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ARTICLE INFO ABSTRACT

Keywords: Liquid-liquid phase separation (LLPS) of intracellular proteins has emerged as a hot research topic
Phase separation in recent years. Membrane-less and liquid-like condensates provide dense spaces that ensure cells
Condensates

to high efficiently regulate genes transcription and rapidly respond to burst changes from the
environment. The fomation and activity of LLPS are not only modulated by the cytosol conditions
including but not limited to salt concentration and temperture. Interestingly, recent studies have
shown that phase separation is also regulated by various post-translational modifications (PTMs)
through modulating proteins multivalency, such as solubility and charge interactions. The
regulation mechanism is crucial for normal functioning of cells, as aberrant protein aggregates are
often closely related with the occurrence and development of human diseases including cancer
and nurodegenerative diseases. Therefore, studying phase separation in the perspective of protein
PTMs has long-term significance for human health. In this review, we summarized the properties
and cellular physiological functions of LLPS, particularly its relationships with PTMs in human
diseases according to recent researches.

Protein post-translational modifications
Protein interactions
Cancer

1. Introduction

The conception of phase separation of intracellular biomacromolecules was first proposed by Brangwynne et al. in the article
“Germline P granules are liquid droplets that localize by controlled dissolution/condensation” in 2009 [1]. The P granules displayed
liquid-like properties in Caenorhabditis elegans embryonic cells, occasionally fusing with one another and flowing and dripping like
water droplets when induced by shear stresses. Furthermore, P granules could rapidly dissolve and condense, meaning components of
the P granules could communicate with constituents of the cytoplasm [1]. Since this first report, additional research on phase sepa-
ration has gradually been conducted. In 2012, Pilong Li et al. reported that phase separation in vivo was reproducible in a cell-free
system provided the biochemical conditions were appropriate [2,3], which was a notable breakthrough in phase separation
research. In recent years, continuous technological advancements have led to the generation of increasing evidences confirming the
existence of biological phase transition.

In this review, we discuss the composition and biochemical properties of phase separation, which is strictly monitored by cells
through a series of physiological regulations. Phase separation is related to numerous physiological and pathological activities of cells,
such as RNA transcription, DNA damage repair, and so on. The role of aberrant phase separation in various diseases, such as
neurodegenerative diseases, cancer, and so on is also discussed.

* Corresponding author.
E-mail addresses: yb67606@umac.mo (W. Zhang), 1zfeng528@126.com (Z. Li), yb67631@umac.mo (X. Wang), yc17622@umac.mo (T. Sun).

https://doi.org/10.1016/j.heliyon.2024.e34035

Received 28 February 2024; Received in revised form 30 June 2024; Accepted 2 July 2024

Available online 3 July 2024

2405-8440/© 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC license
(http://creativecommons.org/licenses/by-nc/4.0/).


mailto:yb67631@umac.mo
mailto:lzfeng528@126.com
mailto:yb67631@umac.mo
mailto:yc17622@umac.mo
www.sciencedirect.com/science/journal/24058440
https://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2024.e34035
https://doi.org/10.1016/j.heliyon.2024.e34035
https://doi.org/10.1016/j.heliyon.2024.e34035
http://creativecommons.org/licenses/by-nc/4.0/

W. Zhang et al. Heliyon 10 (2024) 34035
2. Biochemical properties and composition of protein liquid-liquid phase separation (LLPS)

Phase separation is a physicochemical process that leads to macromolecules, such as proteins and nucleic acids, compartmental-
izing into condensed and dissolved phases [4](Fig. 1A). This process is an important mechanism for functional partitioning in cells
through specific aggregation of biological macromolecules [5,6]. Phase separation creates the initial conditions required for the
formation of membrane-less organelles with various biological functions [7,8]. In terms of protein LLPS, multiple protein molecules
associated with the same function rapidly converge on each other to form highly concentrated complexes, like a drop of oil in water [7,
9-12]. To ensure a prompt response to complicated and volatile environments, phase separation is characterized by rapid aggregation
and dissolution [13,14]. Simultaneously, proteins within the condensed phase can communicate with molecules dissolved in the
cytosol [6,15](Fig. 1A). Meanwhile, the condensate also has a boundary that selectively permits certain macromolecules; thus, it can
function as a compartment [16]. The ability of these protein-protein or protein-DNA/RNA molecules to interact and form dynamic
condensates is based on a network of weak and transient interactions [17].

2.1. Intrinsically disordered regions are crucial driving forces for protein LLPS

The primary driving force for phase separation is the multivalency from intrinsically disordered regions (IDRs), including pi-pi
conjugation, cation-pi, electrostatic, hydrophobic function, and hydrogen-bond interactions [8,18-22]. IDR composition exhibits a
bias for some specific minority amino acids (AA) as IDRs usually contain polar and charged AA including arginine (R), lysine (K),
proline (P), glutamine (Q), glycine (G), serine (S), and glutamic acid (E) [23-25]. Aromatic residues, such as phenylalanine (F) and
tyrosine (Y), can also participate in LLPS regulation, and are related to the uniformity of distribution in IDRs [21]. IDRs are often
composed of biased amino acids and a proportion of simple repetitive sequences, and specific subsets of these IDRs are also known as
low complexity regions (LCRs), which are characterized by a lack of stable secondary and tertiary structures. The prion-like domains
(PrLDs), often found in RNA binding proteins, have a much narrower definition than IDRs and LCRs. In addition to containing regions
of low sequence complexity, PrLDs have a large proportion of glycine and uncharged polar amino acid residues such as glutamine,
serine, tyrosine, and asparagine [26,27]. Ure2 and Sup35 from budding yeast are relatively earlier studied two prion proteins, which
are found to form self-propagating aggregates. In human, more than 200 proteins were screened to contain PrLDs homologous se-
quences using the prion-like amino acid composition (PLAAC) algorithm, including FUS and TDP43 that have been confirmed to phase
separate in cells [28-32]. Numerous studies have shown that IDRs/LCRs/PrDs are intrinsic elements of proteins to promote phase
separation [33-36]. For instance, deletion of the N-terminal IDR of LAF-1, a DDX3 RNA helicase, abolished the occurrence of droplets
in vitro and P granules disappeared in the early embryo [37]. Nevertheless, not all IDR-containing proteins undergo phase separation,
even under appropriate physiological conditions, including suitable temperature, pH, protein concentration, and so on [18].
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Fig. 1. The models showing the reversible process of liquid-liquid phase separation formation and the liquid behavious. (A) Diagram
indicating the dynamic process of LLPS formation through weak multivalent interactions. (B) Diagram indicating two neighbouring small con-
densates could gradually fuse to a bigger one in minutes. (C) Diagram indicating the fluorescence recovery after photobleaching (FRAP): liquid-like
condensate could recover after bleached by 488 nm laser. (D) Diagram indicating 1,6-hexanediol could disrupt the hydrophobic interactions and
dissolve condensates.



W. Zhang et al. Heliyon 10 (2024) 34035

Furthermore, some proteins lacking the long IDR can still experience LLPS through oligomerization. For example, GIT1 contains a
coiled-coil domain mediating its dimerization, and its N-terminal can specifically bind its C-terminal, both of which are highly
conserved. This unique three-dimensional conformation allows GIT1 to form protein polymers and undergo phase separation without
IDR [38].

2.2. Interactions with nucleic acids and proteins affect the formation of LLPS condensates

Protein-nucleic acids interaction. LLPS condensates formed by electrostatic forces can be regulated by nucleic acids due to the
negative charge arising from their phosphate group, and the amount of negative charge is directly proportional to the length of the
molecule [39-41]. In general, redundant RNA suppresses LLPS. PUB1 is an RNA-binding protein that formed stress-related condensates
in budding yeast when the pH was lowered. However, addition of RNA decreased the size and number of Publ condensates triggered
by lowered pH or high temperature [42]. A study from the laboratory of Richard A. Young [43] demonstrated that LLPS of tran-
scriptional complexes was regulated by a negative feedback loop. Briefly, low levels of small noncoding RNA enhance electrostatic
interactions of transcriptional condensates in the early stage of transcription. Then, since the charge of RNA is proportional to its length
[39], when enough mRNA is synthesized, the electrostatic interactions are destroyed, and in turn, transcriptional condensates are
dissolved (Fig. 2).

DNA also influences LLPS morphology and behavior. NUP98-HOXA9 is a fusion protein comprising the IDR of NUP98 as the N-
terminal and the DNA-binding domain of HOXA9 as the C-terminal. The Kriwacki laboratory reported that the puncta of NUP98-
HOXA9 formed free of DNA were significantly smaller in size but larger in number compared with the puncta formed with the
addition of DNA [44]. DNA also enhanced the mobility of the NUP98-HOXA9 condensates, as the fluorescence recovery after pho-
tobleaching (FRAP) assay (Fig. 1C) showed the mobile fraction of the condensates without DNA was reduced relative to that of the
condensates with DNA.

Protein-protein interaction. In some conditions, the formation of LLPS condensates is chaperone dependent. For example, the
heat-stress-induced solid-like aggregates of PUB1 require the assistance of Hsp104 for dissolution [42]. Dorothee Dormann’s research
group validated that methylation modification of the C-terminal RGG3-PY domain and RGG of FUS, an RNA-binding protein, was a
suppression signal for phase separation. Nuclear import receptor Transportin (TNPO1) acted with methylated RGG3-PY domain as an
essential chaperone for nomal cells, which suppressed phase separation and SG formation of FUS independent of its nuclear import
activity. One mechanism confirmed by Dormann group was that TNPO1 competitively interacted with the RGG3-PY domain of FUS
then prevented RNA binding and facilitation of phase separation. Another mechanism proposed by the same group was that the
binding of TNPO1 to the RGG3-PY domain of FUS may interrupt the formation of electrostatic interactions from arginine-related
charged residues, which are required for phase separation [45].
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Fig. 2. A model for RNA-mediated feedback control of transcriptional condensates. The low levels of RNA promote condensate formation at
the early stage of transcription; as more and more RNAs are produced, high levels of RNA in turn promote the dissolution of condensate.
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2.3. Phase separation is dynamic

Liquid droplets are a critical physical state in which the components can rapidly and easily exchange with each other or with the
surroundings [6]. Condensed phase droplets are generally spherical in cells and in vitro because of their molecular fluidity [46].
Confocal laser microscopy indicates that the diameter of LLPS complexes is generally on the nanometer scale in cells, and on the
micrometer scale in cell-free systems [47]. These small droplets can further assimilate proteins from the cytosol (Fig. 1A) and integrate
with each other to form larger complexes (Fig. 1B); the liquid properties of the droplets also allow them to incorporate other “tenant”
proteins [1,48,49].

