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Abstract
Phase separation is an emerging paradigm for understanding the biochemical interactions between proteins, DNA, and RNA. 
Research over the past decade has provided mounting evidence that phase separation modulates a great variety of cellular 
activities. Particularly, phase separation is directly relevant to immune signaling, immune cells, and immune-related diseases 
like cancer, neurodegenerative diseases, and even SARS-CoV-2. In this review, we summarized current knowledge of phase 
separation in immunology and emerging findings related to immune responses as they enable possible treatment approaches.
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Introduction

Phase separation refers to the phenomenon that when the 
concentration of solutes exceeds a certain threshold, known 
as the saturation concentration, the intermolecular force 
between biomacromolecules is bigger than that between 
biomacromolecules and the surrounding substances [1]. 
Above this threshold, constituents separate spontaneously 
into two phases yet with different concentrations, one dilute 
and one condensed. These spatiotemporally regulated sub-
cellular compartments form the basis of biochemical reac-
tions. Phase separation allows certain proteins to conden-
sate while excluding undesired proteins outside and then 
favors consequent biochemical reactions (Fig. 1). Phase 
separation well answered how membrane-less organelles 
in eukaryotes manage to assemble and how this process is 
modulated. For instance, P granules were membrane-less 
organelles and were demonstrated to have a spherical shape, 
and their components were capable of simultaneous dynamic 
exchange [2]. Stress granules (SGs) are typical examples of 
membrane-less organelles which are found to have unstable 
liquid shells yet stable non-liquid cores [3]. Unlike protein 
aggregation where substrates lose biochemical activity due 

to misfolding or loss of mobility, phase-separated substrates 
often retain their bioactivity and conformation [4]. Also, due 
to the lack of membranal structures, phase separation ena-
bles organelles to exchange much more rapidly without the 
transportation across layers of membranes [5]. Liquid–liquid 
phase separation (LLPS) is a process in which liquid phases 
form liquid droplets with higher viscosity and show traits 
like a spherical shape; live image tracing shows rapid protein 
diffusion within the condensates as well as exchange with 
the surrounding environment as measured by fluorescence 
recovery after photobleaching (FRAP) [1, 6].

Liquid condensates can exchange substances with dilute 
phases, and liquid condensates themselves also commonly 
undergo reversible fusion and fission. However, some drop-
lets can abnormally transition to solid aggregates and may 
lead to cellular dysfunction and the development of some 
diseases. For example, mutations in SG proteins, such as 
fused with sarcoma (FUS) and hnRNPA1, are confirmed 
to form fibrillar aggregates associated with neurodegenera-
tive diseases [7]. In addition, the state of phase separation is 
affected by a number of environmental factors that include, 
but not limited to, temperature, pH, and salinity [8]. Mean-
while, phase separation can also be modulated by cytomem-
brane structures, post transcriptional modifications (PTMs) 
like phosphorylation/methylation of amino acids, the con-
centration of proteins, the availability of RNA, chaperones, 
RNA helicases, and so forth [9, 10]. But there are still gaps 
in our knowledge about the exact mechanism.

In recent years, phase separation has shown its impor-
tance in numerous events such as chromatin organization [11] 
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and B cell lymphopoiesis [12]. The proteasome foci formed 
by phase separation ensures a tight-controlled equilibrium 
between protein synthesis and degradation [13]. Mounting 
evidence has also highlighted that phase separation is impli-
cated in immune cell maturation and activation, immune 
signaling, immune modulation, and in tumorigenesis. Here, 
we underscore the pleotropic effect of phase separation in 
immune regulation and discuss their potential in the patho-
genesis of several immune-related diseases such as cancer, 
Aicardi-Goutières syndrome (AGS), and neurodegenerative 
diseases. The phase separate-competent proteins already 
identified might only be the tip of the iceberg, with poten-
tially more novel and fundamental events to be revealed.

