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the need for membrane-bound structures, enabling the 
formation of membrane-less organelles like nucleoli, 
stress granules, and signaling complexes [1–3]. Biologi-
cally, phase separation is driven by interactions among 
proteins, nucleic acids, and other macromolecules, influ-
enced by factors such as concentration, temperature, 
and the physicochemical properties of the cellular envi-
ronment. The ability to dynamically form and dissolve 
these compartments allows cells to respond swiftly to 
environmental changes and maintain homeostasis effi-
ciently. Importantly, phase separation provides a versatile 
and energy-efficient mechanism for spatial and tempo-
ral control within cells, facilitating complex biochemical 
processes critical for cell function and survival [4–6]. For 
instance, WNK1 kinases form membraneless conden-
sates via their disordered C terminus, activating SLC12 
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Phase separation in biological systems is a pivotal process 
where a homogeneous cellular mixture spontaneously 
separates into distinct compartments or phases with dif-
ferent compositions and properties. This phenomenon is 
crucial for organizing intracellular environments without 
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Abstract
Phase separation is fundamental for cellular organization and function, profoundly impacting a range of biological 
processes from gene expression to cellular signaling pathways, pivotal in stem cell biology. This review explores 
the primary types of phase separation and their mechanisms, emphasizing how phase separation is integral 
to maintaining cellular integrity and its significant implications for disease progression. It elaborates on current 
insights into how phase separation influences stem cell biology, discussing the challenges in translating these 
insights into practical applications. These challenges stem from the complex dynamics of phase separation, the 
need for advanced imaging techniques, and the necessity for real-time, in situ analysis within living systems. 
Addressing these challenges through innovative methodologies and gaining a deeper understanding of the 
molecular interactions that govern phase separation in stem cells are essential for developing precise, targeted 
therapies. Ultimately, advancing our understanding of phase separation could transform stem cell-based 
therapeutic approaches, opening up novel strategies for disease treatment and advancements in regenerative 
medicine.
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cotransporters to restore cell volume [7]. Additionally, 
phase separation regulates T cell receptors (TCR) clus-
tering and signaling by mediating CD3ε and Lck con-
densation into signalosomes. Lck phosphorylates CD3ε, 
shifting its binding to Csk, causing signalosome dissolu-
tion. This dynamic condensation-dissolution mechanism 
modulates T cell activation and function, highlighting 
phase separation’s role in receptor signaling [8].

Stem cells are distinguished by their capacity to differ-
entiate into diverse cell types and their self-renewal prop-
erties, positioning them as a cornerstone in the treatment 
of a wide array of disease. This therapeutic approach 
leverages different types of stem cells, including embry-
onic stem cells (ESCs), which have pluripotent capabili-
ties, and adult stem cells, such as mesenchymal stem cells 
(MSCs), which are multipotent. Increasing evidence have 
shown that phase separation influences key regulatory 
pathways and gene expression profiles essential for stem 
cell biology. For instance, in pluripotent stem cells, loss 
of LIN28 leads to nucleolar phase separation defects, 
causing nucleolar stress and activating a 2-cell/4-cell-
like transcriptional program [9]. Therefore, elucidating 
the intricate relationship between phase separation and 
stem cell biology not only provides deeper insights into 
the fundamental mechanisms of cell regulation but also 
opens up new avenues for enhancing the efficacy and 
specificity of stem cell-based therapy.

In this review, several critical aspects of phase separa-
tion within cellular biology and regenerative medicine 
are highlighted. Initially, the types of phase separation 
and their formation mechanisms are outlined. Following 
this, the essential role of phase separation in maintaining 
cellular integrity and its significant implications in dis-
ease progression are analyzed. Importantly, this review is 
the first to critically examine and summarize the role of 
phase separation in regulating stem cell biology. Finally, 
the review addresses the current shortcomings in phase 
separation research related to stem cells and examines 
the challenges of applying phase separation in stem cell-
based therapies.

Major types of phase separation
Biological systems exhibit two primary forms of phase 
separation: liquid–liquid phase separation (LLPS) and 
liquid–solid phase separation. LLPS, driven by the mini-
mization of free energy from favorable biomolecular 
interactions, results in the demixing of a homogeneous 
solution into two immiscible liquid phases [2, 10]. This 
process is essential for forming membrane-less organelles 
such as nucleoli, stress granules, and P-bodies [11]. The 
nucleolus is involved in rRNA synthesis and ribosome 
assembly, stress granules regulate mRNA during cellular 
stress, and P-bodies handle mRNA decay and storage. 
For example, stress granules assemble via LLPS driven 

by G3BP1, which acts as a molecular switch to initiate 
RNA-dependent LLPS [12]. Additionally, under stress, 
SQSTM1/p62 droplets undergo LLPS to form enlarged 
p62-dependent P-bodies by interacting with DDX6. 
These P-bodies recruit ASC, assemble the NLRP3 inflam-
masome, and trigger inflammation-associated cytotoxic-
ity [13].

Liquid–solid phase separation involves the crystalli-
zation or precipitation of molecules from a liquid phase 
into a solid phase, as seen in protein crystal formation in 
cell vacuoles. This kind of separation is driven by changes 
in concentration, temperature, and the presence of spe-
cific ions or ligands. For instance, Mn²⁺ accelerates α-Syn 
aggregation by promoting its liquid-to-solid phase transi-
tion, directly forming solid-like condensates from soluble 
monomers. Notably, manganese chelation can reverse 
aggregation during phase transition, but not after matu-
ration, highlighting Mn²⁺’s role in α-Syn phase separation 
and Parkinson’s disease pathology [14] (Fig. 1).

Mechanisms for forming phase separation
At the molecular level, phase separation is orchestrated 
by a complex interplay of interactions among biomole-
cules, leading to the formation of dynamic and functional 
compartments within cells. A central feature facilitating 
phase separation is the intrinsic disorder and multiva-
lency of certain proteins and nucleic acids [15–17]. For 
example, BRD4 and MED1, enriched at super-enhancers, 
form nuclear condensates with liquid-like properties, 
driven by their IDRs. These condensates compartmen-
talize and concentrate the transcription apparatus, high-
lighting IDRs’ role in regulating gene expression critical 
for cell identity [18].

Additionally, phase separation is driven by weak, non-
covalent interactions, including hydrogen bonding, elec-
trostatic interactions, π-π stacking, and hydrophobic 
interactions. These weak interactions collectively contrib-
ute to the formation and stabilization of phase-separated 
compartments [19]. The low-complexity domain of FUS 
drives LLPS through multivalent interactions without 
traditional secondary structures, as NMR, Raman spec-
troscopy, and molecular simulations reveal that hydrogen 
bonding, π/sp2 interactions, and hydrophobic forces—
particularly involving tyrosine and glutamine residues—
stabilize the densely packed liquid phase [20].

Importantly, post-translational modifications (PTMs) 
of proteins, such as phosphorylation, methylation, and 
ubiquitination, can modulate phase separation by alter-
ing the interaction landscape [21, 22]. For instance, 
phosphorylation of Ki-67 during mitosis enhances LLPS 
by generating alternating charge blocks, promoting 
chromosome periphery formation. Conversely, phos-
phorylation of NPM1 reduces charge blockiness, sup-
pressing LLPS and leading to nucleolar dissolution, 
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demonstrating how phosphorylation modulates organ-
elle dynamics through phase separation [23]. Interest-
ingly, SUMOylation of RNF168 induces LLPS, limiting its 
recruitment to DNA damage sites and impairing repair, 

while SENP1-mediated deSUMOylation prevents LLPS, 
enhancing DNA repair efficiency [24].