2.4. Phase condensates can experience aging

In some diseased cells, aberrant phase separations may occur that are not controlled by cells and can convert from liquid-like
droplets to solid aggregates irrepressibly [2,50]. An important mechanism revealing this phenomenon is that the formation of
normal LLPS complexes is dependent on multivalent, weak, and transient interactions, while the correlative proteins are mutated in
abnormal cells and the interactions become much stronger and sustained. For example, with the protein FUS, the wild-type con-
densates are homogeneous amorphous, and lack ordered structures in normal cells. However, in the cells from patients with amyo-
trophic lateral sclerosis (ALS), G156E-mutated FUS formed solid-like fibrous aggregates that were characterized by heterogeneous,
transversely arranged, fiber-like structures (Fig. 3 A and B). Furthermore, photobleaching experiments revealed that the condensates
from both wild-type and G156E-mutated FUS recovered to almost the same degree after bleaching at 0 h. However, 8 h later, con-
densates of mutated FUS no longer recovered, while the wild-type FUS recovered to the same degree as at 0 h. Thus, the condensates of
mutated FUS converted from a dynamic state to solid aggregates [46]. The same phenomenon occurred with the protein hnRNPA1,
whereby the hnRNPA1-D262V mutant developed fibrosis within a few minutes, forming insoluble amyloid-like fibrils, but wild-type
hnRNPA1 did not exhibit this behavior [15].

Redundant RNA could accelerate the aging of phase separation. For example, RNA can facilitate the phase formation of SOP-2, then
promoted the muturation of droplets: A transition from liquid-like to hydrogel and solid [51].
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Fig. 3. Models and mechanisms showing the transition from liquid droplets to aggregated state. (A) Diagram indicating the liquid droplets
formation of WT or G156E FUS and the transition into fibrous aggregates. Wild-type FUS protein forms reversible liquid-like condensates depending
on transient weak multivalent interactions; while mutated FUS forms irreversible fibrous aggregates due to strong interactions. (B) Morphology
images of WT and G156E FUS formed droplets in vitro through microscopy (From Simon Alberti [46]).
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3. Physical factors influencing the formation, dynamics, and aging of LLPS condensates

The IDR (LCR or PrD) is necessary but insufficient for LLPS induction. The internal components of cells are crowded and complex,
and whether phase separation occurs depends on the physiological and biochemical needs of the cells. The primary structures of
proteins capable of phase separation are fixed, therefore cells determine whether phase separation occurs by regulating the internal
environment, including protein concentration, pH, salt concentration, and so on [52]. Factors influencing LLPS are summarized in
Table 1.

3.1. Protein concentration

Protein concentration is a key determinant of whether phase separation can occur. The concentration of most proteins in a cell is at
a low level and the proteins dissolve evenly in the cytosol. When the protein concentration exceeds its saturation concentration (cS),
these protein molecules will spontaneously aggregate to form small droplets under suitable conditions, such as an appropriate tem-
perature and pH [50,75]. At this point, proteins in the cell exist in two phases—one phase is when the proteins are dissolved in the cell
cytosol, the other is when the proteins are aggregated into small droplets by weak, multivalent interactions. Proteins in the two phases
can communicate with each other [1,53].

3.2. Salt concentration

As reviewed above, electrostatic interactions are an important driving force for LLPS [6,76]. Therefore, factors affecting protein
charge, such as salt concentration, may play a role in phase separation. High concentrations of salt ions can be involved in electrostatic
shielding. Thus, for some condensates formed by hydrophobic and electrostatic interactions, conditions of low salt concentration may
be more favorable for phase separation, such as with BRD4 and MED1 [4]. This is because the IDR of MED1 is enriched in serine, which
can be phosphorylated by a variety of kinases and thus becomes charged. Phase separation of hnRNPA1 depends on electrostatic
interactions and lowering the NaCl concentration can weaken the electrostatic shielding effect, leading to LLPS at a lower concen-
tration of hnRNPA1 [15].

Some proteins that undergo phase separation independent of electrostatic interactions can still be affected by salt concentration,
such as FUS, which phase separates by cation-pi interaction provided by RGG repeats of the IDR. In vitro, FUS droplets were not
observed when the NaCl concentration was 150 mM, but as the salt concentration was reduced to 50 mm, FUS phase-separated into

Table 1
Factors influencing phase separation formation [58,62-64,66,68,69,72,73].

References for enhancing
(+)/ inhibiting (-)

Influence mechanisms

multivalent interactions

$10308) SUIOUAN[JUI [BUISIXY

protein concetration

lower (-); higher (+)[7, 9,
53, 54]

salt concentration

electrostatic screening

lower (+)[4, 15]; higher
() [55]

pH value electrostatic screening, |lower PH (+)[42, 56];
conformation alteration |conformation change[56,
57]
temperature entropy lower (+)[15, 58]; higher

(H)[42, 55, 59]

crowding agent

mimic intracellular

Ficoll (H)[15, 60],

environment PEGS8000 (+)[4, 61]
inhibitors (1,6-hexanediol) hydrophobicity (-)[4, 62]
interrupting
RNA/DNA electrostatic interaction |(-)[42, 43]; (+)[44]
chaperone competitive inhibition, | (-)[45]; (+)[42]
IDR/LCR/| biased amino multivalent interactions |[8, 18, 20-22]
PrD acid composition
5 | Ordered o-helix oligomerization and | (+)[55, 63]
g structure multivalent interactions
=5 phosphorylation biorecognition, (-)[64, 65]; (+)[66];
g conformal changes and | transformation[67]
£ electrostatic interactions
2 ubiquitylation/ oligomerization and | (-)[55]; (+)[51, 68-70]
0%' PTMs sumoylation multivalency
=g acetylation disruption of charges  |hyperacetylation (-)[54,
s 71, 72]
@ methylation disruption of (-)[45, 73, 74]
hydrophilicity and
dimerization
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hundreds of micron-scale droplets [77]. The specific mechanism of this process requires further exploration. In contrast, high salt
concentrations can lead to easier phase separation of some proteins such as Tau. The C-terminal fragment of Tau, namely Taul87,
experiences LLPS only when the NaCl concentration is higher than 4 M. Furthermore, addition of 4 % 1,6-hexanediol to disrupt the
weak hydrophobic interactions (Fig. 1D) completely dissolved the LLPS condensates of Taul87, suggesting electrostatic screening
enhanced the hydrophobic interactions [59].

3.3. pH

Changing the pH of the cytosol or in vitro solution can also affect phase separation through altering the charge interactions within
proteins [56]. Simon Alberti and colleagues [42] treated budding yeast with 2-deoxyglucose (2-DG, an inhibitor of glycolysis) and
antimycin A (AntA, an inhibitor of mitochondrial respiration) to alter the pH of the cytosol from 7.5 to 5.7, and the lower pH
significantly induced the reversible formation of SG. In addition, changes in pH affected the conformation of a protein leading to
re-distribution of hydrophobic and hydrophilic surface residues, suggesting a role in LLPS through protein solubility [56,57].

3.4. Temperature

Mammalian cells usually exist in a narrow temperature range environment that appears to be unconnected with phase separation.
However, temperature does affect the occurrence of phase separation and aging whether in cells or in vitro. For example, for the
protein hnRNPAI, a relatively lower temperature is more conducive to phase separation in vitro [15]. Songi Han’s research group
recorded the phase transition process of Tau protein after repeated heating-cooling cycles at high concentrations of NaCl (3.5 M) [59].
The turbidity remained around zero when the temperature was below 35 °C but rose to 0.4 when the temperature increased to 40 °C,
suggesting a higher temperature is more favorable for LLPS of Tau. However, the phase transition caused by high temperature is
partially irreversible as some turbidity remained in the sample when the temperature was decreased.

Budding yeast alleviates the detrimental effects of a changeable living environment, such as glucose starvation treatment, by
forming SGs [42]. Simon Alberti and colleagues [42] reported that both heat stress and lower pH could significantly drive the for-
mation of SGs. Heat stress does not induce SG formation through lowering of the cytosolic pH because incubation of the yeast at 46 °C
caused only a slight decrease in the pH of the cytosol and this was insufficient to induce SG formation. However, temperature-induced
SGs were affected by salt concentration and pH [42].

3.5. Crowding agents

The cytoplasm is a crowded environment because the cell interior comprises not only the cytoskeleton and various organelles but is
also filled with thousands of biological macromolecules, which account for approximately 40 % of the cell volume [78]. Under normal
physiological conditions, the biological macromolecular density of the cytoplasm can reach 200 mg/mL [79]. Macromolecular
crowding can affect phase behavior, so Ficoll-400 and polyethylene glycol 8000 (PEG8000) are often used to simulate the intracellular
environment when studying phase separation in vitro [60,61,67]. Furthermore, although crowding reagents are not necessary for LLPS
in some cases, they can enhance phase behavior [15,60]. The addition of crowding reagents can significantly reduce the protein
concentration required for phase separation in vitro [15]. However, further work is necessary to elucidate how these crowding agents
promote phase separation.