Phase separation in immune regulation

TCR signaling

Upon detecting the antigens presented by MHC molecules, 
T cell receptor (TCR) activates T cells and initiates down-
stream immune responses. In this process, downstream 
effector proteins coalesce into dynamic clusters by sponta-
neous phase separation to facilitate signaling [14] (Fig. 2). 
The phosphorylation of TCR complex by lck recruits and 
activates zeta-associated protein of 70 kDa (ZAP-70) [15]. 
Then, ZAP70 phosphorylates LAT, which provides dock-
ing sites for SH2/SH3 domain protein such as Grb2, Gads, 
and phospholipase Cγ (PLCγ) [16, 17]. The multivalent 
interactions between the above proteins drive LAT cluster 
formation. The LAT clusters colocalize with ZAP70 but 

exclude phosphatase CD45 [14]. They also promote TCR 
signal transduction by promoting MAPK phosphorylation 
and actin remodeling [18].

Fig. 1  Dispersion of pro-
teins before and after phase 
separation. Phase separation is 
a mechanism by which proteins 
concentrate and segregate into 
highly dynamic liquid-like 
droplets where proteins react at 
a significantly higher concentra-
tion. These reversibly assem-
bled protein condensates often 
show spherical shapes and rapid 
protein diffusion demonstrated 
by FRAP. (Created with Biore 
nder. com)

Fig. 2  Phase separation in TCR signaling. Upon TCR activation, 
LAT phase separates into a cluster, which is promoted by PLCγ1. 
Also promoted by PLCγ1, LAT cluster recruits ZAP-70 and excludes 
CD45 to prevent dephosphorylation. After the four distal tyrosine 
phosphorylations by Zap-70, SH2 domain containing proteins bind 
to LAT and activate downstream immune responses. (Created with 
Biore nder. com)
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PLCγ1 is often viewed as a hydrolytic enzyme that is 
recruited to the LAT cluster, activated downstream of TCR 
activation [19]. PLCγ1 produces inositol trisphosphate (IP3) 
and diacylglycerol (DAG) by hydrolyzing phosphatidylino-
sitol 4,5-bisphosphate (PIP2) to activate calcium and PKC 
pathways respectively [20]. However, a recent study deline-
ated a novel role of PLCγ1 in potentiating LAT cluster for-
mation. PLCγ1 crosslinks LAT through its SH2 domains and 
promotes the phase separation of LAT and LAT-dependent 
ERK activation [21]. PLCγ1 also inhibits the dephospho-
rylation of LAT by CD45, which is achieved by exclud-
ing CD45 from the cluster [21]. As natural killer cells and 
mast cells share the same LAT cluster with T cell, Zeng 
et al. anticipate that PLCγ1 may play a similar role in other 
immune cells [21].

Aberrant TCR function could lead to T cell immu-
nodeficiency or T cell–mediated autoimmune diseases. 
For example, dysfunction of ZAP-70 could lead to T 
cell–mediated autoimmune arthritis [22]. Also, TCR is 
vital to the differentiation of Foxp3( +) regulatory T cells 
(Treg), the malfunction of which causes lethal multiorgan 
immune responses [23].

BCR signaling

Effector B cell activation is essential in the generation of 
antibodies and adaptive immune responses. Phase separation 
confers B cell antigen receptor (BCR) with higher sensitiv-
ity to pathogens. BCR is temporally and spatially regulated 

through adaptor proteins like SH2 domain-containing leu-
kocyte protein of 65 kDa (SLP65) and Cbl-interacting pro-
tein of 85 kDa (CIN 85) [24]. Although SLP65 and CIN85 
are adaptor proteins that regulate B cell signaling; they are 
insufficient to trigger BCR activation. Upon cognate antigen 
ligation, spleen tyrosine kinase (Syk) phosphorylates SLP65 
in a SLP65/CIN 85-complex-dependent manner [25]. Phos-
phorylated SLP65 then leads to mobilization of  Ca2+ or the 
translocation of nuclear factor kappa-beta (NF-κB) to initiate 
immune responses [26].

Previously shown, the binding of N-terminal amino acid 
residues in SLP65 to lipid components on the cellular sur-
face forms a macromolecular assembly which is required for 
BCR activation [27]. Also, the coiled-coil domain in CIN85 
drives CIN85 trimerization that leads to SLP65 oligomeri-
zation and further recruits CIN85 trimers [28]. These stud-
ies hint that the oligomerizations of adaptor proteins may 
contribute to signal amplification, but the exact mechanism 
was unknown.