Moreover, RNA molecules act as critical scaffolds in 
phase separation, providing a structural framework that 

Fig. 1  Schematic representation of major types of phase separation and their biological consequences. (a) LLPS and membrane-less organelle formation. 
LLPS enables the formation of membrane-less organelles, such as nucleoli, stress granules, and P-bodies, allowing cells to compartmentalize functions 
without the need for membranes. In stress granules, RNA-dependent LLPS brings together proteins like G3BP1 to promote their assembly and can also 
drive the formation of the NLRP3 inflammasome, potentially causing inflammation-related cell damage. Additionally, DDX6 plays a key role in forming 
P-bodies by interacting with p62, which helps regulate mRNA storage and degradation. (b) LLPS in regulating Ribosomal RNA synthesis and mRNA 
regulation. LLPS plays a pivotal role in ribosome biogenesis by promoting ribosomal RNA synthesis, mRNA storage, decay, and ribosome assembly, thus 
maintaining cellular protein production and homeostasis. (c) Liquid-solid phase separation and protein crystallization. Liquid-solid phase separation gov-
erns the formation of protein crystals, regulated by factors such as concentration, specific ions, and temperature. (d) Disease-associated liquid-to-solid 
phase transitions. In disease contexts, such as Parkinson’s disease, Mn²⁺ can induce a liquid-to-solid phase transition in proteins like α-synuclein, leading 
to pathological aggregation. Manganese chelation offers a potential strategy to prevent these transitions and mitigate disease progression
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facilitates the assembly of protein-RNA complexes [25]. 
The secondary structures of RNA, such as stem-loops 
and G-quadruplexes, create binding sites for multiple 
RNA-binding proteins, promoting multivalent inter-
actions. In the nucleolus, rRNA serves as a scaffold for 
the assembly of ribosomal proteins and other nucleolar 
components, driving the formation of distinct nucleolar 
subdomains through LLPS [26]. For instance, in the DNA 
damage response, TopBP1 interacts with pre-rRNA at 
DNA damage sites to promote LLPS for efficient repair 
[27].In addition, SNHG9, a lipid-associated lncRNA, pro-
motes LLPS of LATS1, inhibiting its activity in the Hippo 
pathway and enhancing YAP signaling, which correlates 
with breast cancer progression [28].

Notably, phase-separated compartments typically 
form when the concentration of involved biomolecules 
exceeds specific thresholds, triggering droplet nucleation 
and growth [29]. In liver cells, glycogen accumulation due 

to reduced glucose-6-phosphatase expression induces 
LLPS, sequestering Hippo kinases Mst1/2 and activat-
ing Yap to promote tumorigenesis [30]. Environmental 
factors such as pH, ionic strength, and temperature pro-
foundly influence phase separation by altering electro-
static interactions and droplet stability [1]. For instance, 
elevated salt and temperature induce RALF-pectin phase 
separation, forming condensates that promote receptor 
clustering, endocytosis, and plant stress recovery [31] 
(Fig. 2).

Phase separation is crucial for cell function and 
disease development
By facilitating the segregation and concentration of 
specific proteins, RNA, and other biomolecules, phase 
separation ensures the precise control of signaling path-
ways, gene expression, and metabolic processes that are 
essential for regulating stem cell biology. For instance, 

Fig. 2  The mechanisms for phase separation formation. (a) Triggers of phase separation. Phase separation can be triggered by changes in factors such as 
pH and temperature, leading to the formation of distinct liquid compartments. (b) Example of IDRs driven LLPS. Transcriptional co-activators BRD4 and 
MED1, enriched at SEs, can undergo phase separation via their IDRs, forming droplets that compartmentalize and concentrate the transcription appara-
tus from nuclear extracts, including ribosomes, RNA polymerase, and transcription factors, to regulate key cellular gene expression. (c) Example of how 
modulate phase separation. Phosphorylation of NPM1 regulates its phase separation behavior, leading to nucleolar dissolution upon nucleophosmin’s 
dissociation from nuclear condensates. (d) Example of RNA molecules driven LLPS. In cancer, SNHG9 and LATS1 undergo LLPS, influencing the Hippo 
pathway and YAP activation, which promotes breast cancer progression. (e) Example of biomolecules concentration driven LLPS. The downregulation of 
G6PC in the liver leads to glucose accumulation within cells, which undergoes LLPS, activating YAP and promoting malignant transformation of liver cells
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the mechanism by which promyelocytic leukemia pro-
tein (PML) manages oxidative stress responses in ESCs 
through SUMO2/3 conjugation is pivotal for its function 
within nuclear bodies, influencing KAP1 SUMOylation 
to modulate the epigenetic repression of retro-elements. 
Loss of PML leads to the re-expression of transposable 
elements and the acquisition of 2-cell-like features via 
SUMO2 modification of DPPA2, illustrating PML’s criti-
cal role in coordinating stem cell states and its potential 
implications in cancer biology [32]. Additionally, during 
zebrafish embryogenesis, Ddx3xb undergoes LLPS via its 
N-terminal IDR, enhancing maternal mRNA translation. 
Mutations impairing phase separation hinder embryo 
development, demonstrating LLPS’s role in gene activa-
tion [33].

Abnormal phase separation is increasingly recognized 
as a critical factor in the development and progression 
of various diseases [34–37]. Notably, HSD17B13 forms 
LLPS around lipid droplets, enhancing its enzymatic 
function and increasing platelet activating factor bio-
synthesis. This promotes fibrinogen synthesis and leu-
kocyte adhesion, exacerbating liver inflammation [38]. 
Likewise, YTHDF1, an m6A reader highly expressed 
in asthmatic patients, undergoes allergen-enhanced 
LLPS to form complexes with CLOCK mRNA. This 
boosts CLOCK translation, activates NLRP3 inflam-
masome, and increases IL-1β secretion, driving airway 

inflammation. Deleting CLOCK abolishes these effects, 
highlighting YTHDF1 as a therapeutic target for aller-
gic airway inflammation [39]. Moreover, thousands of 
disease-linked genetic variants in intrinsically disordered 
protein regions impact phase separation, altering biomo-
lecular condensates like the nucleolus. Variants in these 
regions can disrupt nucleolar function. Frameshift muta-
tions in HMGB1, for instance, lead to brachyphalangy, 
polydactyly, and tibial aplasia syndrome by changing 
HMGB1 phase separation and nucleolar partitioning [34] 
(Fig. 3).