4. Protein LLPS is regulated by post-translational modifications

Although phase separation is affected by the above physical conditions, many of these influencing factors are relatively stable
within living cells compared with in vitro, such as temperature, pH, and salt concentration. Therefore, these influencing factors are
virtually invalidated in living cells, meaning cells must have evolved alternative ways of regulating LLPS. These alternative regulatory
approaches include various post-translational modifications (PTMs). The IDRs responsible for LLPS activity do not have a complex
high-level structure, thus are more vulnerable to post-transcriptional modifications.

4.1. Phosphorylation

Protein phosphorylation is one of the most ubiquitous intracellular post-translational modifications (PTMs) by which cells regulate
protein activity, conformation, charge and stability, subcellular localization and so on [65,80-85]. At present, it has been revealed that
protein phosphorylation can regulate phase separation by at least three ways, including biorecognition, conformal changes and
electrostatic interactions [86-89].

The C-terminal domain (CTD) of RNA polymerase II (Pol II) was highly intrinsically disordered and could be phosphorylated by
CDK?7/9 during the transition from initiation to elongation [90,91]. CTD phosphorylation by either CDK7/9 caused a reduction in CTD
incorporation into mediator or MED1 droplets. In another way, hyper-phosphorylated CTD by CDK7/9 was incorporated and
condensed into RNA splicing factor SRSF1 or SRSF2 formed droplets. The results form Richard Young elucidated that the phos-
phorylation of IDR region affected Pol II transforming from transcription to elongation ralated phase separation [67]. The phase
separation of heterochromatin protein HP1a highly depends on the inter-dimer contacts. Study show that phosphorylation drives the
phase-separated droplets formation of HP1a, because the phosphorylation of serine residues riched N-terminal of HP1a promotes the
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switch from a compact to extended state which is required for the higher-order oligomerization [92]. Phosphorylation also affects
phase-separation propensity through exaggerating the negative charge densitiy. In vitro experiment showed that the CKII mediated
LCR phosphorylation of Fragile X Mental Retardation Protein (FMRP), an abundant neuronal granule protein, made it phase-separate
at a lower protein concentration than unphosphorylated FMRP. To gain insights into the mechanism, the authors analyzed the charge
patterns of phospho- and unphospho- FMRP LCR, they found that serine phosphorylation increased the negative charge density,
promoting the multivalent electrostatic interactions for LLPS [93].

4.2. Ubiquitylation and sumoylation

Protein ubiquitination and sumoylation could affect multivalency and thus participate in the regulation of phase separation, too.
Recently, Yasushi Saeki lab revealed proteasome formed lysine 48 (K48)-linked ubiquitin chain dependent LLPS under acute hyper-
osmotic stress in colon cancer cells, which majorly degraded ribosomal proteins that failed to properly assemble [94]. The autophagy
receptor protein p62 could combine with K63 polyubiquitin-tagged proteins and formed aggregates, then degraded by autophago-
somes to flush mis-folded proteins [95]. Recombinant p62 protein could not undergo droplet formation in cell-free system, but when
added K63 polyubiquitin chains p62 phase separation occurred [70]. Sumoylation could ehhance the liquid property of SOP-2 droplet
in vitro, as the sumoylated SOP-2 formed droplets were larger in size and more abundant in amount. The FRAP assay showed that
sumoylated SOP-2 has a slightely increased recover rate which reflected the internal fluidity [51].

Besides, protein ubiquitination also destroys LLPS. UBQLN2 (Ubiquilin2), as a proteasomal shuttle factor, formed LLPS depending
on its LCR and C-terminal UBA, a helical structure that could oligomerize or be poly-ubiquitinated to K48-linked chain. Carlos A.
Castaneda lab [55] found UBQLN2 was involved in the formation of human cell stress particles which was associated with ALS and
other diseases [96-98]. They found that UBQLN2 forms LLPS through the multivalent interactions provided by IDR and UBA through
NMR technology, and the oligomerization of UBA is an important prerequisite for phase separation. The condensates gradually dis-
solved when the UBA region was K48 poly-ubiquitinated; and significantly, both the mutated ubiquitin and AUBA abrogated the
disruption from K48 poly-ubiquitination on multivalent interactions in UBA region [55].

4.3. Acetylation

Protein acetylation or deacetylation affects proteins solubility and valency, which regulates phase formation and assembly of stress
granules in response to various stresses [71]. Stress granules (SGs) are typical non-membranous organelles, which are mainly
composed of untranslating mRNAs and translation initiation related proteins, and the suppression of translation initiation promotes
the formation of SGs [12]. RNA helicase DDX3X was revealled as an important constituent for SG formation [99]. Patrick Matthias lad
found the acetylation of DDX3X disorded N-terminal (IDR1) impairs its LLPS formation and SG maturation. The acetylation of
DDX3X-IDR1 region could be stimulated by various stress conditions including ER stress (thapsigargin), oxidative stress (sodium
arsenite, H202 and diethyl maleate), heat shock and osmotic stress (sorbitol), energy depletion (CCCP and clotrimazole), translation
inhibition (puromycin) and proteasome inhibition (MG132). In this process, histone acetyltransferases CBP plays an important role in
acetylating DDX3X antagonizing the deacetylation function of HDAC6, another important SG component. Stresses induce the acti-
vation of CBP then DDX3X acetylation, then HDAC6 deacetylated DDX3X and promoted a robust LLPS and SG formation [71]. IDR
hyper-acetylation dramatically dissolved the droples of Tau, a protein that underwent phase separation partially by electrostatic
interaction. Hyper-acetylation neutralized the positive charges from lysines motifs and thereby interrupted the positive-negetive
electrostatic interactions with microtubules [54].

4.4. Methylation

The arginine residues in RGG/RG structure of IDR sequence are protonated and positively charged in the physiological pH con-
dition, which empowered them to interact with DNA/RNA. But some research showed the Arg-methylation mainly affected proteins
hydrophilicity through increasing the hydrogen bonding capacity (strength of cation—=n interactions) insdead of electrostatic in-
teractions, for example FUS protein [45,]1[100,101]. To date, most studies on arginine methylation have shown its inhibiting effect on
phase separation. Arg-methylation of RGG/RG motifs suppress LLPS and SG partitioning of FUS and ehanced internal mobility within
droplet [45]. In addition, Nicolas L. Fawzi lab showed that arginine methylation of hnRNPA2 RGG motif reduded LLPS through
disrupting preferential contacts of arginine with aromatic residues [102].

Arg-methylation also could affecte phase formation by preventing protein self-binding. Yeast protein Scd6 (Suppressor of Clathrin
Deficiency 6) contains a C-terminal RGG-motif rich domain, and Purusharth I Rajyaguru lab found the involvement of Scd6 in phase
separation formation is regulated by its dimerization which is affected by RGG methylation [74]. Hmt1l (hnRNP methyltransferase 1) is
the predominant Arg-methyltransferase in yeast, which has been convinced to methylate Scd6 at its RGG-motif [103]. The knock-out of
Hmt1 in yeast cells decreased the RGG methylation and increased the dimerization level of SCD6 sequentially, which resulted in the
increased localization of Scd6 to granules [74]. Although arginine methylation can increase protein water solubility and inhibit phase
separation [45], it is necessary for phase separation maintenance properly for some protein. Processing bodies (P-Bodies) are canonical
cytoplasmic mRNP granules related to mRNA decay in eukaryotic cells, and experiments show that P-bodies are LLPS droplets
[104-106]. RNA-associated protein 55 (RAP55A) has been validated participating in the formation of P-bodies and SGs in cultured
human Hep-2 cells, and knock-down of RAP55A will result in loss of P-bodies [106]. Ken Matsumoto lab found that arginine meth-
yltransferases PRMT1 asymmetrically dimethylated the second RGG motif of RAP55A in HeLa cells, and knock-down of PRMT1 will
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result in a translocation of RAP55A from P-bodies [107].
5. The physiological functions of LLPS

Under normal physiological conditions, LLPS is flimsy and reversible, and highly sensitive to all kinds of environmental factors [7,
46,50,108,109]. LLPS has been elucidated as an important mechanism for cells responding to complicated and changeable enviren-
ment pressures then rapidly and dynamically adjast intracellular structure in recent years [12,50,110].

5.1. Transcription activation

LLPS mediates super-enhancer formation. The conception of super-enhancer (SE) was firstly proposed by Richard A. Young in
the year 2013 [111]. SEs are different from the traditional-sense enhancers in DNA length, transcription factors (TFs) and apparatus
density, epigenetic modifications levels with transcription efficienty and sensitivity to perturbation [111,112]. As we know, enhancers
are DNA cis-acting regulatory elements, which could recruit TFs, coactivators and RNA Polymerase II (Pol II) to regulate genes
transcription [113]. Usually, a SE consists of clusters of enhancers that are high densely occupied by the transcription apparatus and
coactivators compartmentalized and concentrated by LLPS of coactivators [4,111]. LLPS let the enhancer elements and promoters with
long linear distance much spatially closer in the densed phase, and these elements have high interaction frequencies with each other
(Fig. 4) [114-116]. Richard A. Young believes that SEs usually occur for the robust expression of some important genes with prominent
roles in cell identity, such as key mESC-identity gene klf4 [4,111,112,117,118].

Phase separation is involved in the regulation of various physiological functions of cells, one of the most valuable and common
functions of LLPS is to robustly enhance genes transcription on the physiological need. In mouse ESC, the expression of stemness
related gene kif4 is regulated by coactivator mediated LLPS. In this client-scaffold model, Mediator condensates concetrated hundreds
of molecues of transcription apparatus and RNA Pol II (RNA polymerase II) at SEs. The subunit of Mediator, MED1, act as acaffold.
BRD4 is necessary for the release of RNA Pol II from the transcription initiation site. And the TF is responsible for precise positioning at
cis-elements through its structured DNA-binding domain [4,67].