A recent in vitro study showed that the activation of 
BCR is a tripartite course, requiring the phase separation of 
SLP65, CIN85, and lipid vesicles into droplets [29] (Fig. 3). 
The study utilized small unilamellar vesicles (SUVs) to reca-
pitulate psychological phase separation threshold in vivo. 
SLP65 uses its N-terminal lipid binding to detect and anchor 
small vesicles on curved cellular surfaces [29]. The interac-
tion between SH3 domain in CIN85 and proline-rich motifs 
(PRMs) in SLP65 facilitates the transformation to droplets 
[29]. This in vitro study confirmed the requisite role of phase 

Fig. 3  Phase separation in 
BCR signaling. Upon antigen 
ligation, SLP65 is phosphoryl-
ated by Syk. Then, the tripartite 
phase separation of SLP65, 
trimer CIN 85, and lipid vesi-
cles into droplets leads to BCR 
activation. SLP-65 is anchored 
to the lipid vesicles through 
its N-terminal. The PRMs in 
SLP-65 and SH3 domain in 
CIN85 form a positive loop 
that promotes phase separation. 
(Created with Biore nder. com)
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separation. But it still warrants in vivo investigation into 
the ultrastructure of this droplet and the existence of other 
vesicular modulators of BCR.

cGAS‑STING pathway

Cyclic GMP-AMP synthase (cGAS) is a cytosolic immune 
stimulatory DNA sensor that detects pathogenic and intra-
cellular endogenous DNA and leads to immune activation 
[30]. cGAS possesses positively charged residues on its 
N-terminal, as well as 3 DNA binding domains (DBDs) on 
its C-terminal. Both terminals contribute to the cGAS-DNA 
phase separation, thus triggering the formation of liquid 
droplets which enables cGAS and DNA within to interact at 
a higher concentration [31, 32]. DNA exonuclease TREX1 
degrades cytosolic DNA and inhibits consequent immune 
activation, preventing autoimmune diseases like AGS and 
systematic lupus erythema (SLE) [33–35]. Recent studies 
confirmed that the LLPS between cGAS and DNA also sup-
presses immune inhibitor BAF, TREX1 and restricts self-
DNA degradation [36].

The activation of cGAS results in an increase in cGAMP 
which is a secondary messenger in innate immune responses 
[31, 37]. cGAMP activates STING which then recruits 
TBK1 and leads to the oligomerization and translocation of 
interferon (IFN) regulatory factor 3 (IRF3) [32]. The trans-
location of IRF3 promotes type-I IFN production along 
with other inflammatory cytokines thereby triggers innate 
immune signaling [30]. This process is also known as IFN 
gene–dependent IFN stimulatory DNA (ISD) pathway [38]. 
The study by Qin et al. disclose that IRF3, IFN-stimulated 
response element (ISRE) DNA, and compartmentalized 
IRF7 together undergo LLPS in which deacetylation by 
sirtuin (Sirt)1 is identified as an essential step [39]. The 
liquid droplet formed by IRF3 and ISRE DNA facilitates 
type-I IFN production and IFN-stimulated genes. Senescent 
cells and aged mice with Sirt1 deficiency showed hypera-
cetylation at their DBDs accompanied by diminished innate 
immune response, which can be rescued by Sirt1 agonist 
[40].

Latest research has revealed a negative role of LLPS 
in this pathway. In the milieu of translocated STING acti-
vated by cGAMP, the remaining STING resident in the 
endoplasmic reticulum undergoes LLPS condensation and 
forms a spherical biocondensate with puzzle-like structures, 
termed “STING-TBK1-cGAMP sponge.” This sponge pre-
vents STING and TBK1 from overreaction and suppresses 
immune responses [41]. Besides signal transduction, cGAS 
is also capable of identifying pathogen-associated molecular 
pattern (PAMP) in which phase separation helps aggregate 
exogenous pathogens [42].