The effect of phase separation on stem cell biology
The effect of phase separation on stem cell fate 
determination
Recent advances reveal phase separation plays a signifi-
cant role in controlling stem cell fate, where it orches-
trates the formation of compartmentalized environments 
crucial for modulating signaling pathways that dictate 
stem cell identity and lineage commitment. Insights 
into this mechanism not only deepen our understand-
ing of stem cell biology but also provide a foundation 
for novel therapeutic approaches. For instance, CINAP 
acts as a negative regulator of YAP1 during ESC differ-
entiation by interacting with NEDD4 to prevent its phase 
separation and cytoplasmic condensation. This interac-
tion halts YAP1 compartmentalization and facilitates 

Fig. 3  Phase separation in regulating cellular function and disease progression. (a) SUMOylation modulates transcription factor activity in response to 
oxidative stress. UBC9-mediated SUMOylation of DPPA2 and KAP1 regulates the activation of Dux and Zscan4, promoting the transition of embryonic 
stem cells into 2-cell-like cells. Meanwhile, SUMOylation of KAP1 preserves its role as an active repressor in mESCs. This post-translational modification 
plays a critical role in maintaining the balance of cell fate decisions under oxidative stress. (b) Ddx3xb facilitates normal translation by unwinding struc-
tured 5′ UTRs, allowing ribosomes to access mRNAs, which supports normal development. In the absence of Ddx3xb, structured RNAs block ribosome 
binding, leading to inhibited translation and resulting in developmental delays and defects. (c) In chronic liver disease, PAFR activation via the de novo 
choline pathway leads to inflammatory cell infiltration. LLPS drives the assembly of PAF, which, together with activated STAT3, upregulates the expression 
of fibrinogen components (FGG, FGA, FGB), contributing to disease progression. (d) In asthma, stress granule formation is elevated, enhancing NLRP3 
inflammasome activity and increasing pro-inflammatory cytokines IL-1β. The phase separation of YTHDF1 with CLOCK mRNA within stress granules con-
tributes to allergic airway inflammation, linking RNA metabolism to immune responses
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its activation, crucial for directing cell fate decisions. 
Depletion of CINAP promotes NEDD4 condensates, 
leading to unintended YAP1 activation and disrupting 
endoderm differentiation, highlighting the critical role 
of phase separation in regulating stem cell fate and early 
embryonic development [40]. Similarly, the destruction 
complex for Wnt signal transduction undergoes phase 
separation, nucleated by the centrosome, which enhances 
β-catenin processing. This localization consolidates 
destruction complex components into a single reaction 
site, effectively controlling β-catenin stability and pre-
venting Wnt-induced differentiation of embryonic stem 
cells into mesoderm. This mechanism underscores the 
integration of Wnt signaling with cell cycle regulation 
and highlights the importance of nucleators in organiz-
ing biomolecular condensates to modulate stem cell fate 
decisions [41]. Notably, LIN28A, localized in the nucle-
olus, facilitates liquid-liquid phase separation in ESCs. 
Its RNA binding domains and intrinsically disordered 
regions drive condensate formation with nucleolar pro-
teins. Mutations in these regions disrupt LIN28A’s sub-
cellular localization and its phase separation, impairing 
nucleolar function and cell fate decisions. This highlights 
LIN28A’s pivotal, non-canonical role in nucleolar dynam-
ics and stem cell state transitions through phase separa-
tion mechanisms [42]. Additionally, Cpeb1b-mediated 
cytoplasmic polyadenylation in zebrafish, facilitated 
by phase separation in liquid-like condensates, specifi-
cally enhances Hedgehog signaling to drive hematopoi-
etic stem and progenitor cell specification. This effect is 
achieved through selective interactions with shha mRNA 
within the condensates, emphasizing the role of phase 
separation in regulating translation and subsequent cell 
fate determination during early development [43]. More-
over, liquid-liquid phase separation of the m6A “reader” 
protein YTHDF1 regulates spermatogonial stem cell 
transdifferentiation into neural-like cells by modulat-
ing the IκB-NF-κB-CCND1 axis. Disruption of YTHDF1 
LLPS or NF-κB pathway inhibits this process, while over-
expression of tau-YTH fusion protein, enhancing tau 
LLPS, restores it by reactivating the axis. These findings 
highlight LLPS’s critical role in controlling cell fate and 
underscore its potential therapeutic relevance in neuro-
logical disease treatment [44]. Interestingly, activating 
SHP2E76K mutation in MSCs triggers malignant trans-
formation by enhancing mitochondrial metabolism via 
complexes I and III. Liquid-liquid phase separation of 
SHP2, promoting its dissociation from these complexes, 
drives their hyperactivation. Inhibiting SHP2 LLPS curbs 
this hyperactivation, offering a therapeutic angle for tar-
geting SHP2-associated malignancies. This delineates a 
role for phase separation in the pathological alteration of 
MSC fate [45].

In addition to animal stem cells, phase separation has 
also been demonstrated to play a critical role in mediat-
ing plant stem cell fate determination. In the Arabidop-
sis root stem cell niche, transcription factors WOX5 
and PLTs, particularly PLT3 with its prion-like domains, 
regulate quiescence and fate of columella stem cells 
through complex formation and recruitment to sub-
nuclear microdomains, likely via phase separation. This 
spatial organization within nuclear bodies underscores 
a critical mechanism where mutual regulation of WOX5 
and PLTs at transcriptional and protein interaction levels 
determines stem cell behavior and root development [46] 
(Fig. 4).

The effect of phase separation on stem cell differentiation
Stem cell differentiation is the process by which plu-
ripotent or multipotent cells, inherently capable of self-
renewal, commit to specific lineages and develop distinct 
morphological and functional characteristics typical 
of mature cell types. This transition is orchestrated by 
a complex interplay of genetic and epigenetic factors, 
coupled with cues from the cellular microenvironment. 
As stem cells differentiate, they undergo profound altera-
tions in gene expression, protein synthesis, and cellu-
lar architecture, enabling them to perform specialized 
functions within an organism [47]. The hubs formed by 
phase separation can enhance or inhibit specific signaling 
pathways [48–50], thereby directing the developmental 
trajectory of stem cells. Understanding phase separation 
thus provides valuable insights into the regulatory mech-
anisms of stem cell fate and opens potential avenues for 
advancing regenerative medicine strategies.

Chromobox (CBX) proteins function within the Poly-
comb repressive complex 1 (PRC1) to modulate chroma-
tin architecture through phase-separated condensates. 
This process is critical for repressing stem cell-active 
genes and guiding the differentiation of stem cells by 
affecting chromatin compaction and gene accessibility. 
In vivo studies reveal that CBX2, through its nonenzy-
matic actions, regulates spermatogonial stem cell differ-
entiation in male germline by forming phase-separated 
condensates that compact chromatin and repress stem 
cell-active genes. Specifically required for the differentia-
tion into A1 spermatogonia, CBX2’s ability to modulate 
chromatin architecture via phase separation is essen-
tial for the long-term maintenance of male germ cells, 
highlighting a pivotal role beyond histone modification 
[51]. Similarly, introducing a chromatin compaction and 
phase separation domain into CBX7 in ESCs disrupts 
their differentiation, impairing embryoid body and neu-
ral progenitor formation while maintaining inappropriate 
Polycomb binding at neural-specific loci. This suggests 
that the ability to compact chromatin and undergo phase 
separation is crucial for the Polycomb group’s role in 
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transitioning from pluripotency to differentiated states, 
highlighting phase separation as a key epigenetic mecha-
nism in stem cell lineage specification [52]. In addition, 
CBX7C, a splicing isoform of CBX7, acts as an epigen-
etic repressor in ESCs, coordinating with PHC2 to guide 
PRC1 complex assembly at canonical targets. This inter-
action drives the formation of Polycomb bodies, with 
phase separation dynamics influenced by protein con-
centration: low levels promote the creation of highly 
mobile functional aggregates, while high concentrations 
lead to larger, less mobile structures. Altering CBX7C 
levels affects stem cell differentiation, highlighting phase 

separation’s role in stem cell regulation and PRC1 activity 
modulation [53].