There are hundreds of TFs containing ADs in a mammalian cell, but it’s a considerably small number of coactivators interacting
with these TFs [119]. Although these ADs share little homologous sequence, the possession of IDR is their common character. For
exmple, Med1 has been verified to incorporate MYC, P53, NANOG, SOX2, RARa, GATA and ER and other TFs in vivo and in vito [61].
MEDI1 acts as the scaffold of phase, TFs are responsible for the targetting to SEs. When deregulate OCT4 protein level in cell, MED1 no
longer forms condensates at SEs. Most TFs could form droplets alone in droplet formation buffer, such as MYC and NONOG, in spite of
some TFs could not form alone, such as OCT4 and P53. But both kinds of TFs will be concentrated into MED1 droplets when added with
MED1-IDR [4,61].

Typical enhancer Super-enhancer

\I\I\I\I\I\I\l\ Promoter & Gene

_~— |Intrinsically disordered region

U Transcription factor

@ _— Coactivator

Fig. 4. The diagram of typical enhancer and super enhancer by LLPS. Typical enhancers are DNA cis-elements recruiting transcription factors,
coactivators and the transcription apparatus to enhance gene transcription. Super-enhancers are clusters of enhancers achieved by the phase
separation, recruiting high concentration of coactivators, transcription factors and transcription apparatus, which is mediated by IDRs depending on
the multivalent interactions [4].
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LLPS may also enhance cancer associated genes expression. In a proportion of T-cell acute lymphoblastic leukemia (T-ALL) cases,
for example Jurkat, the mRNA level of oncogene TAL1 is markedly higher than some other T-ALL cell lines, such as DND-41. A. Thomas
Look [117] found the reason is DNA heterozygous insertion mutation at the noncoding ~8 kb upstream site of TAL1 oncogene
introduded an SE that mediated a robust transcription of TAL1. Besides, LLPS of NUP98 fusion oncoproteins (FOs) is a critical pusher of
leukemogenesis. NUP98 FOs have been confirmed to be closely associated with about 5 % pediatric acute myeloid leukemia (AML) and
chemotherapy-resistance [120-124]. NUP98 FOs usually are composed of an IDR containing N-terminal portion of the NUP98 protein
and a DNA-binding domain containing C-terminal region from other proteins [125], which is conincide with the character of most
LLPS proteins. Recently, Richard W. Kriwacki and his colleagues revealled the recombinant NUP98-HOXA9 induced aberrant HOX and
other genes expression through LLPS [44].

5.2. Transcription inactivation

Not all phase separations enhance expression, and sometimes LLPS are formed to inactivate transcription. The activationg-puncta
were composed of Pol IT and TFs [4,43,126], but what if they are replaced with repressors? The downregulation of flowering repressor
gene Flowering Locus C (FLC) is the important for vernalization of most flowering plants, such as Arabidopsis. Experiments showed
that the stable gene suppression of FLC closely correlated with Vernalization 1 (VRN1) mediated dimethylation of H3K27 and H3K9
[127-129]. Recently, Luhua Lai team confirmed VRN1 protein underwent LLPS in nucleus and in vitro [130]. VRN1 protein consists of
an IDR of 115 residues flanked by two B3 DNA-binding domains. VRN1 liquid-like puncta through multivalent protein-DNA in-
teractions in Arabidopsis cell nuclei, suggesting it may suppress FLC transcription by LLPS. However, this speculation remains to be
further researched.

Another study on Arabidopsis revealled that phase separation indirectly inhibits transcription through the epigenetic modification
of intermediates. It has been demonstrated the alternative 3"-end polyadenylation processing of IncRNA COOLAIR (the antisense
transcript of FLC) could suppress the transcriptional initiation and elongation of FLC [131]. And the RNA-binding protein FCA is
nessary for the polyadenylation of COOLAIR [132,133]. Caroline Dean group [11] demonstrated FCA repressed FLC transcription
through LLPS. First, they found the ectopic expression of FCA significantly repressed FLC expression in cells. FCA protein is composed
of two RNA-binding domains at the C-terminal, and two PrD at the C-terminal [134], suggesting it has a potential to undergo LLPS.
They found FCA protein formed dynamic liquid-like nuclear bodies in cells. Crosslinked nuclear immunoprecipitation showed that FCA
bodies could incoporate nascent transcripts of COOLAIR and polyadenylation related factors, such as FY [135] and RRM-containing
protein FPA [136]. Collectivelly, FCA condensates compartmentalize COOLAIR and polyadenylation factors, and inactive the
expression of FLC by the robust polyadenylation of COOLAIR.

A confirmed mechanism of transcriptional inhibition is the heterochromatin silencing mediated by phase separation. LLPS
mediated by heterochromatin protein 1 (HP1) is important for chromatin compaction. H3k9me3 recruited HP1, and HP1 condensates
promoted the conformational change of histone octamer, to accomplish the compression of heterochromatin [137,138].

In addition to the above functions, modulating protein level [139], chromatin remodeling [140,141], DNA repair [142], protein
degradation [94,143], nuclear pore transport [144-146], stress response [12,50] and so on, are closely related with LLPS.

6. Relationships between phase separation and diseases

LLPS provides an efficient regulatory mechanism inside the complicated and precise cytosol, which must be closely monitored by
the cell at any time. As LLPS performs multiple functions in living cells, LLPS dysfunctions, such as overformation or occurrence at an
inappropriate space-time, must inevitably lead to a disorder of cellular function and even the disease, such as cancer and neurode-
generative diseases [108].

6.1. Cancer

Phase separation (PS) is a promising target for cancer treatment as abberant aggeregates promote tumor occurrence and devel-
opment through lose-function of suppressor proteins, enhancement of onco-proteins including gain-IDR mechanism and up-regulation
of PS proteins [147]. For example, the tumor suppressor p53 protein experiences acetylation and ubiquitylation modifications
mediated by PML (Promyelocytic leukemia) body in a "client-scaffold" model to induce cell cycle arrest and senescence [148,149].
However, p53 frequently occures missense R248Q mutation at DNA binding domain (DBD) in breast cancer, making it more prone to
non-liquid enrichment, namely amyloid fibrils [150]. Mutated p53 loses the cancer-suppressor function replaced by gain-of-function
(GoF) of irreversible and more rapid solid-like aggregations, like the R249S mutant in liver cancer and M237I mutant in glioma [151,
152]. Interestingly, Magzoub lab used ADH-6, a tripyridylamide, to dissolve p53 R248W mutant fibrils which recovered transcription
activity with tumor inhibition effect of p53 mutant [153].

Unlike p53 inactivation mechanism, some suppressors have lost their IDRs in cancer cells instead. For example, histone deme-
thylase UTX (also named KDM6A) supperesses AML cells proliferation through forming phase condensates. The wildtype UTX protein
contains an IDR sequence from amino acid 594-848, unfortunately its aa555 often undergoes terminational mutations in cancer cells
leading to the expression of a truncated UTX (1-554) which loses aggregation function thoroughly [140].

Cunning cancers also assemble oncoproteins by gainning IDR fragments. As mentioned above, NUP98-HOXA9 fusion protein
simultaneously integrated IDR from NUP98 and transcriptional activation DBD from HOXA9 as a super-transcription factor (TF) to
pediatric leukemias through puncta formation [154]. The N-terminal LCDs from FET (FUS/EWS/TAF15) family proteins can fuse with
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DBD of transcription factors, such as Fli-1 (ETS transcription factor) in Ewing sarcoma, to form super-TF [155]. Super-TF EWS-FLI1
undergoes puncta at DNA "GGAA" repeats adjacent to transcription start sites, which recruits Pol I, MED1 and BRD4, to powerfully and
globally drive oncogenes expression including ERG2 [156]. Similarly, the fusion proteins like BRD4-NUT, NONO-TFE3 and SS18-SSX
are in the same mechanism [157-159].

The overexpression of onco-PS proteins is another cruicial point for cancer development. In neuroblastoma Kelly cells, N-myc
protein undergoes LLPS in a high concentration dependent manner to promote oncogene transcription [160]. In breast cancer stem
cells, the upregulated TAZ and NANOG enrich in liquid-like puncta at the promoter regions of Sox2 and Oct4 to regulate cancer
stemness and chemoresistance [161].

6.2. Neurodegenerative disease

Abberrant phase separation of proteins controlling movement in nerve cells led to abnormal deposition of relevant proteins and
gradually develop into a solid state, namely aggregates, which was one of the important pathogeneses of ALS [46]. Protein aggregates
has been widely accepted and regarded as pathological hallmark of multiple neurodegenerative diseases by the medical community,
such as amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD), as ALS/FTD patients often contain abnormal
redundant stress granules or ribonucleoprotein (RNP) granules. TDP43 and FUS are two main components of protein aggregates in ALS
and FTD. In normal cells, TDP43 and FUS are widely expressed in the nucleus, but in ALS and FTD patients, TDP43 and FUS are rarely
present in the nucleus, instead, they go to the cytoplasm and participate in the formation of cytoplasmic aggregates [110].
Post-mortem brains showed that up to 95 % of ALS and 50 % of FTD patients have a redistribution of TDP43, and about 5 % ALS and
10 % FTD ratio fo FUS protein [14].

Mutation and aberrant expression of prion-like protein FUS are directly involved in the occurrence and development of ALS, as
variant FUS protein formed abnormal aggregations [46,162]. Simon Alberti [46] found that wild type FUS protein formed dynamic
condensates possessing liquid properties in normal cell, but in ALS, FUS was mutated as G156E or R244C. Both two mutations
accellerated the transition from LLPS to solid aggregates. Not like LLPS, the fibrous aggregates have little liquidity, which seriously
hinders the normal physiological function of cells (Fig. 3 A and B). Diffusion in time of cell compartments is necessary for physiological
order. Just imagine the compartments formed for active genes expression refuse to dissolve, cells will face a disastrous.