Interestingly, a recent study revealed that phase separation 
could be an evolutionarily conserved way of viral immune 

evasion. Viral tegument proteins like UL37 from herpes sim-
plex virus (HSV) [43], VP22 from HSV1 [44], and pUL83 
from human cytomegalovirus [45] were identified as cGAS 
antagonists that are responsible for viral immune resistance 
in an unknown way. Kaposi sarcoma-associated herpesvi-
rus (KSHV) inhibitor of cGAS (KicGAS) or ORF52 forms 
liquid droplets upon DNA binding [46]. The oligomeriza-
tion of KicGAS not only inhibits phase separation between 
cGAS and DNA but also impedes cGAS activation. Another 
study by Xu et al. showed that tegument protein ORF52/
VP22 from herpesvirus diffuses into the cGAS-DNA con-
densates. ORF52/VP22 replaces cGAS and phase separates 
with DNA instead [47]. Similarly, another tegument protein 
ORF9 from Varicella-Zoster virus (VZV) is also identified 
as an antagonist of cGAS. The homolog of ORF52/VP22, 
ORF9, is capable of coalescing into a spherical liquid drop-
let displaying LLPS traits [47]. Also, the phase separation 
between cGAS and DNA is abrogated upon ORF9. Another 
study by Herzog et al. utilized confocal microscopy to show 
that ORF9 not only colocalizes with cGAS but also interacts 
and phase separates with cGAS and DNA [47, 48]. It is pos-
sible that phase separation is a common mechanism through 
which viral tegument protein interrupts with cGAS-STING 
signaling.

To conclude, LLPS (1) promotes the interaction between 
cGAS and DNA, (2) activates cGAS through inhibition of 
BAF1 and TREX1, (3) forms the STING Phase-Separator 
to limit overreaction; (4) helps cGAS identify PAMP, and 
(5) enables viral immune evasion. Thus, we conclude that 
phase separation displays pleiotropic effects in cGAS-
STING (Fig. 4).

MAVS‑induced IFN production

Severe acute respiratory syndrome (SARS) coronavirus 2 
(SARS-CoV-2) is an urgent threat to global public health 
worldwide [49]. Coronaviruses possess nucleocapsid pro-
teins (NPs) that interact with the viral RNA genome and 
the M protein to assemble into virion, a complex vital for 
viral replication [50]. Upon immune recognition of the viral 
RNA, adaptor protein mitochondrial antiviral signaling pro-
tein (MAVS) gathers to activate NF-κB and IRF3 that insti-
gates type I IFN pathway [51–53].

SARS-CoV-2 utilizes a highly efficient immune evasion 
mechanism as exemplified by low IFN level in human lung 
tissue ex vivo and the difficulty to detect IFN expression 
in the patients’ serum [54, 55]. The SARS2-NPs encom-
pass intrinsically disordered regions (IDRs) that are prone 
to phase separate. Indeed, Wang and colleagues observed 
that SARS2-NPs coalesce into dynamic droplets but intrigu-
ingly independent of the IDRs [56]. Instead, the dimeriza-
tion domains on their C-terminals drive LLPS, thereby 
blunting MAVS aggregation and proper ubiquitination 
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(Fig. 5). Iseman et al. report that the LLPS of SARS2-NP 
is most efficient at 33 to 37° and reduces as the tempera-
ture decreases [57]. Hampered MAVS aggregation would 
dampen innate antiviral defense and lead to immune evasion 
due to weakened IFN production and related genes. Savas-
tano and colleagues observed that the LLPS of SARS2-NP 
attracts RNA-dependent RNA polymerase complex which 
promotes viral replication [58].

Research has shown that successful induction of IFN, 
especially in the early stage, prevents severe clinical mani-
festations [59]. Given that SARS2-NPs phase separa-
tion plays a crucial role in immunosuppression, targeting 
SARS2-NP phase separation might elevate IFN production 
and improve clinical outcomes with lower morbidity.

NF‑κB signaling pathway

NF-κB signaling pathway is an omnipresent and tightly 
regulated signaling pathway crucial to cell fate and immune 
modulation. Briefly, NF-κB signaling pathway can be initi-
ated either canonically or non-canonically. The canonical 
pathway exerts rapid but transient effects while the non-
canonical pathway exerts slow yet persistent effects [60].