SS18 regulates the pluripotent to somatic transition 
(PST) in mammalian development by forming nuclear 
condensates via a C-terminal intrinsically disordered 
region (IDR) rich in tyrosine. The IDR is necessary but 
not sufficient for PST, requiring an N-terminal 70aa seg-
ment to interact with the BAF complex. SS18-mediated 
BAF assembly through phase separation is essential for 
PST, highlighting a unique tyrosine-based mechanism in 
regulating stem cell differentiation [54]. In addition, in 
zebrafish models, Tet2/3 and Sall4 regulate pharyngeal 

Fig. 4  The effect of phase separation on stem cell fate determination. (a) In ESCs, LLPS of NEDD4 is regulated by a reduction in the interaction between 
CINAP and NEDD4. This phase separation event enhances YAP1 phosphorylation at Ser128 by NLK, activating YAP1 and driving ectoderm differentiation. 
(b) In spermatogonial stem cells, LLPS of YTHDF1 plays a key role in inhibiting the translation of IκBα/β mRNA, which results in the activation of the IκB-NF-
κB-CCND1 axis. This activation contributes to the transdifferentiation of spermatogonial stem cells into neural stem-like cells. (c) In MSCs, the SHP2E76K 
mutation induces LLPS of SHP2. This mutation alters SHP2’s interaction with mitochondrial complexes I and III, leading to dissociation from these com-
plexes and promoting hyperactive mitochondrial metabolism which is closely linked to the transdifferentiation process of MSCs
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cartilage development via a TET-BMP-Sall4 axis, critical 
for craniofacial microsomia pathogenesis. Loss of Tet2/3 
disrupts chondrocyte differentiation by impairing BMP 
signaling, while Sall4 activates bmp4 expression through 
co-phase separation with Tet2/3, enhancing 5mC oxida-
tion at the bmp4 promoter. This molecular mechanism 
underscores phase separation’s role in controlling gene 
expression and developmental pathways in craniofacial 
disorders [55]. Moreover, TAZ interacts with Smad7 and 
β-catenin to suppress muscle-specific gene expression, 
including the creatine kinase muscle gene and myogenin. 
Ectopic TAZ expression inhibits β-catenin activity and 
myogenic differentiation, while its depletion enhances 
promoter activation. TAZ localization shifts from nuclear 
speckles to the cytoplasm upon differentiation, facilitated 
by Ser89 phosphorylation. Moreover, TAZ demonstrates 
liquid-liquid phase separation properties, suggest-
ing a regulatory mechanism in stem cell differentiation 
through spatial compartmentalization [56]. Likewise, 
Dact1 is upregulated during myogenesis, facilitating 
terminal differentiation, cell cycle withdrawal, and cell 
fusion. In human muscle pathologies, Dact1 expression 
is altered. Bioinformatic analysis reveals Dact1’s long 
intrinsically disordered regions, enabling liquid-liquid 
phase separation and nuclear aggregate formation [57]. 
Furthermore, the homeodomain transcription factor 
Prospero (Pros)/Prox1 drives neuronal differentiation by 
inducing heterochromatin condensation via liquid-liquid 
phase separation. In Drosophila neural precursors, Pros 
retains at H3K9me3+ pericentromeric regions during 
mitosis, recruiting heterochromatin protein 1 (HP1) into 
phase-separated condensates to compact heterochro-
matin. This process ensures cell-cycle exit and terminal 
differentiation. Mammalian Prox1 similarly employs this 
“mitotic-implantation-ensured heterochromatin con-
densation” strategy, highlighting a conserved mechanism 
where LLPS-mediated chromatin remodeling secures 
neuronal differentiation [58]. Interestingly, investiga-
tions into GelMA scaffolds reveal that increases in elastic 
modulus enhance osteogenic differentiation in hBMSCs, 
associated with altered YAP, TAZ, and TEAD expres-
sion and their assembly into phase-separated conden-
sates sensitive to 1’6-hexanediol. In vivo, higher modulus 
GelMA better supports new bone formation, highlighting 
substrate stiffness and liquid-liquid phase separation as 
critical factors in regulating stem cell function and bone 
regeneration [59]. UTX, a histone H3K27 demethylase, 
exerts its biological function through phase separation 
via its core IDR. This region forms liquid condensates 
critical for tumor suppression and ESC differentiation by 
recruiting MLL4 and enhancing H3K4 methylation [60]. 
Importantly, MAGE-B2 enhances cellular stress toler-
ance by inhibiting SG formation through translational 
repression of G3BP. By reducing G3BP levels below the 

threshold for phase separation, MAGE-B2 prevents SG 
initiation. Knockout of the MAGE-B2 ortholog or G3BP1 
overexpression increases male germline sensitivity to 
heat stress, highlighting MAGE-B2’s role in protecting 
spermatogenesis [61] (Fig. 5).

The effect of phase separation on stem cell reprogramming
Stem cell reprogramming represents a transformative 
advance in regenerative medicine, enabling the conver-
sion of differentiated cells back to a pluripotent state. 
This process effectively resets the cellular clock, endow-
ing adult cells with the ability to differentiate into any 
cell type, akin to embryonic stem cells. The significance 
of this technique lies in its potential to provide patient-
specific therapies, eliminating the ethical and immuno-
logical complications associated with embryonic stem 
cells. Remarkably, during somatic cell reprogramming, 
extensive TAD reorganization correlates with gene tran-
scription and cell identity changes. OCT4 phase-sepa-
rated condensates drive this TAD reorganization through 
concentrated chromatin loops. Disruption of OCT4 
phase separation impairs TAD reorganization and repro-
gramming, but can be rescued by fusing an intrinsically 
disordered region (IDR) to OCT4. Using TAD reorgani-
zation-based multiomics analysis, key reprogramming 
regulators were identified, highlighting the crucial role of 
OCT4-mediated phase separation in cellular reprogram-
ming [62].

The effect of phase separation on stem cell self-renewal 
and pluripotency
The attributes of self-renewal and pluripotency in stem 
cells are critical to their function and potential applica-
tions in developmental biology, regenerative medicine, 
and disease modeling. Self-renewal refers to the ability 
of stem cells to undergo numerous cycles of cell division 
while maintaining an undifferentiated state [63, 64]. This 
property ensures a stable population of stem cells that 
can support tissue homeostasis and repair throughout 
the lifespan of an organism. Pluripotency, the capacity 
of stem cells, particularly embryonic stem cells, to dif-
ferentiate into nearly any cell type within an organism, is 
essential for generating the diverse cellular constituents 
necessary during embryonic development and offers 
significant therapeutic potential. Recent studies have 
highlighted the role of phase separation in regulating 
self-renewal and pluripotency in stem cells. For instance, 
RYBP-mediated phase separation of CTCF organizes 
long-range chromatin interactions between A compart-
ments, diverging from traditional loop extrusion models. 
An engineered system inducing CTCF phase separation 
in ESCs enhanced these interactions, supporting ESC 
self-renewal and inhibiting differentiation towards neu-
ral progenitor cells. This demonstrates a non-canonical 
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role for CTCF in chromatin architecture, revealing phase 
separation as a key regulator of stem cell self-renewal 
through spatial chromatin organization [65]. Addition-
ally, ASXL1 promotes paraspeckle formation and hema-
topoiesis through its IDR, facilitating NONO-NEAT1 
interactions and NEAT1 expression. A pathogenic 
ASXL1 mutant lacking the IDR disrupts these processes, 

leading to abnormal NONO localization in hematopoi-
etic stem and progenitor cells (HSPCs). Both NONO 
depletion and cytoplasmic mislocalization impair HSPC 
repopulating potential, highlighting ASXL1’s role in 
maintaining hematopoiesis via phase separation-driven 
paraspeckle assembly [66]. Moreover, MIP-1 and MIP-2 
are novel C. elegans germ granule components that 

