con-
densates holds promise as a potential strategy for tumor 
treatment, particularly for condensates associated with 
characteristic features of tumor. The dynamics of LLPS 
can be modulated by disrupting the forces within the 
core components through mutagenesis, and sites of con-
densation, such as IDRs, can be targeted to disassemble 
LLPS. Alternatively, molecular genetic interventions 
or the use of corresponding antagonists in cells can be 
employed to regulate the abundance or localization of 
proteins or RNA, restoring the physiological function 
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of biomolecules and eliminating tumor triggers. For 
condensates that inhibit tumors, specific agonists can 
be designed to enhance their phase separation, achiev-
ing targeted therapeutic effects. Simultaneously, this 
approach can heighten the sensitivity of tumor therapy 
by mitigating drug exclusion within droplet compart-
ments formed by specific proteins.

Cross‑regulation of membraneless organelles using 
ligand‑receptors
Numerous studies have demonstrated that the interaction 
between ligands and receptors provides an avenue for uti-
lizing corresponding agonists or antagonists to selectively 
target phase separation condensates, thereby achieving 
tumor intervention and concurrently enhancing the sen-
sitivity of tumor treatment. For instance, ligands acting as 
PPARγ agonists can inhibit tumor development by activat-
ing PPARγ and forming biomolecular condensates with 
co-activators. PPARγ activation occurs through natural 
or synthetic ligands like ω-3 polyunsaturated fatty acids 
(PUFA) and thiazolidinediones (TZD). Upon activation, 
PPARγ forms a heterodimer with RXR, translocates to the 
nucleus, and binds to the PPRE of PPARγ target genes, 
initiating gene transcription and participating in the regu-
lation of multiple gene expressions [142]. Studies specifi-
cally in breast cancer have revealed the significant role of 
ligand-bound PPARγ in inhibiting the growth, metastasis, 
and invasion of breast cancer cells, impacting cell cycle 
regulation, and influencing both endogenous and exog-
enous apoptosis across various breast cancer subtypes, 
including ER + /PR + , ER-/PR-, HER + , and triple-negative 
breast cancer cells [143]. Additionally, follow-up investi-
gations have linked PPARγ nuclear condensates to a bet-
ter prognosis in breast cancer patients, whereas patients 
with cytoplasmic condensates exhibit a poorer prognosis 
[144, 145]. CB11, a novel PPARγ agonist, has emerged as 
a potential anti-cancer drug in targeting therapy for non-
small cell lung cancer (NSCLC), demonstrating efficacy in 
overcoming radioresistance in NSCLC [146]. In contrast, 
in liver cancer, elevated levels of PPARγ nuclear conden-
sates are associated with resistance to immune checkpoint 
blockade therapy (ICB). Consequently, the combined 
administration of PPARγ antagonists and ICB therapy 
proves effective in inhibiting liver cancer resistance to 
ICB, mediating the normalization of the tumor microen-
vironment (TME), and contributing to cancer treatment 
[147]. Furthermore, in prostate cancer (PCa), the andro-
gen receptor (AR) and the auxiliary coactivator MED1 can 
form condensates at SEs sites in androgen-dependent PCa 
cells, facilitating oncogenic gene transcription. The use of 
AR antagonists inhibits phase separation and transcrip-
tional activity by targeting their interacting IDRs, thereby 
impeding cancer cell formation [65]. Additionally, studies 

have identified a small molecule compound, ET516, as 
a potential AR phase separation inhibitor. ET516 binds 
directly to the N-terminal domain (NTD) of AR, inhibiting 
the formation of AR condensates and effectively suppress-
ing the growth of castration-resistant PCa cells, ultimately 
overcoming proliferation and resistance to antiandrogen 
therapy [148].