Transcription factors of the NF-κB family include p50, 
p52, p65 (RelA), c-Rel, and RelB, which stay quiescent in 
the cytoplasm due to the restriction of inhibitor of κB (IκB) 
[61]. Inducers of the canonical pathway such as inflamma-
tory cytokines, extrinsic pathogens, and external antigens 
lead to the ubiquitylation or phosphorylation of IκB kinase 
(IKK) subunits that in turn phosphorylate IκB and beget its 

demolition [62]. The proteasomal degradation of IκB lets 
go of NF-κB so NF-κB dimers translocate from the cyto-
plasm into the nucleus where they bind to specific DNA 
sequences and regulate gene expression. The precise sig-
nal amplification of NF-κB signaling pathway modulates 
a great variety of inflammatory mediators, chemokines, 
and cytokines, which fuels up immune cells and activates 
immune responses [61, 63]. Therefore, aberrant induction, 
transmission, or resolution of kinases and adaptors in this 
pathway is disease causative.

Respiratory syncytial virus (RSV) promotes p65 subunit, 
a member of the NF-κB family, to form liquid-like conden-
sate in the vicinity of the nucleus, which abrogates the trans-
location of p65 [64]. This evidence has delineated another 
role of phase separation in viral intrusion. Phase separation 
may be a generalized mechanism utilized by other immune-
antagonistic viruses.

The NF-κB essential modulator (NEMO) is a subunit 
of IKK complex that phosphorylates IκB, which activates 
the NF-κB signaling pathway [65]. Patients bearing NEMO 
mutations show impaired NF-κB signaling and immune dis-
orders [66]. A recent study unveiled that NEMO activates 
NF-κB signaling by LLPS. NEMO binds to K63-linked or 
linear polyubiquitin chains through NEMO ubiquitin-binding 
(NUB) domain and zinc finger [67]. Such multivalent inter-
actions lead to LLPS and form a liquid droplet where IKK 
is activated through phosphorylation by TAK1. The authors 
argue that the contents within the liquid droplet formed by 
NEMO LLPS require further investigation, and it would be 
promising to manipulate NEMO if possible [67].

Fig. 4  Phase separation in cGAS-STING signaling pathway. cGAS 
phase separates with DNA to form a liquid droplet that excludes 
inhibitory mediators like BAF and TREX1 outside. Then, secondary 
messenger 2′3′-cGAMP is produced, and its translocation activates 
STING and TBK1, eventually upregulating type-1 IFN secretion that 
is essential for innate immune responses. Meanwhile, after cGAS 

stimulation, the remaining STING forms a puzzle-like structure that 
avoids excessive activation of STING and TBK1. Tegument protein 
ORF52/VP22 from herpesvirus replaces cGAS and then phase sepa-
rates with DNA to impede 2′3′-cGAMP production, which causes 
viral immune evasion

1431Journal of Molecular Medicine (2022) 100:1427–1440



1 3

NLRP6 inflammasome

Inflammasomes are cytosolic protein complexes regulating 
cytokine secretion and pyroptosis in response to viral intru-
sion [68]. A canonical inflammasome is composed of sensor 
proteins, apoptosis-associated speck-like protein containing 
a CARD (ASC), and effector molecule Caspase 1. Through 
adaptor proteins, sensor proteins recruit and activate caspase 
1 which then proteolytically cleaves and endows bioactiv-
ity to pro-IL-1β and pro-IL-18 [69]. Caspase 1 also cleaves 
gasdermin D (GSDMD) whose N-terminal assembles into 
pores across the cell membrane leading to apoptosis [70]. 
NLR and pyrin domain (PYD)-containing protein (NLRP)6 
inflammasome is responsible for antiviral defense [71], IFN 
production [72], and inhibition of NF-κB signaling pathway 
[73].

A recent study unveiled the phase separation potential of 
NLRP6 inflammasome and hypothesized that phase separation 
acts as the driver in NLRP6 inflammasome activation (Fig. 6). 
Briefly, in response to double stranded (ds)-RNA, NLRP6 
inflammasome phase separates to facilitate the recruitment of 
ASC and caspase 1 [74]. Shen et al. also identified lipoteichoic 
acid (LTA) as a potent initiator of NLRP6 inflammasome 

phase separation [74]. NLRP6 inflammasome might be a 
pattern sensor that interacts with certain structure instead of 
certain molecule. With this in mind, it would be essential to 
unravel the mystery of its ultrastructure and molecular pattern. 
Shen et al. proposed that it is phase separation that confers 
the possibility of diverse cellular effects to NLRP6 inflamma-
some [74]. Indeed, upon interaction with ASC, the dynamic 
phase separated NLRP6 inflammasome solidifies to contrib-
ute to inflammasome maturation. Phase separation presents a 
mechanism utilized by NLRP6 inflammasome that directs to 
pro-/anti-inflammatory consequences, and hopefully, this will 
enable treatment options to be developed.