Fig. 5  The effect of phase separation on stem cell differentiation. (a) Phase separation of CBX2 in spermatogonial stem cells drives chromatin compac-
tion, which is essential for regulating spermatogenesis. CBX2 forms a phase-separated condensate by interacting with PCH, PC, and SCMH1, facilitating 
chromatin condensation and gene regulation during the transition from spermatogonia to mature sperm cells. (b) SS18 undergoes LLPS through its IDR, 
mediating the assembly of the BAF complex, which plays a critical role in the pluripotent to somatic cell transition. (c) The IDR of UTX recruits MLL4 to form 
phase-separated condensates, enhancing MLL4’s H3K4 methylation activity. This process regulates histone modifications and chromatin interactions, 
promoting embryonic stem cell differentiation and enabling tumor-suppressive activity. At the core, phase separation influences essential biological 
processes such as gene expression, protein synthesis, thereby playing a crucial role in stem cell differentiation
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interact with MEG-3 to promote P granule condensa-
tion and balance their growth and localization. Contain-
ing LOTUS domains and intrinsically disordered regions, 
they bind and anchor GLH-1 within P granules, facilitat-
ing the coalescence of MEG-3, GLH-1, and PGL proteins. 
Loss of MIP-1 and MIP-2 leads to temperature-sensitive 
embryonic lethality, sterility, and germline defects, affect-
ing stem cell self-renewal and gamete differentiation, 
underscoring their role in organizing ribonucleoprotein 
networks for germline development [67].

In addition to self-renewal, phase separation has 
been shown to critically regulate stem cell pluripo-
tency. ABCF1 facilitates phase separation and pluripo-
tency gene activation via multivalent interactions with 
SOX2 and coactivators XPC and DKC1. ABCF1’s LCD-
mediated interactions are disrupted by DNA damage, 
highlighting its dual role in maintaining stem cell plu-
ripotency and responding to genomic integrity threats 
[68]. Importantly, single-molecule microscopy reveals 
that genome remodeling during the transition from 

naïve embryonic to epiblast stem cells involves chroma-
tin decompaction and reduced OCT4 mobility. This cor-
relates with decreased H3K9ac marks and lowered Oct4 
RNA expression. Spatial reconfiguration brings Oct4 
closer to nuclear speckles and Nodal alleles, influencing 
pluripotency gene expression during epiblast specifica-
tion, illustrating the critical interplay of genome orga-
nization and gene regulation in stem cell pluripotency 
[69]. Additionally, O-GlcNAcylation of Psme3 at serine 
111 is crucial for maintaining ESC pluripotency by reg-
ulating phase separation through P-body homeostasis. 
This modification promotes Ddx6 degradation, reducing 
P-body assembly and sustaining the pluripotent state. 
Conversely, loss of Psme3 O-GlcNAcylation stabilizes 
Ddx6, increasing P-body levels and triggering ESC differ-
entiation [70] (Fig. 6).

The effect of phase separation on stem cell senescence
Stem cell senescence is a pivotal phenomenon in the biol-
ogy of aging, profoundly influencing tissue degeneration, 

Fig. 6  The effect of phase separation on stem cell self-renewal and pluripotency. (a) CTCF forms phase-separated condensates in association with RYBP, 
mediating interactions between A1 and A2 compartments to regulate chromatin organization. This phase separation process inhibits the differentiation 
of ESCs into neural progenitor cells, thereby maintaining stem cell self-renewal. (b) ASXL1, through its IDR, forms paraspeckles with proteins such as 
NONO, SFPQ, and NEAT1 in hematopoietic stem and progenitor cells. This interaction increases the formation of NONO-NEAT1 complexes, promoting 
paraspeckle assembly and enhancing stem cell maintenance. (c) O-GlcNAc modification at S111 of Psme3 in embryonic stem cells leads to the degrada-
tion of Ddx6 and inhibits P-body assembly, further supporting the self-renewal and pluripotency of stem cells by modulating RNA metabolism. Collec-
tively, these mechanisms contribute to the balance between self-renewal and differentiation across various stem cell types
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disease progression, and the decline in regenerative 
capacity [71]. As stem cells age, they lose their abilities 
for self-renewal and pluripotency, leading to a dimin-
ished capacity to maintain tissue integrity and function. 
Accumulated DNA damage, oxidative stress, and meta-
bolic shifts, often exacerbated by aging, can drive stem 
cells into a senescent state. This not only impacts indi-
vidual health and longevity but also serves as a potential 
driver for various age-related diseases [72–74]. Under-
standing the role of phase separation in stem cell senes-
cence offers novel insights into the mechanisms of aging 
and highlights potential therapeutic targets for amelio-
rating age-related cellular decline.

Peptidyl-prolyl isomerase A (PPIA) emerges as a cru-
cial chaperone in haematopoietic stem and progeni-
tor cells, with its depletion linked to accelerated ageing. 
PPIA predominantly targets proteins with IDRs, promot-
ing their involvement in phase separation and the forma-
tion of supramolecular, membrane-less organelles. This 
interaction boosts cellular stress resistance but dimin-
ishes with age due to a decline in PPIA expression, high-
lighting a mechanism where impaired phase separation 
contributes to stem cell ageing [75]. Additionally, SGF29, 
a SAGA complex component, forms liquid-like nuclear 
condensates influencing transcriptional regulation dur-
ing cellular senescence in mesenchymal progenitor cells. 
Key to condensate formation is Arg 207 in SGF29’s dis-
ordered region, crucial for chromatin targeting and 
gene activation linked to senescence, such as CDKN1A. 
While essential for precise chromatin engagement and 
co-activator recruitment, SGF29 condensates alone do 
not suffice for H3K4me3 binding or full transactiva-
tion, underscoring phase separation’s role in modulating 
transcriptional landscapes during aging [76]. Moreover, 
BuGZ, a coacervating mitotic effector, demonstrates 
age- and injury-associated nuclear condensation in Dro-
sophila intestinal stem cells (ISCs), enhancing ISC pro-
liferation and impacting gut repair and longevity. The 
m6A reader YT521-B, functionally downstream of BuGZ, 
influences its coacervation via interactions with the m6A 
writer Ime4/Mettl14. This suggests a role for phase sepa-
ration and m6A regulation in modulating ISC-dependent 
regeneration and aging, highlighting a novel avenue for 
potential therapeutic interventions [77] (Fig. 7).