Regulation on phase separation through the PTMs 
mechanism
PTMs play a pivotal role in regulating the formation of 
biomolecular condensates associated with tumors. By 
specifically targeting the key components of their func-
tions, PTMs can either promote or inhibit the forma-
tion of these condensates, offering novel strategies for 
targeting tumors and augmenting therapeutic efficacy. 
For example, E3 ubiquitin ligases, key enzymes in the 
ubiquitination process, have emerged as crucial regula-
tors of tumor immune checkpoints and immune path-
ways, holding great potential in tumor immunotherapy 
[149]. Ubiquitin activation is an ATP-dependent process 
where it binds to cysteine residues on E1. Activated ubiq-
uitin is then transferred to the cysteine active site of E2 
and binds to it. Finally, E3 ubiquitin ligases facilitate the 
binding of ubiquitin to the lysine residues of the target 
protein, resulting in protein ubiquitination [150]. Among 
the E3 ubiquitin ligase families, the Cullin-Ring E3 ubiq-
uitin ligase (CRL3) stands out as the largest in the body, 
forming a multi-protein complex. Specifically, Cullin 
3 (CUL3) can associate with adapter proteins contain-
ing BTB domains to serve as scaffold proteins, forming 
E3 ubiquitin ligase complexes that recognize and medi-
ate the ubiquitin-proteasomal degradation of substrate 
proteins [151]. Studies have revealed that SPOP, a BTB 
domain-containing protein, mediates the interaction 
between CUL3 and substrates. The LLPS of substrates 
and ubiquitin ligases forms the basis for concentrating 
substrates into "droplets," which is crucial for maintain-
ing intracellular protein balance [152]. Dysfunctions in 
CUL3 have been linked to various malignant tumors, 
suggesting that E3 ubiquitin ligases can be explored as 
new targets for targeted cancer therapy [153]. Moreo-
ver, combining E3 ubiquitin ligase-targeted therapy with 
ICB has demonstrated potential in enhancing anti-tumor 
immune activity and clinical efficacy. This combined 
approach can modulate the activation or inhibition of 
cancer-related immune pathways through the phase 
separation mechanism, ultimately influencing tumor 
development positively or negatively [154]. Further-
more, targeted inhibition of cGAS methylation presents 
a potential therapeutic strategy for cancer. cGAS can 
undergo LLPS with dsDNA in the cytoplasm, generating 
the second messenger cGAMP. This cGAMP activates 
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the STING-TBK1-IRF3-IFN pathway, playing a crucial 
role in innate immune responses and anti-tumor immu-
nity [155]. While most endogenous cGAS is localized in 
the nucleus, its activity is restrained by chromatin teth-
ering and cell cycle-dependent phosphorylation [156, 
157]. Fang et al. discovered that methylation modification 
mediated by the methyltransferase SUV39H1 enhances 
the chromatin tethering of cGAS and suppresses its 
anti-tumor activity in a UHRF1-dependent manner. By 
restricting methionine uptake or inhibiting SUV39H1, 
the methylation modification of cGAS can be curtailed, 
promoting its release from chromatin binding. This 
enables its relocation to the cytoplasm, where it forms 
condensates with dsDNA, thereby inhibiting the develop-
ment of colorectal cancer and augmenting the efficacy of 
radiotherapy and ICB [158].

Regulation on phase separation associated with promoting 
cell death pathways
In recent years, there has been a growing focus on non-
apoptotic regulated cell death (RCD) as a target for 
cancer drug development. This includes autophagy, 
necroptosis, pyroptosis, ferroptosis, and copper death. 
Developing agents that either induce or inhibit RCD 
holds the potential to hinder tumor occurrence, pro-
liferation, and metastasis while enhancing sensitivity 
to immunotherapy [159, 160]. Studies reveal that the 
interaction between ATG proteins during autophagy 
can drive phase separation and facilitate the formation 
of autophagosomes. In cancer, targeted modulation of 
autophagy-induced phase separation can influence the 
formation and separation of droplet-shaped bodies dur-
ing autophagy, offering innovative strategies for cancer 
treatment. For instance, inducers or inhibitors of Beclin-1 
can be employed to regulate autophagy formation, induc-
ing or inhibiting autophagy, exerting a tumor-suppres-
sive effect in various breast cancer types. This presents 
a novel target for treatment and enhances sensitivity to 
immunotherapy [161]. Additionally, a specific inhibitor 
of ferroptosis, icFSP1, can induce ferroptosis inhibitor 
protein-1 (FSP1) to form phase-separated condensates 
before inhibiting ferroptosis, thereby promoting tumor 
cell ferroptosis. This renders icFSP1 a potential target 
drug for treating refractory solid tumors [66]. However, 
the molecular mechanisms related to phase separation 
in other forms of cell death and the potential combined 
treatment effects between immunotherapies targeting 
each cell death mechanism remain unclear. The effective-
ness of corresponding regulatory drugs in clinical prac-
tice also requires optimization. Hence, there is an urgent 
need to develop effective new modulators in the future. 
Simultaneously, understanding the mechanisms of action 