Phase separation in cancer

Tumorigenesis

Known as “the guardian of the genome,” p53 is a pivotal 
tumor suppressor protein that regulates multiple cellular 
events including cell cycle arrest, genomic stability, apop-
tosis, and senescence [75, 76]. In response to DNA lesion 
recognition, ATM/ATR kinases phosphorylate p53 and its 

Fig. 5  Phase separation in MAVS-induced IFN production and 
NF-κB signaling. The NPs, viral RNA, and M protein assemble into 
virion which leads to MAVS aggregation and downstream transcrip-
tion. The droplet formed by NP phase separation hinders MAVS 
segregation and ubiquitination, and then blocks the transcription. 
RSV promotes the phase separation of p65, which is a member of the 
NF-κB family. Condensated p65 loses the ability to translocate into 

the nucleus as well as the ability to trigger NF-κB signaling. The 
phosphorylation of IκB by IKK complex initiates NF-κB signaling. 
NEMO is a subunit of IKK complex and is capable of phase sepa-
ration. Promoted by its interaction with K63-linked or linear ubiqui-
tin chains, the phase separation of NEMO activates TBK1 and then 
NF-κB signaling. (Created with Biore nder. com)
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repressor MDM2 to stabilize p53 [77]. The activated p53 
attenuates cyclin/CDK signaling pathway and initiates G1/S 
cell cycle arrest to ensure genomic stability. As one of the 
main mediators of DNA damage response and an interactor 
of p53, p53-bindng protein 1 (53BP1) recruits other DNA 
damage repair proteins, drives p53 target gene transcription, 
and dictates the oncogenicity of cells [78, 79]. Research has 
shown that 53BP1 phase separates to form a droplet-like 
DNA damage response compartment in the vicinity of DNA 
breaks (Fig. 7). The phase-separated 53BP1 then serves as 

a scaffold for p53 molecules and p53-activactory molecule 
recruitment, thereby amplifying signals and preserving 
genomic integrity [80]. Disruption of 53BP1 phase sepa-
ration abrogates p53 enrichment and impairs p53 genomic 
stability.

A recent study has unveiled that AHNAK, a G1-enriched 
interactor of 53BP1, binds to the oligomerization domain 
in 53BP1 to curb phase separation [81]. It also dampens 
downstream interaction with p53, whereas depletion of 
AHNAK leads to apoptosis in cancer cells and senescence 
in normal cells [81]. The counterbalance between 53BP1 
and AHNAK prevents excessive cell proliferation and might 
provide mechanistic insight into novel anticancer treatments. 
Recently, it has been substantiated that 53BP1 also preserves 
heterochromatin integrity through partitioning with hetero-
chromatin protein (HP)1α [82]. Therefore, the phase separa-
tion property of 53BP1 might be involved with other biologi-
cal processes meriting further explanation.

cGAS-STING pathway plays a dichotomous role in anti-
tumor immunity [83]. Neurofibromin 2 (NF2) is a tumor 
suppressor upstream of Hippo pathway that controls tis-
sue growth [84]. Although wildtype NF2 promotes DNA 
nucleic acid sensing, missense mutations or deletions in the 
N-terminal FERM domain (NF2m) are causative in numer-
ous cancer types including mesothelioma, melanoma, and 
breast cancer [85].

The tumorigenicity and dysregulated antitumor immu-
nity of NF2m is proposed to the inhibition of cGAS-STING 
pathway. Meng et al. substantiated that activated IRF3 trig-
gers mutant NF2m to sequester into condensates in which 
RACK1-PP2A complex deactivates TBK1 and the down-
stream antitumor immunity [86]. It would be of great poten-
tial to screen out similar signaling structures, for example 
R-Smad, to innovate new therapeutic targets targeting NF2 
phase separation and the cGAS-STING pathway.