The effect of phase separation on stem cell transcriptional 
activity
Transcriptional activity within stem cells is a corner-
stone of their unique identity and capabilities, under-
pinning the intricate balance between self-renewal and 
differentiation. The precise regulation of gene expression 
is fundamental to the ability of stem cells to respond to 
developmental cues and environmental stimuli, thereby 
dictating their fate decisions and functional diversity. 

TRIM33 localizes with promyelocytic leukemia nuclear 
bodies (PML-NBs) in ESCs to regulate Nodal signaling-
mediated transcription of Lefty1/2. This interaction 
requires PML-NB-specific assembly, with both PML 
protein and PML-NB formation necessary for TRIM33’s 
recruitment to these gene loci. Proximity labeling con-
firms TRIM33’s enrichment in ESC-specific PML-NBs, 
highlighting how phase separation influences stem cell 
transcriptional regulation in a context-dependent manner 
[78]. In addition, RNA-binding proteins, notably PSPC1, 
are pivotal in connecting RNA to transcription machin-
ery in ESCs, facilitating phase separation at transcription 
sites. PSPC1 harnesses RNA to stabilize RNA polymerase 
II (Pol II), enhancing transcription condensate forma-
tion and polymerase activity. Acute PSPC1 depletion 
disrupts Pol II binding and transcription, underscoring 
the role of RNA-mediated phase separation in promot-
ing active transcription and maintaining stem cell tran-
scriptional integrity [79]. Aberrations in transcriptional 
processes can lead to dysregulated stem cell activity, 
which is implicated in a variety of disorders, including 
cancer. For instance, NUP98 fusion oncoproteins, includ-
ing NUP98-HOXA9, drive leukemia by forming nuclear 
puncta through liquid-liquid phase separation, involving 
both homotypic and heterotypic interactions. These con-
densates modulate transcriptional activity and transform 
hematopoietic stem and progenitor cells, a mechanism 
extendable to other leukemia-associated NUP98 fusions 
[80] (Fig. 8).

The effect of phase separation on stem cell chromatin 
organization and stability
Chromatin organization and stability are critical for the 
regulation of gene expression and the maintenance of 
genomic integrity in stem cells. Proper chromatin struc-
turing allows for the precise control of transcriptional 
activity necessary for stem cell pluripotency and differen-
tiation. Moreover, the stability of chromatin ensures that 
stem cells can replicate their DNA faithfully and segre-
gate chromosomes accurately during cell division, cru-
cial for maintaining stem cell populations and preventing 
genomic instability that could lead to diseases like can-
cer. Accumulative evidence has demonstrated that phase 
separation plays a crucial role in mediating stem cell 
chromatin organization and stability. For instance, con-
stitutive heterochromatin proteins, notably more disor-
dered than other nucleome proteins, are implicated in 
heterochromatin formation through LLPS. Their expres-
sion, low initially, rises during preimplantation develop-
ment, positioning the preimplantation embryo as a key 
model to explore LLPS in heterochromatin regulation. 
This highlights the potential for LLPS in managing chro-
matin states crucial for stem cell function and develop-
ment [81]. Similarly, mouse heterochromatin undergoes 
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phase separation early in embryogenesis, initially dis-
playing liquid-like properties at the two-cell stage before 
maturing into a more structured, silent state by the four-
cell stage. Disruption of these phase-separated compart-
ments alters transcript levels, underscoring a pivotal role 
for phase separation in the organizational and functional 
dynamics of heterochromatin during development. This 
insight reveals how chromatin domains self-organize and 
transition during early mammalian embryogenesis [82]. 
Notably, MSR transcripts drive HP1α-mediated phase 
separation in ESCs, forming dynamic heterochromatin 
condensates essential for maintaining pluripotent nuclear 
architecture. Depletion of MSR transcripts results in 

more compact, static heterochromatin, leading to chro-
mosome instability and mitotic defects. This demon-
strates that MSR transcripts are crucial for modulating 
heterochromatin’s biophysical properties, highlighting 
their role in preserving genome stability through phase 
separation mechanisms [83]. (Table 1)

Therapeutic potential and clinical challenges of 
targeting phase separation
A growing body of research has highlighted the sig-
nificant therapeutic potential of targeting phase 
separation in disease treatment, providing a robust theo-
retical framework for its clinical application. Moreover, 

Fig. 7  The effect of phase separation on stem cell senescence. (a) SGF29, through its IDR and Arg 207, undergoes phase separation to regulate tran-
scriptional activity, regulating transcriptional activity and contributing to stem cell senescence. (b) The interaction between BuGZ, YT521-B, and the m6A 
methyltransferase complex components lme4/Mettl14 mediates phase separation in Drosophila intestinal stem cells, influencing stem cell dynamics. This 
phase separation impacts the maintenance of stem cell populations and links senescent stem cells to age-related diseases, ultimately affecting health 
and longevity. (c) PPIA, through its IDRs, also undergoes phase separation, promoting stem cell senescence. (d) Collectively, these mechanisms illustrate 
the role of phase separation in stem cell regulation, aging, and the development of age-related pathologies
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the development of small-molecule inhibitors and trans-
lational strategies is currently being actively explored, 
further advancing this promising field. For instance, 
recent studies have revealed that disease-associated 
SHP2 mutants undergo LLPS, enhancing their phos-
phatase activity and promoting aberrant signaling 
pathways linked to various diseases, particularly devel-
opmental disorders and certain malignancies. The use 
of allosteric inhibitors to target SHP2-mediated LLPS 
shows increasing promise in treating various diseases, 
including cancers and developmental disorders. This 
therapeutic strategy is gaining growing recognition, and 
such targeted inhibitors are attracting expanding invest-
ment in research and development [84]. Similarly, in 
aged hematopoietic stem cells (HSCs), elevated levels of 
FUS—leading to aberrant phase transitions and reduced 
mobility—alter chromatin organization by merging topo-
logically associating domains (TADs), thereby driving 
transcriptional changes linked to aging. These findings 
provide fresh insights into the molecular mechanisms 
underlying HSC aging and suggest that developing tar-
geted inhibitors to modulate FUS phase behavior could 
offer novel therapeutic strategies for rejuvenating aged 
HSCs and treating age-related hematopoietic disorders 

[85]. In addition, the development of NoCasDrop—a tool 
enabling precise nucleolar targeting and controlled liq-
uid condensation—marks a significant advancement in 
understanding and manipulating nucleolar phase sepa-
ration dynamics. By restoring centromere clustering and 
perinucleolar heterochromatin (PNH) integrity, as well as 
regulating developmental gene expression, NoCasDrop 
effectively modulates stem cell pluripotency. This precise 
control over nucleolar condensation offers a potential 
therapeutic strategy for diseases associated with nucleo-
lar dysfunction, such as certain cancers and develop-
mental disorders. NoCasDrop exemplifies how targeted 
modulation of phase separation can influence chroma-
tin organization and cell fate, providing new avenues 
for clinical interventions [86]. In regenerative medicine, 
LLPS has emerged as a promising target for enhancing 
tissue regeneration, particularly in aging tissues. Notably, 
11,12-EET amplifies fibroblast growth factor signaling 
through phase separation, promoting the activation and 
proliferation of muscle stem cells. Preclinical studies have 
demonstrated that 11,12-EET, the representative bioac-
tive lipid, acts as a tissue messenger to stimulate myo-
genesis. These insights highlight the potential of targeting 
LLPS mechanisms to develop innovative regenerative 