6.3. Drug discovery

Developing small molecule drugs targeting pathological condensates has a broad prospect as phase separation makes the proteins
difficult to target more accessible. Some undruggable proteins, typically transcription factors and phosphatases, perform their func-
tions through aberrant enrichment [163]. Theoretically, using LLPS platform to develop drugs has four advantages at least: 1, LLPS is
more sensitive to protein concentration regulation; 2, LLPS may amplify the functions through enrichment effect of small molecules by
multivalency; 3, The multivalent interactions supporting LLPS are more fragile; 4, Aberrant aggragates densed with proteins expe-
rienced mutations or PTMs made the targets more definite.

The drug strategies are deployed around modulating condensates including protein-protein interactions (PPI) and protein levels
[164]. For example, AR and AR-V7 (lost C-terminal LBD) promote chemoresistance in CRPC through LLPS mediated by NTD. Jidong
Zhu lab used phase-separation-based platform to screen a compound ET516 which specifically disrupted puncta of AR and AR-V7 by
binding the NTD. Interestingly, ET516 not only dose dependently inhibited enzalutamide resistant CRPC proliferation but also
retarded CRPC xenografts growth in mice [165]. Proteolysis-targeting Chimera (PROTAC) is a powerful tool to reduce LLPS com-
ponents, as Yu Rao lab used BRD4 degrader ZXH-3-26 to delete BRD4-MED1-Pol II condensates at super-enhancer [166]. Encour-
agingly, the AR PROTAC degrader ARV-766 from Arvina showed a significant effect on CRPC inhibition in phase 1/2 clinical trials
[167]. However, due to tumor suppressor p53 mutant forms loss-of-function fibril aggretates in cancer, PROTAC seems not applicable
to rescue p53 activation. Not only ADH-6 is effective for rescuing mutant p53 activity as mentioned above, aminothiazole compounds
BAY 249716 and BAY 1892005 covalently binds with mutant p53 (R175H, R282W and Y220C) then dissolve nuclear condensates
markedly [168]. Since the enrichment effect, LLPS condensates affect drug concentration and activity, which provide a chance for new
use of old drugs, such as cisplatin disrupts MED1 puncta at super-enhancers in colon caner HCT116 [169]. So, PS-targeting drugs will
surely bloom a hundred flowers in the future.

7. Summary and perspective

In recent years, the research results and articals about LLPS spring up like the bamboo shoots, which provides new perspective for
understanding human physiological processes and pathological mechanisms. We can preliminarily clarify the physiological and
biochemical composition, occurrence and development mechanism of phase separation. The relationship between phase separation
and major diseases is also in steady and orderly research. But these are far from in-depth, and many outstanding issues have not been
resolved. For example, at present, we only know that phase separation depends on multivalent interactions between macromolecules
and can verify them by means of salt dissolution and salting out. However, we can’t figure out the specific multivalent diagram, nor can
we calculate the multivalent accurate value. During the development of cancer, the incidence and prevalence of specific gene
segregation have not been calculated systematically. For disease, is phase separation a cause or a result? And how to realize the
treatment of diseases through interference phase separation? As mentioned above, LLPS related diseases are often caused by protein
overexpression, mutation or abnormal modification. Can we design drugs for specific proteins in the future to achieve the purpose of
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regulating phase separation and turn fatal diseases into chronic diseases?

In general, although phase separation is a new field, it develops rapidly and provides great significance for biological study. It is
undeniable that with the deepening and improvement of LLPS research, it will conquer an important position for human diseases and
have more clinical significance.

CRediT authorship contribution statement

Weibo Zhang: Writing — original draft, Visualization, Validation, Supervision, Software, Resources, Project administration,
Methodology, Investigation, Funding acquisition, Formal analysis, Data curation, Conceptualization. Zhengfeng Li: Writing — review
& editing. Xianju Wang: Writing — review & editing. Ting Sun: Writing — review & editing.

Declaration of competing interest

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Acknowledgments
We thank. The figures for this manuscript were prepared using PowerPoint.

References

[1] C.P. Brangwynne, et al., Germline P granules are liquid droplets that localize by controlled dissolution/condensation, Science 324 (5935) (2009) 1729-1732.
[2] P. Li, et al., Phase transitions in the assembly of multivalent signalling proteins, Nature 483 (7389) (2012) 336-340.
[3] M. Kato, et al., Cell-free formation of RNA granules: low complexity sequence domains form dynamic fibers within hydrogels, Cell 149 (4) (2012) 753-767.
[4] B.R. Sabari, et al., Coactivator condensation at super-enhancers links phase separation and gene control, Science 361 (6400) (2018).
[5] C.M. Gallo, et al., Cytoplasmic partitioning of P granule components is not required to specify the germline in C. elegans, Science 330 (6011) (2010)
1685-1689.
[6] A.A. Hyman, C.A. Weber, F. Julicher, Liquid-liquid phase separation in biology, Annu. Rev. Cell Dev. Biol. 30 (2014) 39-58.
[7] Y. Shin, C.P. Brangwynne, Liquid phase condensation in cell physiology and disease, Science 357 (6357) (2017).
[8] S. Boeynaems, et al., Protein phase separation: a new phase in cell biology, Trends Cell Biol. 28 (6) (2018) 420-435.
[9] S.F. Banani, et al., Biomolecular condensates: organizers of cellular biochemistry, Nat. Rev. Mol. Cell Biol. 18 (5) (2017) 285-298.
[10] M. Zeng, et al., Phase transition in Postsynaptic Densities underlies formation of synaptic complexes and synaptic plasticity, Cell 166 (5) (2016) 1163-1175
el2.
[11] X. Fang, et al., Arabidopsis FLL2 promotes liquid-liquid phase separation of polyadenylation complexes, Nature 569 (7755) (2019) 265-269.
[12] D.S.W. Protter, R. Parker, Principles and properties of stress granules, Trends Cell Biol. 26 (9) (2016) 668-679.
[13] A. Gurumurthy, et al., Phase separation and transcription regulation: are super-enhancers and Locus control regions primary sites of transcription complex
assembly? Bioessays 41 (1) (2019) e1800164.
[14] L.J. Oyston, et al., Rapid in vitro quantification of TDP-43 and FUS mislocalisation for screening of gene variants implicated in frontotemporal dementia and
amyotrophic lateral sclerosis, Sci. Rep. 11 (1) (2021) 14881.
[15] A. Molliex, et al., Phase separation by low complexity domains promotes stress granule assembly and drives pathological fibrillization, Cell 163 (1) (2015)
123-133.
[16] S. Alberti, et al., A user’s guide for phase separation assays with purified proteins, J. Mol. Biol. 430 (23) (2018) 4806-4820.
[17] A. Zeke, et al., Deep structural insights into RNA-binding disordered protein regions, Wiley Interdiscip Rev RNA 13 (5) (2022) e1714.
[18] W. Borcherds, et al., How do intrinsically disordered protein regions encode a driving force for liquid-liquid phase separation? Curr. Opin. Struct. Biol. 67
(2021) 41-50.
[19] S. Rauscher, R. Pomes, The liquid structure of elastin, Elife 6 (2017).
[20] J.P. Brady, et al., Structural and hydrodynamic properties of an intrinsically disordered region of a germ cell-specific protein on phase separation, Proc. Natl.
Acad. Sci. U.S.A. 114 (39) (2017) E8194-E8203.
[21] E.W. Martin, et al., Valence and patterning of aromatic residues determine the phase behavior of prion-like domains, Science 367 (6478) (2020) 694-699.
[22] A.C. Murthy, et al., Molecular interactions underlying liquid-liquid phase separation of the FUS low-complexity domain, Nat. Struct. Mol. Biol. 26 (7) (2019)
637—+.
[23] P. Romero, et al., Sequence complexity of disordered protein, Proteins 42 (1) (2001) 38-48.
[24] S. Vucetic, et al., Flavors of protein disorder, Proteins 52 (4) (2003) 573-584.
[25] S. Elbaum-Garfinkle, et al., The disordered P granule protein LAF-1 drives phase separation into droplets with tunable viscosity and dynamics, Proc. Natl.
Acad. Sci. U. S. A. 112 (23) (2015) 7189-7194.
[26] S. Alberti, et al., A systematic survey identifies prions and illuminates sequence features of prionogenic proteins, Cell 137 (1) (2009) 146-158.
[27] M.D. Michelitsch, J.S. Weissman, A census of glutamine/asparagine-rich regions: implications for their conserved function and the prediction of novel prions,
Proc. Natl. Acad. Sci. U. S. A. 97 (22) (2000) 11910-11915.
[28] H.J. Kim, et al., Mutations in prion-like domains in hnRNPA2B1 and hnRNPA1 cause multisystem proteinopathy and ALS, Nature 495 (7442) (2013) 467. +.
[29] S. Alberti, et al., A systematic survey identifies prions and illuminates sequence features of prionogenic proteins, Cell 137 (1) (2009) 146-158.
[30] J. Couthouis, et al., A yeast functional screen predicts new candidate ALS disease genes, Proc. Natl. Acad. Sci. U. S. A. 108 (52) (2011) 20881-20890.
[31] AK. Lancaster, et al., PLAAC: a web and command-line application to identify proteins with prion-like amino acid composition, Bioinformatics 30 (17) (2014)
2501-2502.
[32] V. Iglesias, et al., In silico characterization of human prion-like proteins: beyond neurological diseases, Front. Physiol. 10 (2019) 314.
[33] E.D. Ross, et al., Primary sequence independence for prion formation, Proc. Natl. Acad. Sci. U. S. A. 102 (36) (2005) 12825-12830.
[34] E.D. Ross, U. Baxa, R.B. Wickner, Scrambled prion domains form prions and amyloid, Mol. Cell Biol. 24 (16) (2004) 7206-7213.
[35] T.M. Franzmann, S. Alberti, Prion-like low-complexity sequences: key regulators of protein solubility and phase behavior, J. Biol. Chem. 294 (18) (2019)
7128-7136.
[36] Y. Lin, S.L. Currie, M.K. Rosen, Intrinsically disordered sequences enable modulation of protein phase separation through distributed tyrosine motifs, J. Biol.
Chem. 292 (46) (2017) 19110-19120.
[37]1 S. Elbaum-Garfinkle, et al., The disordered P granule protein LAF-1 drives phase separation into droplets with tunable viscosity and dynamics, Proc. Natl.
Acad. Sci. U.S.A. 112 (23) (2015) 7189-7194.