Glycogen is the principle storage form of glucose, pri-
marily stored in the liver and muscle cells. Cancer cells 
have shown to alter this well-tuned metabolism so the sur-
rounding microenvironment becomes aggressive and hostile 
[87]. Hippo pathway is a conserved pathway that regulates 

Fig. 6  Phase separation in NLRP6 inflammasome. Encoded by 
NF-κB signaling, NLRP6 protein phase separates with dsDNA while 
LTA acts as a promotor. Then, NLRP6, pro caspase-1, and ASC 
assemble into inflammasomes that confer caspase-1 with bioactivity. 
The active form of caspase-1 proteolytically activates pro-IL-1β and 
GSDMD, leading to inflammation and pyroptosis respectively. (Cre-
ated with Biore nder. com)

Fig. 7  Phase separation in p53-
related tumorigenesis. In the 
vicinity of DNA break, phase-
separated 53BP1 regulates p53 
and its downstream genomic 
stability. 53BP1 also phase 
separates with HP1α and guards 
heterochromatin integrity. (Cre-
ated with Biore nder. com)
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tissue differentiation across all animal species. Phosphoryl-
ated nuclear factor Yes-associated protein (YAP) and tran-
scriptional coactivator with PDZ-binding motif (TAZ) are 
restricted in the cytoplasm and undergo proteasomal deg-
radation. Through dephosphorylation by MST1/2 kinases, 
YAP and TAZ accumulate in the nucleus and modulate gene 
expression through interaction with DNA-binding tran-
scription factors such as transcriptional enhanced associate 
domain (TEAD) [88–90].

Clinically, glycogen accumulation in pre-malignant liver 
tissue is linked to worse clinical prognosis and survival 
rates [91]. A recent study discovered that both in human and 
mice pre-malignant liver cells, the enrichment of glycogen 
is attributed to diminished glucose-6-phosphatase (G6PC) 
which dephosphorylates G6P into free glucose [92]. Glyco-
gen forms dynamic droplets through spontaneous phase sep-
aration in which retained Laforin-MST1/2 complex perturbs 
the interaction between WW45 and MST1/2 [92]. This acti-
vates YAP and concomitant tumor progression. Reversely, 
abrogation of the glycogen phase separation lowers liver 
tumor incidence. Liu et al. believe that glycogen might serve 
as a biomarker in early liver cancer, but there remains much 
to be done regarding the molecular basis [92]. For instance, 
whether accumulated glycogen in cancer tissues that did 
not store glycogen undergoes phase separation as well. The 
aforementioned study targets tumor initiation, but whether 
this principle is applicable during tumor progression needs 
further investigation.

Non-POU domain-containing octamer-binding protein 
(NONO) is a paraspeckle protein that promotes the phase 
separation of TAZ and the following oncogenic gene expres-
sion [93]. Li et al. observed elevated levels of TAZ LLPS and 
NONO in glioblastoma, while depletion of NONO reduces 
TAZ LLPS [93]. Taken together, digging the inverse corre-
lation between phase separation and cancer might provide 
new framework for early detection and treating approaches.

Leukemic transformation

Chromosomal translocation generated by the fusion between 
IDR-containing segment in nucleoporins (NUPs) and chro-
matin/DNA-binding factor is central to the pathology of 
numerous leukemia [94]. NUP98-HOXA9 is a pathological 
transcription factor chimera containing homeodomain IDRs. 
Previously shown, NUP-HOXA9 interacts with mixed line-
age leukemia 1 (MLL1) and the non-specific lethal (NSL) 
histone-modifying complexes to drive hematopoietic malig-
nancies [95]. NUP98-HOXA9 undergoes phase separation 
through IDRs and forms leukemogenic puncta. The NUP98-
HOXA9 condensate promotes the availability of chromatin 
to transcription factor and forms super enhancer–like long 
looping between enhancers and oncogene promoters [96]. 
Chandra et al. discovered that apart from the most studied 

NUP98-HOXA9, NUP98-PRRX1, NUP98-KDM5A, and 
NUP98-LNP1 also phase separate both homotypically and 
heterotopically to drive leukemogenesis [97]. Therefore, this 
mechanism is applicable to a wide range of NUP98 fusion 
oncoproteins (FOs) sharing similar structure.