Fig. 8  The effect of phase separation on stem cell transcriptional activity. TRIM33 forms phase-separated condensates within PML-NBs in ESCs, facilitat-
ing the transcription of Lefty1/2. These condensates stabilize RNA polymerase II (RNA Pol II) within transcriptional complexes, enhancing mRNA stability. 
Additionally, PSPC1 binds to transcriptional condensates, further supporting mRNA transcript stabilization. In hematopoietic stem cells, NUP98 fusion 
oncoproteins form nuclear puncta, disrupting normal transcriptional regulation and contributing to leukemia progression
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Cell type Regulation Phase separation Mechanism Effects Ref.
ESC CINAP Preventing NEDD4 from forming 

condensates
Decreasing YAP1 phosphorylation 
at Ser128 and YAP1 activation

Impacting endoderm differentiation 
of mESCs

 [40]

ESC Centrosome Promoting LLPS of destruction 
complex

Enhancing processing of β-catenin Promoting Wnt-driven ESC differentia-
tion to mesoderm

 [41]

mESC RBD and IDR 
of LIN28A

Promoting phase-separated con-
densates of LIN28A and nucleolar 
proteins

Impacting dynamic nucleolar 
remodeling

Impacting naive-to-primed pluripo-
tency state conversion

 [42]

HSPC / Pabpc1b phase separation Promoting Cpeb1b interaction and 
cytoplasmic polyadenylation of 
shha mRNA.

Impacting HSPC development  [43]

SSC / YTHDF1 LLPS Activating the NF-κB-CCND1 axis Promoting transdifferentiation of SSC 
to neural stem cell-like cell

 [44]

MSC SHP2E76K 
mutation

SHP2 LLPS Leading to SHP2 dissociation from 
complexes I and III and complex I 
and III hyperactivation

Promoting malignant transformation 
from MSC to sarcoma stem-like cells

 [45]

SSC Upregulation 
of CBX2

CBX2 forming condensates Regulating chromatin structure Producing differentiating A1 
spermatogonia

 [51]

ESC Polycomb CBX7 Phase separation Maintaining repressed chromatin Impairing the ability of ESC to form 
embryoid bodies and neural progeni-
tor cell

 [52]

mESC / CBX7C and PHC2 form large, 
low-mobility chromatin-free 
aggregates

Facilitating PRC1 assembly Regulating ESC differentiation  [53]

Pluripotent 
cell

IDR and
N-terminal 
70aa of SS18

SS18 forming microscopic 
condensates

Mediating BAF assembly Regulating the transition from pluripo-
tent to somatic states of stem cell

 [54]

/ Sall4 Co-phase separation of Tet2/3 
with Sall4 to form condensates

Mediating 5mC oxidation on bmp4 
promoter, and enabling sufficient 
BMP signaling

Regulating pharyngeal cartilage 
development

 [55]

Myogenic 
cells

/ Dact1 LLPS propensity to form 
Dact1 nuclear protein aggregates

Regulating Wnt signaling Illustrating pathophysiological role in 
human muscular disease

 [57]

Neural 
precursors

/ Prox1 LLPS Recruiting and concentrating HP1 
and inducing heterochromatin 
compaction

Guaranteeing terminal neuronal 
differentiation

 [58]

hBMSC / YAP LLPS Recruiting TAZ and TEAD4 Regulating osteogenic differentiation  [59]
ESC IDR Forming UTX phase-separated 

liquid condensates
Enhancing the H3K4 methylation 
activity of MLL4

Impacting ESC differentiation  [60]

Germline 
cell

MAGE-B2 Reducing G3BP protein levels and 
suppressing phase separation and 
SG initiation

Decreasing heat stress Providing cytoprotection to maintain 
mammalian spermatogenesis

 [61]

ESC RYBP CTCF phase separation Promoting inter-A compartment 
interactions

Improving ESC self-renewal and inhibit-
ing their differentiation toward neural 
progenitor cells

 [65]

HSPC ASXL1 Involving in paraspeckle 
formation

Upregulating NEAT1 expression 
and increasing NONO-NEAT1 
interactions

Maintaining repopulating potential of 
HSPC

 [66]

/ MIP-1 and 
MIP-2

Promoting P granule 
condensation

Recruiting and balancing essential 
RNA processing machinery

Regulating key developmental transi-
tions in the germ line

 [67]

/ LCD of ABCF1 ABCF1 phase separation Coactivating OCT4/SOX2 Regulating stem cell self-renewal  [68]
Epiblast cell Oct4 Highly expressed Oct4 alleles 

being closer to nuclear speckles
/ Regualting pluripotency transition  [69]

ESC O-GlcNAc-
ylation of 
Psme3

Decreasing
P-body assembly

/ Maintenance of ESC pluripotent state  [70]

Haemato-
poietic stem 
cell

PPIA Promoting LLPS Increasing cellular stress resistance Slowing down stem cell ageing  [75]

Table 1  The effect of phase separation on stem cell biology
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therapies, offering new avenues for clinical interven-
tion in tissue repair and recovery [87]. In cancer biology, 
LLPS profoundly influences oncogenic processes and 
tumor cell survival. A notable example is fibrillarin (FBL), 
a nucleolar protein undergoing phase separation to pro-
mote acute myeloid leukemia (AML) cell survival by reg-
ulating pre-rRNA processing and oncogene translation. 
Targeting FBL phase separation domains with specific 
inhibitors, such as CGX-635, has demonstrate fficacy in 
eliminating AML cells, representing a novel therapeutic 
strategy [88]. Notably, pharmacological inhibition of core 
regulatory circuitry (CRC) transcription factors, such 
as HOXB8 and FOSL1, using the H3K27 demethylase 
inhibitor GSK-J4, has demonstrated significant therapeu-
tic potential. GSK-J4 disrupts CRC condensates, leading 
to reduced tumor growth, suppression of metastasis, and 
restoration of chemosensitivity in patient-derived osteo-
sarcoma models. This approach offers a promising strat-
egy to provide new avenues for treating metastatic and 
chemoresistant osteosarcoma [89]. Collectively, these 
advancements underscore the therapeutic potential of 
targeting phase separation across a wide spectrum of dis-
eases, paving the way for innovative clinical applications 
and transformative treatment strategies.

Recent advances in phase separation research have led 
to significant technological progress. Techniques such 
as live-cell super-resolution imaging, the combination 
of magnetic resonance and optical spectroscopies with 
molecular simulation have provided powerful tools to 
reveal the structure and dynamics of intracellular con-
densates [90–92]. In addition, machine learning-based 
predictors like PSPHunter and PSPire have deepened our 
understanding of the mechanisms underlying transcrip-
tional regulation, cell fate transitions, and disease pro-
gression [93, 94]. Numerous preclinical studies have also 
demonstrated promising prospects for targeting phase 
separation as a therapeutic strategy [95].

Despite these promising therapeutic strategies and 
advancements, significant challenges remain in translat-
ing phase separation concepts into clinical applications. 