11


http://refhub.elsevier.com/S2405-8440(24)10066-7/sref1
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref2
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref3
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref4
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref5
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref5
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref6
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref7
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref8
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref9
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref10
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref10
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref11
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref12
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref13
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref13
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref14
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref14
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref15
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref15
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref16
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref17
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref18
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref18
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref19
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref20
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref20
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref21
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref22
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref22
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref23
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref24
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref25
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref25
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref26
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref27
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref27
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref28
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref29
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref30
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref31
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref31
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref32
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref33
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref34
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref35
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref35
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref36
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref36
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref37
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref37

W. Zhang et al. Heliyon 10 (2024) 34035

[38]
[39]

[40]

[41]
[42]

[43]
[44]
[45]
[46]
[47]
[48]
[49]
[50]
[51]

[52]
[53]

[54]
[55]
[56]
[57]
[58]

[59]
[60]
[61]
[62]

[63]

[64]
[65]
[66]
[67]
[68]
[69]
[70]
[71]
[72]
[73]

[74]
[75]
[76]
[77]
[78]
[79]
[80]
[81]
[82]
[83]
[84]
[85]
[86]

[87]
[88]

[89]

[90]
[91]

[92]
[93]

[94]

J. Zhu, et al., GIT/PIX condensates are modular and ideal for distinct compartmentalized cell signaling, Mol Cell 79 (5) (2020) 782-796 e6.

S. Boeynaems, et al., Spontaneous driving forces give rise to protein-RNA condensates with coexisting phases and complex material properties, Proc. Natl.
Acad. Sci. U. S. A. 116 (16) (2019) 7889-7898.

P.R. Banerjee, et al., Reentrant phase transition drives dynamic substructure formation in ribonucleoprotein droplets, Angew Chem. Int. Ed. Engl. 56 (38)
(2017) 11354-11359.

S. Maharana, et al., RNA buffers the phase separation behavior of prion-like RNA binding proteins, Science 360 (6391) (2018) 918-921.

S. Kroschwald, et al., Different material states of Publ condensates define distinct modes of stress adaptation and recovery, Cell Rep. 23 (11) (2018)
3327-3339.

J.E. Henninger, et al., RNA-mediated feedback control of transcriptional condensates, Cell 184 (1) (2021) 207-225 e24.

B. Chandra, et al., Phase separation mediates NUP98 fusion oncoprotein leukemic transformation, Cancer Discov. 12 (14) (2022) 1152-1169.

M. Hofweber, et al., Phase separation of FUS is suppressed by its nuclear import receptor and arginine methylation, Cell 173 (3) (2018) 706. +.

A. Patel, et al., A liquid-to-solid phase transition of the ALS protein FUS accelerated by disease mutation, Cell 162 (5) (2015) 1066-1077.

S.J. Peng, et al., Phase separation at the nanoscale quantified by dcFCCS, Proc. Natl. Acad. Sci. U.S.A. 117 (44) (2020) 27124-27131.

B.R. Sabari, A. Dall’Agnese, R.A. Young, Biomolecular condensates in the nucleus, Trends Biochem. Sci. 45 (11) (2020) 961-977.

A. Boija, I.A. Klein, R.A. Young, Biomolecular condensates and cancer, Cancer Cell 39 (2) (2021) 174-192.

Y.R. Li, et al., Stress granules as crucibles of ALS pathogenesis, JCB (J. Cell Biol.) 201 (3) (2013) 361-372.

W.Y. Qu, Z. Wang, H. Zhang, Phase separation of the C. elegans Polycomb protein SOP-2 is modulated by RNA and sumoylation, Protein & Cell 11 (3) (2020)
202-207.

G.L. Dignon, R.B. Best, J. Mittal, Biomolecular phase separation: from molecular driving forces to macroscopic properties, Annu. Rev. Phys. Chem. 71 (71)
(2020) 53-75.

S. Alberti, A. Gladfelter, T. Mittag, Considerations and challenges in studying liquid-liquid phase separation and biomolecular condensates, Cell 176 (3) (2019)
419-434.

J.C. Ferreon, et al., Acetylation disfavors Tau phase separation, Int. J. Mol. Sci. 19 (5) (2018).

T.P. Dao, et al., Ubiquitin modulates liquid-liquid phase separation of UBQLN2 via disruption of multivalent interactions, Mol Cell 69 (6) (2018) 965-978 e6.
S.G. Kim, Y.C. Bae, J.J. Kim, Effect of pH on phase separation of globular protein, Kor. J. Chem. Eng. 26 (3) (2009) 742-747.

D.J. Losey, R.G. Parker, M.A. Freedman, pH dependence of liquid-liquid phase separation in organic aerosol, J. Phys. Chem. Lett. 7 (19) (2016) 3861-3865.
T.J. Nott, et al., Phase transition of a disordered nuage protein generates environmentally responsive membraneless organelles, Mol Cell 57 (5) (2015)
936-947.

Y. Lin, et al., Liquid-liquid phase separation of Tau driven by hydrophobic interaction facilitates fibrillization of Tau, J. Mol. Biol. 433 (2) (2021) 166731.
S. Huang, et al., A phase-separated nuclear GBPL circuit controls immunity in plants, Nature 594 (7863) (2021) 424-429.

A. Boija, et al., Transcription factors activate genes through the phase-separation capacity of their activation domains, Cell 175 (7) (2018) 1842-1855 el6.
R. Duster, et al., 1,6-Hexanediol, commonly used to dissolve liquid-liquid phase separated condensates, directly impairs kinase and phosphatase activities,
J. Biol. Chem. 296 (2021) 100260.

A.E. Conicella, et al., ALS mutations disrupt phase separation mediated by alpha-helical structure in the TDP-43 low-complexity C-terminal domain, Structure
24 (9) (2016) 1537-1549.

H. Tourriere, et al., The RasGAP-associated endoribonuclease G3BP assembles stress granules, JCB (J. Cell Biol.) 160 (6) (2003) 823-831.

Y. Lu, et al., Phase separation of TAZ compartmentalizes the transcription machinery to promote gene expression, Nat. Cell Biol. 22 (4) (2020) 453-464.
F. Wippich, et al., Dual specificity kinase DYRK3 couples stress granule condensation/dissolution to mTORC1 signaling, Cell 152 (4) (2013) 791-805.

Y.E. Guo, et al., Pol II phosphorylation regulates a switch between transcriptional and splicing condensates, Nature 572 (7770) (2019) 543-548.

E.W. Cloer, et al., p62-Dependent phase separation of patient-derived KEAP1 mutations and NRF2, Mol. Cell Biol. 38 (22) (2018).

A. Danieli, S. Martens, p62-mediated phase separation at the intersection of the ubiquitin-proteasome system and autophagy, J. Cell Sci. 131 (19) (2018).
D.X. Sun, et al., Polyubiquitin chain-induced p62 phase separation drives autophagic cargo segregation, Cell Res. 28 (4) (2018) 405-415.

M. Saito, et al., Acetylation of intrinsically disordered regions regulates phase separation, Nat. Chem. Biol. 15 (1) (2019) 51-61.

B.A. Gibson, et al., Organization of chromatin by intrinsic and regulated phase separation, Cell 179 (2) (2019) 470-484 e21.

V.H. Ryan, et al., Mechanistic view of hnRNPA2 low-complexity domain structure, interactions, and phase separation altered by mutation and arginine
methylation, Mol Cell 69 (3) (2018) 465-479 e7.

G. Poornima, et al., RGG-motif self-association regulates eIF4G-binding translation repressor protein Scd6, RNA Biol. 16 (9) (2019) 1215-1227.

S. Weidtkamp-Peters, et al., Dynamics of component exchange at PML nuclear bodies, J. Cell Sci. 121 (Pt 16) (2008) 2731-2743.

S. Das, et al., Comparative roles of charge, pi, and hydrophobic interactions in sequence-dependent phase separation of intrinsically disordered proteins, Proc.
Natl. Acad. Sci. U. S. A. 117 (46) (2020) 28795-28805.

S. Qamar, et al., FUS phase separation is modulated by a molecular chaperone and methylation of arginine cation-pi interactions, Cell 173 (3) (2018) 720-734
el5.

G. Foffi, et al., Macromolecular crowding: chemistry and physics meet biology (Ascona, Switzerland, 10-14 June 2012), Phys. Biol. 10 (4) (2013) 040301.
R.J. Ellis, Macromolecular crowding: an important but neglected aspect of the intracellular environment, Curr. Opin. Struct. Biol. 11 (1) (2001) 114-119.
S.R. Pondugula, H. Dong, T. Chen, Phosphorylation and protein-protein interactions in PXR-mediated CYP3A repression, Expet Opin. Drug Metabol. Toxicol. 5
(8) (2009) 861-873.

J. Liu, et al., Explicit representation of protein activity states significantly improves causal discovery of protein phosphorylation networks, BMC Bioinf. 21
(Suppl 13) (2020) 379.

A. Kalantari, et al., Serine/threonine/tyrosine phosphorylation regulates DNA binding of bacterial transcriptional regulators, Microbiology (Read.) 161 (9)
(2015) 1720-1729.

P. Patwardhan, W.T. Miller, Processive phosphorylation: mechanism and biological importance, Cell. Signal. 19 (11) (2007) 2218-2226.

P. Viatour, et al., Protein phosphorylation as a key mechanism for the regulation of BCL-3 activity, Cell Cycle 3 (12) (2004) 1498-1501.