for each cell death related to phase separation will pro-
vide a powerful approach for tumor therapy.

Condensate modification therapy
Numerous drug development companies are dedicated to 
advancing drug development in the realm of biomolecular 
condensates, introducing a therapeutic approach known 
as condensate-modifying therapeutics (c-mods). The fun-
damental principle underlying this therapy is to prevent 
or reverse diseases by regulating the physical properties, 
macromolecular networks, composition, dynamics, and/
or function of specific biomolecular condensates. More 
precisely, c-mods can address condensate lesions, dis-
rupt the normal function of disease-related condensates, 
or exert their effects by incapacitating or dissociating 
the target proteins from the condensate. This innovative 
approach holds promise for preventing or reversing vari-
ous diseases, including cancer. Notably, several approved 
drugs may exert c-mod effects to some extent [162].

In conclusion, the exploration of tumor-associated 
biomolecular condensates driven by phase separation 
has emerged as a prominent focus in drug development. 
These condensates present novel avenues for drug discov-
ery, even for targets previously considered "undruggable" 
[163], offering innovative methods for the treatment of 
tumors. However, the complexity and dynamic nature of 
biomolecular condensates pose challenges in drug devel-
opment. Hence, in order to attain the intended clinical 
outcomes, there is a need for future investigations into 
pharmacological outcomes, the composition, structure, 
and function of specific condensates, as well as their cor-
relation with diseases. These studies are crucial to ensure 
the effectiveness and safety of interventions.

Summary and future perspectives
Phase separation, driven by multivalent interactions 
among biological macromolecules, is intricately regulated 
by mechanisms like PTMs, membrane surface interac-
tions, molecular chaperones, and RNA. It plays a crucial 
role in governing diverse physiological functions, includ-
ing chromosome structure, cell division, signal transduc-
tion, gene expression, and cell autophagy. As a molecular 
mechanism, phase separation is implicated in various 
processes associated with tumor, influencing carcinogen-
esis or tumor suppression. Its close ties to tumor occur-
rence, development, and treatment resistance encompass 
aspects such as DNA repair, transcriptional regulation, 
expression of proto-oncogenes and tumor suppressor 
genes, as well as the formation of PML bodies and SGs. 
Biomolecular condensates formed through phase sepa-
ration offer novel targets for molecular intervention in 
tumor. However, several challenges and considerations 
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persist in this field. Questions abound regarding how to 
delineate the composition, structure, regulatory mecha-
nisms, and specific physiological functions of these con-
densates. Additionally, uncertainties linger over whether 
disrupting the formation of phase-separated biomo-
lecular condensates in one physiological activity might 
impact other life processes. The exploration of com-
mon structures in the phase separation of diverse bio-
logical macromolecules, the determination of whether 
the pathogenic effects of abnormal phase separation in 
tumors result from the formation of relevant condensates 
or the loss of physiological functions in biomacromole-
cules, and the assessment of whether targeted drugs for 
biomolecular condensates outperform those targeting 
single molecules are crucial considerations.The future 
demands urgent attention from researchers to develop 
new tools, optimize existing technologies, and delve 
more deeply into the study of phase separation. Resolv-
ing current challenges and exploring the condensed mat-
ter associated with tumors at a molecular level can offer 
a new avenue for tumor treatment. This involves adjust-
ing the structure and biological activity of biomolecules 
condensed matter, providing a promising approach in the 
fight against tumor.
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