A major hurdle is the development of pharmacological 
agents capable of selectively modulating these dynamic 
structures. The current strategies involve directly dis-
rupting phase separation via targeting IDRs or targeting 
components involved in phase separation [96]. However, 
unlike stable protein complexes, phase-separated con-
densates lack rigid architecture, rendering conventional 
drug design approaches inadequate. Most current drug 
targets are enzymes, ion channels, G-protein-coupled 
receptors, kinases, nuclear receptors, and transporters, 
while over half of the genome, including intrinsically 
disordered proteins (IDPs), does not fall into these cat-
egories [97, 98]. The physicochemical principles of LLPS, 
which underpin condensate formation, offer a novel con-
ceptual framework for small molecule interactions with 
IDPs—one that does not necessarily involve well-defined 
binding sites but rather physicochemical mechanisms. 
However, identifying such molecules requires carefully 
designed compound libraries and a reevaluation of what 
constitutes a drug-like small molecule. Furthermore, 
it remains uncertain whether targeting physicochemi-
cal mechanisms will yield sufficient therapeutic efficacy 
and specificity [99]. Addressing this challenge requires 
innovative strategies to manipulate the physicochemical 
properties of condensates, including controlling intermo-
lecular forces and modulating post-translational modifi-
cations that govern their formation and dissolution.

In addition, the specific mechanisms of LLPS in vari-
ous diseases and the complexity of the associated sig-
naling pathways remain poorly understood. The safety 
and efficacy of drugs targeting phase separation in com-
plex physiological environments also require thorough 
evaluation, as many inhibitors have yet to undergo clini-
cal trials. Advanced imaging technologies and organoid 
culture techniques offer promising solutions to these 
challenges, facilitating the clinical translation of phase 
separation-targeted therapies. These models are capable 
of capturing the kinetics of condensate dynamics under 
both physiological and pathological conditions. Nonethe-
less, further efforts are needed to develop models that 

Cell type Regulation Phase separation Mechanism Effects Ref.
Mesen-
chymal 
progenitor 
cells

Arg 207 in 
SGF29

Promoting SGF29 condensates 
formation

Precise chromatin engagement 
Co-activator recruitment

Modulating transcriptional landscapes 
during aging

 [76]

ISC Ime4/ 
Mettl14

Promoting the formation of BuGZ 
condensation

Regulating MAPK pathway Enhancing ISC proliferation Impacting 
gut repair and longevity

 [77]

ESC PML
PML-NBs

Promoting TRIM33 puncta 
formation

Regulating Nodal signaling-direct-
ed transcription

Regulating nodal signaling in mESCs  [78]

ESC PSPC1 Enhancing the formation of 
transcription condensates

Inhibiting the RNA-induced prema-
ture release of Pol II

Promoting polymerase binding and 
transcription

 [79]

HSPC / Enhancing LLPS puncta of 
NUP98-HOXA9

Promoting the formation of tran-
scription factor condensates

Inducing leukaemic transformation  [80]

Table 1  (continued) 
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more accurately recapitulate the complex in vivo envi-
ronment and to conduct clinical trials to evaluate the 
safety and efficacy of LLPS inhibitors [100]. Furthermore, 
the development of biomarkers to monitor condensate 
behavior in real time will be crucial for assessing thera-
peutic responses. Achieving clinical success will require 
interdisciplinary collaborations that seamlessly integrate 
molecular biology, biophysics, medicinal chemistry, and 
clinical research, transforming fundamental discoveries 
into practical and clinically relevant therapies [101].

Conclusions and future perspectives
Phase separation plays a pivotal role in stem cell biology, 
offering profound insights into cellular organization and 
function. This phenomenon, crucial for the spatial and 
temporal regulation of biological activities, holds sig-
nificant promise for advancing stem cell-based therapies, 
potentially revolutionizing treatments for a wide range of 
diseases. However, translating these insights into practi-
cal applications presents considerable challenges.

Firstly, manipulating biological phase separation offers 
significant potential for enhancing stem cell therapies in 
disease treatment [89]. However, current research on reg-
ulating the physiological functions of stem cells through 
phase separation remains sparse. There is a notable defi-
ciency in stable and reliable molecular targets and thera-
peutics associated with this approach. Addressing this 
gap necessitates a concerted effort to identify and char-
acterize molecular interactions and pathways that govern 
phase separation in stem cells. This deeper understand-
ing could lead to the development of novel therapeutic 
strategies that are both effective and precise, potentially 
revolutionizing the field of regenerative medicine by 
enabling targeted manipulation of stem cell behaviors at 
the molecular level.

Secondly, despite considerable progress in the field 
of stem cell biology, particularly in the understanding 
of phase separation, the majority of current research 
conducted in vitro might not fully reflect the intricate 
dynamics of the in vivo environment [102–104]. This 
gap highlights the need for more innovative method-
ologies that enable real-time, in situ observation and 
manipulation of phase separation within living organ-
isms [105]. Moreover, existing microscopy techniques, 
which are crucial for studying these phenomena, cur-
rently face significant limitations in terms of resolution, 
dynamic range, and labeling methods. There is a critical 
demand for the development of advanced imaging tech-
nologies that can offer higher resolution and better spa-
tiotemporal capabilities to capture detailed processes. 
Additionally, phase separation is a highly dynamic and 
reversible process, influenced by a range of physiological 
and environmental factors [21, 106, 107]. It is character-
ized by rapid transitions that can occur within seconds 

to minutes, presenting substantial technical challenges 
in tracking and analyzing the behavior of individual mol-
ecules. These complexities make it particularly difficult to 
effectively capture and study these transient phenomena, 
which are crucial for a deeper understanding of cellular 
function and dysfunction.

Thirdly, phase separation encompasses a wide range 
of biomolecules, including proteins, RNA, and metabo-
lites, each contributing significantly to various biological 
functions [108]. The complex interactions among these 
molecules represent a critical focal point in the field, 
introducing substantial challenges for both fundamental 
research and therapeutic application. The intricate nature 
of these interactions necessitates a comprehensive under-
standing to harness the therapeutic potential of phase 
separation effectively. Precisely modulating these pro-
cesses to treat diseases requires sophisticated techniques 
that can capture and manipulate the dynamic, often tran-
sient states of phase separation. Achieving this level of 
control demands a robust integration of biophysical, bio-
chemical, and technological insights, which are essential 
for developing effective therapeutic strategies.

Lastly, the individual genetic background significantly 
influences the behavior of stem cells derived from differ-
ent sources, particularly in their response to phase sepa-
ration processes. This variability underscores the critical 
importance of personalized medicine in the context of 
stem cell-based therapy [109, 110]. As phase separa-
tion plays a pivotal role in cellular functions and disease 
progression, understanding how individual genetic dif-
ferences affect these mechanisms is essential [111]. Tai-
loring treatments to the specific genetic and cellular 
context of each patient can enhance the efficacy of stem 
cell-based interventions.

Conclusions
Phase separation plays a crucial role in stem cell biology, 
influencing cellular organization, disease progression, 
and therapeutic applications. Its dynamic and complex 
nature is essential for regulating key biological processes. 
To harness the therapeutic potential of phase separation, 
advancements in imaging and analytical techniques are 
necessary, along with a deeper molecular understanding 
of phase separation mechanisms Future research should 
focus on elucidating the interplay between phase separa-
tion and stem cell biology, aiming to develop novel ther-
apeutic strategies. Such efforts promise to lead to more 
effective treatments for a variety of diseases, marking sig-
nificant advancements in medical science and therapeu-
tic interventions.
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