S. Huntwork-Rodriguez, et al., JNK-mediated phosphorylation of DLK suppresses its ubiquitination to promote neuronal apoptosis, J. Cell Biol. 202 (2013)
747-763.

W.M. Aumiller Jr., C.D. Keating, Phosphorylation-mediated RNA/peptide complex coacervation as a model for intracellular liquid organelles, Nat. Chem. 8 (2)
(2016) 129-137.

J.A. Ubersax, J.E. Ferrell Jr., Mechanisms of specificity in protein phosphorylation, Nat. Rev. Mol. Cell Biol. 8 (7) (2007) 530-541.

M. Borg, et al., Polyelectrostatic interactions of disordered ligands suggest a physical basis for ultrasensitivity, Proc. Natl. Acad. Sci. U. S. A. 104 (23) (2007)
9650-9655.

M. Antonov, M. Mazzawi, P.L. Dubin, Entering and exiting the protein-polyelectrolyte coacervate phase via nonmonotonic salt dependence of critical
conditions, Biomacromolecules 11 (1) (2010) 51-59.

M.S. Akhtar, et al., TFIIH kinase places bivalent marks on the carboxy-terminal domain of RNA polymerase II, Mol Cell 34 (3) (2009) 387-393.

N. Czudnochowski, C.A. Bosken, M. Geyer, Serine-7 but not serine-5 phosphorylation primes RNA polymerase II CTD for P-TEFb recognition, Nat. Commun. 3
(2012) 842.

A.G. Larson, et al., Liquid droplet formation by HP1alpha suggests a role for phase separation in heterochromatin, Nature 547 (7662) (2017) 236-240.

B. Tsang, et al., Phosphoregulated FMRP phase separation models activity-dependent translation through bidirectional control of mRNA granule formation,
Proc. Natl. Acad. Sci. U.S.A. 116 (10) (2019) 4218-4227.

S. Yasuda, et al., Stress- and ubiquitylation-dependent phase separation of the proteasome, Nature 578 (7794) (2020) 296—+.

12


http://refhub.elsevier.com/S2405-8440(24)10066-7/sref38
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref39
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref39
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref40
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref40
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref41
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref42
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref42
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref43
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref44
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref45
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref46
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref47
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref48
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref49
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref50
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref51
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref51
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref52
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref52
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref53
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref53
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref54
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref55
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref56
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref57
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref58
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref58
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref59
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref60
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref61
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref62
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref62
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref63
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref63
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref64
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref65
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref66
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref67
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref68
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref69
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref70
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref71
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref72
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref73
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref73
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref74
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref75
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref76
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref76
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref77
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref77
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref78
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref79
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref80
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref80
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref81
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref81
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref82
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref82
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref83
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref84
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref85
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref85
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref86
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref86
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref87
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref88
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref88
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref89
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref89
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref90
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref91
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref91
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref92
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref93
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref93
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref94

W. Zhang et al. Heliyon 10 (2024) 34035

[95]

[96]
[97]

[98]
[99]

[100]
[101]
[102]
[103]

[104]
[105]
[106]
[107]
[108]
[109]
[110]

[111]
[112]
[113]
[114]
[115]
[116]
[117]

[118]
[119]
[120]

[121]
[122]
[123]

[124]
[125]

[126]
[127]
[128]
[129]

[130]
[131]
[132]

[133]

[134]
[135]
[136]
[137]
[138]

[139]

[140]
[141]

[142]
[143]

[144]

[145]
[146]
[147]
[148]
[149]
[150]
[151]

G. Bjorkoy, et al., p62/SQSTM1 forms protein aggregates degraded by autophagy and has a protective effect on huntingtin-induced cell death, J. Cell Biol. 171
(4) (2005) 603-614.

H.X. Deng, et al., Mutations in UBQLN2 cause dominant X-linked juvenile and adult-onset ALS and ALS/dementia, Nature 477 (7363) (2011) 211-215.

F. Mori, et al., Ubiquilin immunoreactivity in cytoplasmic and nuclear inclusions in synucleinopathies, polyglutamine diseases and intranuclear inclusion body
disease, Acta Neuropathol. 124 (1) (2012) 149-151.

N.J. Rutherford, et al., Unbiased screen reveals ubiquilin-1 and -2 highly associated with huntingtin inclusions, Brain Res. 1524 (2013) 62-73.

J.W. Shih, et al., Critical roles of RNA helicase DDX3 and its interactions with eI[F4E/PABP1 in stress granule assembly and stress response, Biochem. J. 441 (1)
(2012) 119-129.

J. Fuhrmann, K.W. Clancy, P.R. Thompson, Chemical biology of protein arginine modifications in epigenetic regulation, Chem. Rev. 115 (11) (2015)
5413-5461.

R.M. Hughes, M.L. Waters, Arginine methylation in a beta-hairpin peptide: implications for Arg-pi interactions, DeltaCp(o0), and the cold denatured state,
J. Am. Chem. Soc. 128 (39) (2006) 12735-12742.

V.H. Ryan, et al., Mechanistic view of hnRNPA2 low-complexity domain structure, interactions, and phase separation altered by mutation and arginine
methylation, Mol. Cell 69 (3) (2018) 465—+.

G. Poornima, et al., Arginine methylation promotes translation repression activity of elF4G-binding protein, Scd6, Nucleic Acids Res. 44 (19) (2016)
9358-9368.

Y. Luo, Z. Na, S.A. Slavoff, P-bodies: composition, properties, and functions, Biochemistry 57 (17) (2018) 2424-2431.

R. Sachdev, et al., Patl promotes processing body assembly by enhancing the phase separation of the DEAD-box ATPase Dhhl and RNA, Elife 8 (2019).
W.H. Yang, et al., RNA-associated protein 55 (RAP55) localizes to mRNA processing bodies and stress granules, RNA 12 (4) (2006) 547-554.

K. Matsumoto, et al., PRMT1 is required for RAP55 to localize to processing bodies, RNA Biol. 9 (5) (2012) 610-623.

B. Wang, et al., Liquid-liquid phase separation in human health and diseases, Signal Transduct. Targeted Ther. 6 (1) (2021) 290.

C. Guo, Z. Luo, C. Lin, Phase separation, transcriptional elongation control and human diseases, J. Mol. Cell Biol. 13 (4) (2021) 314-318.

L.R. Mackenzie, R. Rademakers, M. Neumann, TDP-43 and FUS in amyotrophic lateral sclerosis and frontotemporal dementia, Lancet Neurol. 9 (10) (2010)
995-1007.

W.A. Whyte, et al., Master transcription factors and mediator establish super-enhancers at key cell identity genes, Cell 153 (2) (2013) 307-319.

D. Hnisz, et al., Super-enhancers in the control of cell identity and disease, Cell 155 (4) (2013) 934-947.

K.M. Lelli, M. Slattery, R.S. Mann, Disentangling the many layers of eukaryotic transcriptional regulation, Annu. Rev. Genet. 46 (2012) 43-68.

J.M. Dowen, et al., Control of cell identity genes occurs in insulated neighborhoods in mammalian chromosomes, Cell 159 (2) (2014) 374-387.

D. Hnisz, et al., Activation of proto-oncogenes by disruption of chromosome neighborhoods, Science 351 (6280) (2016) 1454-1458.

X. Ji, et al., 3D chromosome regulatory landscape of human pluripotent cells, Cell Stem Cell 18 (2) (2016) 262-275.

M.R. Mansour, et al., Oncogene regulation. An oncogenic super-enhancer formed through somatic mutation of a noncoding intergenic element, Science 346
(6215) (2014) 1373-1377.

J.D. Brown, et al., NF-kappaB directs dynamic super enhancer formation in inflammation and atherogenesis, Mol Cell 56 (2) (2014) 219-231.

A.V. Zamudio, et al., Mediator condensates localize signaling factors to key cell identity genes, Mol Cell 76 (5) (2019) 753-766 e6.

H. Bolouri, et al., The molecular landscape of pediatric acute myeloid leukemia reveals recurrent structural alterations and age-specific mutational
interactions, Nat. Med. 24 (1) (2018) 103-112.

S. Struski, et al., NUP98 is rearranged in 3.8% of pediatric AML forming a clinical and molecular homogenous group with a poor prognosis, Leukemia 31 (3)
(2017) 565-572.

N. Niktoreh, , et al. W.T.1 Mutated, FLT3-ITD, and NUP98-NSD1 fusion in various combinations define a poor prognostic group in pediatric acute myeloid
leukemia, JAMA Oncol. 2019 (2019) 1609128.

V. Bisio, et al., NUP98-fusion transcripts characterize different biological entities within acute myeloid leukemia: a report from the AIEOP-AML group,
Leukemia 31 (4) (2017) 974-977.

N.A. McNeer, et al., Genetic mechanisms of primary chemotherapy resistance in pediatric acute myeloid leukemia, Leukemia 33 (8) (2019) 1934-1943.
N.L. Michmerhuizen, J.M. Klco, C.G. Mullighan, Mechanistic insights and potential therapeutic approaches for NUP98-rearranged hematologic malignancies,
Blood 136 (20) (2020) 2275-2289.

D. Hnisz, et al., A phase separation model for transcriptional control, Cell 169 (1) (2017) 13-23.

Y.Y. Levy, et al., Multiple roles of Arabidopsis VRN1 in vernalization and flowering time control, Science 297 (5579) (2002) 243-246.

R. Bastow, et al., Vernalization requires epigenetic silencing of FLC by histone methylation, Nature 427 (6970) (2004) 164-167.

J.S. Mylne, et al., LHP1, the Arabidopsis homologue of HETEROCHROMATIN PROTEIN], is required for epigenetic silencing of FLC, Proc. Natl. Acad. Sci. U. S.
A. 103 (13) (2006) 5012-5017.

H. Zhou, et al., Mechanism of DNA-induced phase separation for transcriptional repressor VRN1, Angew Chem. Int. Ed. Engl. 58 (15) (2019) 4858-4862.
Z. Wu, et al., Quantitative regulation of FLC via coordinated transcriptional initiation and elongation, Proc. Natl. Acad. Sci. U. S. A. 113 (1) (2016) 218-223.
M. Koornneef, C.J. Hanhart, J.H. van der Veen, A genetic and physiological analysis of late flowering mutants in Arabidopsis thaliana, Mol. Gen. Genet. 229 (1)
(1991) 57-66.

C.C. Sheldon, et al., The FLF MADS box gene: a repressor of flowering in Arabidopsis regulated by vernalization and methylation, Plant Cell 11 (3) (1999)
445-458.

R. Macknight, et al., FCA, a gene controlling flowering time in Arabidopsis, encodes a protein containing RNA-binding domains, Cell 89 (5) (1997) 737-745.
G.G. Simpson, et al., FY is an RNA 3’ end-processing factor that interacts with FCA to control the Arabidopsis floral transition, Cell 113 (6) (2003) 777-787.
C. Hornyik, L.C. Terzi, G.G. Simpson, The spen family protein FPA controls alternative cleavage and polyadenylation of RNA, Dev. Cell 18 (2) (2010) 203-213.
S. Sanulli, et al., HP1 reshapes nucleosome core to promote phase separation of heterochromatin, Nature 575 (7782) (2019) 390-394.

L. Wang, et al., Histone modifications regulate chromatin compartmentalization by contributing to a phase separation mechanism, Mol Cell 76 (4) (2019)
646-659 e6.

V.Y. Shin, et al., Long non-coding RNA NEAT1 confers oncogenic role in triple-negative breast cancer through modulating chemoresistance and cancer
stemness, Cell Death Dis. 10 (4) (2019) 270.

B. Shi, et al., UTX condensation underlies its tumour-suppressive activity, Nature 597 (7878) (2021) 726-731.

M. Gozdecka, et al., UTX-mediated enhancer and chromatin remodeling suppresses myeloid leukemogenesis through noncatalytic inverse regulation of ETS
and GATA programs, Nat. Genet. 50 (6) (2018) 883-894.

S. Kilic, et al., Phase separation of 53BP1 determines liquid-like behavior of DNA repair compartments, EMBO J. 38 (16) (2019) €101379.

J.J. Bouchard, et al., Cancer mutations of the tumor suppressor SPOP disrupt the formation of active, phase-separated compartments, Mol Cell 72 (1) (2018)
19-36 e8.

H.B. Schmidt, D. Gorlich, Nup98 FG domains from diverse species spontaneously phase-separate into particles with nuclear pore-like permselectivity, Elife 4
(2015).

G. Celetti, et al., The liquid state of FG-nucleoporins mimics permeability barrier properties of nuclear pore complexes, J. Cell Biol. 219 (1) (2020).

D. Dormann, FG-nucleoporins caught in the act of liquid-liquid phase separation, J. Cell Biol. 219 (1) (2020).

Q. Xie, et al., Phase separation in cancer at a glance, J. Transl. Med. 21 (1) (2023) 237.

M. Pearson, et al., PML regulates p53 acetylation and premature senescence induced by oncogenic Ras, Nature 406 (6792) (2000) 207-210.

R. Bernardi, et al., PML regulates p53 stability by sequestering Mdm2 to the nucleolus, Nat. Cell Biol. 6 (7) (2004) 665-672.

D.S. Yang, et al., Mesoscopic protein-rich clusters host the nucleation of mutant p53 amyloid fibrils, Proc. Natl. Acad. Sci. U. S. A. 118 (10) (2021).

E.C. Petronilho, et al., Phase separation of p53 precedes aggregation and is affected by oncogenic mutations and ligands, Chem. Sci. 12 (21) (2021) 7334-7349.

13


http://refhub.elsevier.com/S2405-8440(24)10066-7/sref95
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref95
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref96
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref97
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref97
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref98
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref99
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref99
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref100
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref100
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref101
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref101
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref102
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref102
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref103
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref103
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref104
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref105
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref106
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref107
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref108
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref109
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref110
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref110
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref111
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref112
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref113
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref114
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref115
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref116
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref117
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref117
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref118
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref119
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref120
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref120
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref121
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref121
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref122
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref122
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref123
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref123
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref124
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref125
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref125
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref126
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref127
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref128
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref129
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref129
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref130
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref131
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref132
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref132
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref133
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref133
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref134
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref135
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref136
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref137
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref138
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref138
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref139
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref139
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref140
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref141
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref141
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref142
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref143
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref143
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref144
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref144
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref145
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref146
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref147
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref148
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref149
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref150
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref151

W. Zhang et al. Heliyon 10 (2024) 34035

[152]
[153]

[154]
[155]
[156]

[157]
[158]
[159]

[160]
[161]
[162]
[163]
[164]
[165]
[166]
[167]

[168]
[169]

J.L. Silva, et al., Targeting biomolecular condensation and protein aggregation against cancer, Chem. Rev. 123 (14) (2023) 9094-9138.

L. Palanikumar, et al., Protein mimetic amyloid inhibitor potently abrogates cancer-associated mutant p53 aggregation and restores tumor suppressor function,
Nat. Commun. 12 (1) (2021) 3962.

B. Chandra, et al., Phase separation mediates NUP98 fusion oncoprotein leukemic transformation, Cancer Discov. 12 (4) (2022) 1152-1169.

L. Zuo, et al., Loci-specific phase separation of FET fusion oncoproteins promotes gene transcription, Nat. Commun. 12 (1) (2021) 1491.

T.G. Grunewald, et al., Chimeric EWSR1-FLI1 regulates the Ewing sarcoma susceptibility gene EGR2 via a GGAA microsatellite, Nat. Genet. 47 (9) (2015)
1073-1078.

D. Yu, et al., Structural mechanism of BRD4-NUT and p300 bipartite interaction in propagating aberrant gene transcription in chromatin in NUT carcinoma,
Nat. Commun. 14 (1) (2023) 378.

Y. Cheng, et al., Phase transition and remodeling complex assembly are important for SS18-SSX oncogenic activity in synovial sarcomas, Nat. Commun. 13 (1)
(2022) 2724.

B. Wang, et al., The positive regulation loop between NRF1 and NONO-TFE3 fusion promotes phase separation and aggregation of NONO-TFE3 in NONO-TFE3
tRCC, Int. J. Biol. Macromol. 176 (2021) 437-447.

J. Yang, et al., Phase separation of Myc differentially regulates gene transcription, bioRxiv (2022) 2022, 06. 28.498043.

X. Liu, et al., Niche stiffness sustains cancer stemness via TAZ and NANOG phase separation, Nat. Commun. 14 (1) (2023) 238.

H. Deng, K. Gao, J. Jankovic, The role of FUS gene variants in neurodegenerative diseases, Nat. Rev. Neurol. 10 (6) (2014) 337-348.

J.H. Bushweller, Targeting transcription factors in cancer - from undruggable to reality, Nat. Rev. Cancer 19 (11) (2019) 611-624.

D.M. Mitrea, et al., Modulating biomolecular condensates: a novel approach to drug discovery, Nat. Rev. Drug Discov. 21 (11) (2022) 841-862.

J. Xie, et al., Targeting androgen receptor phase separation to overcome antiandrogen resistance, Nat. Chem. Biol. 18 (12) (2022) 1341-1350.

Y. Shi, et al., BRD4-targeting PROTAC as a unique tool to study biomolecular condensates, Cell Discov 9 (1) (2023) 47.

D.P. Petrylak, et al., A phase 2 expansion study of ARV-766, a PROTAC androgen receptor (AR) degrader, in metastatic castration-resistant prostate cancer
(mCRPCQ), J. Clin. Oncol. 41 (6_suppl) (2023) TPS290. TPS290.

C. Lemos, et al., Identification of small molecules that modulate mutant p53 condensation, iScience 23 (9) (2020) 101517.

I.A. Klein, et al., Partitioning of cancer therapeutics in nuclear condensates, Science 368 (6497) (2020) 1386-1392.

14


http://refhub.elsevier.com/S2405-8440(24)10066-7/sref152
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref153
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref153
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref154
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref155
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref156
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref156
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref157
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref157
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref158
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref158
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref159
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref159
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref160
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref161
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref162
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref163
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref164
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref165
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref166
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref167
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref167
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref168
http://refhub.elsevier.com/S2405-8440(24)10066-7/sref169

	Phase separation is regulated by post-translational modifications and participates in the developments of human diseases
	1 Introduction
	2 Biochemical properties and composition of protein liquid-liquid phase separation (LLPS)
	2.1 Intrinsically disordered regions are crucial driving forces for protein LLPS
	2.2 Interactions with nucleic acids and proteins affect the formation of LLPS condensates
	2.3 Phase separation is dynamic
	2.4 Phase condensates can experience aging

	3 Physical factors influencing the formation, dynamics, and aging of LLPS condensates
	3.1 Protein concentration
	3.2 Salt concentration
	3.3 pH
	3.4 Temperature
	3.5 Crowding agents

	4 Protein LLPS is regulated by post-translational modifications
	4.1 Phosphorylation
	4.2 Ubiquitylation and sumoylation
	4.3 Acetylation
	4.4 Methylation

	5 The physiological functions of LLPS
	5.1 Transcription activation
	5.2 Transcription inactivation

	6 Relationships between phase separation and diseases
	6.1 Cancer
	6.2 Neurodegenerative disease
	6.3 Drug discovery

	7 Summary and perspective
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	References