Anti‑PD‑1 therapy resistance

Anti-PD-1 therapy has received durable effects across 
diverse tumor indications [98]. However, some patients 
showed poor treating efficacy due to IFN-γ-induced immu-
nosuppression [99]. A recent study revealed that IFN-γ pro-
moted YAP phase separation which causes resistance against 
anti-PD-1 therapy [100]. Activated downstream of the hippo 
pathway, YAP and its transcription partner TEAD bind to 
promotors or enhancers that modulate gene transcription 
[101]. YAP harbors IDRs on its N- and C-terminal that are 
essential to phase separation as discussed before. Anti-PD-1 
treatment initiates YAP phase separation by its coiled-coil 
and formed by its C-terminal IDRs [100]. This course is 
modulated by the IFN-γ signaling. YAP condensates par-
tition with TEAD4, histone acetyltransferase EP300, and 
Mediator 1, and together, they serve as target gene transcrip-
tion hubs that promote the transcription of CD155 (Fig. 8) 
[100]. CD155 is a cell adhesion molecule that binds to tigit 
on T cells and promotes tumor metastasis [102]. The over-
expression of CD155 resists anti-PD-1 therapy [103]. Phase 
separation of YAP is targetable due to its essential role in 
anti-PD-1 therapy resistance. But there are still opening 
questions regarding the molecular mechanism of YAP inter-
action. Also, the infrastructure and the dispersion of scaffold 
proteins within the condensate remain unclear.

Phase separation in AGS

Aicardi-Goutières syndrome (AGS) is an autoimmune 
encephalopathy caused by genetic mutations in nucleic acid 
metabolism or sensing in TREX1, RNase H2B, and RNase 
H2C [104, 105]. AGS patients display different clinical 
manifestations including an aberrant rise of type I IFN in 
cerebrospinal fluid and serum, intracranial calcification etc. 
Type I IFN-induced nucleic acid signaling is central to the 
etiopathogenesis of AGS [106].

As an important DNA sensor, cGAS is implicated in 
AGS as well as the downstream cGAS-STING pathway. 
Drug-targeting STING palmitoylation has shown efficacy 
in ameliorating inflammation in AGS mice model [107]. 
GTPase-activating protein SH3 domain-binding protein 1 
(G3BP1) directly binds to cGAS and enlarges its size, which 
facilitates the binding between cGAS and DNA [108]. Epi-
gallocatechin gallate (EGCG) abrogates the interaction 
between G3BP1 and cGAS and terminates the downstream 
synthesis of IFN and inflammation [108]. Drugs targeting 
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cGAS-DNA phase separation might be an effective solution 
for treating AGS and other cGAS-STING pathway–related 
autoimmune diseases although this postulation requires fur-
ther investigation.

Phase separation in neurodegenerative 
diseases

Neurodegenerative diseases are characterized by reduction 
in cognition or motor functions especially among the age-
ing population. Accumulating studies have indicated that 
autoimmune responses are linked with amyotrophic lateral 
sclerosis (ALS), frontotemporal dementia (FTD), and Par-
kinson’s disease (PKD), both epidemiologically and experi-
mentally [109–112]. The essential role of phase separation 
underlying the etiopathogenesis of neurodegenerative dis-
eases has been highlighted by several notable data. This 
change in viewpoint might hold promise for future treatment 
against neurodegenerative diseases.

The reason why neurons are sensitive to deviant phase 
separation is probably that neurons are unable to eliminate 
intracellular protein aggregates through cell division [42]. 
To start with, LLPS of FUS in SGs are associated with ALS 
and FTD. FUS, residing RNA binding proteins (RBPs), 
is usually located in the nucleus. However, in the case of 
patients with ALS and FTD, FUS aggregates in the cyto-
plasm, particularly in ribonucleoprotein and SGs [113, 114]. 
Because of the increased concentration in cytoplasm, FUS 
first undergoes reversible LLPS and then irreversible liq-
uid–solid transition with hnRNP-A1 [113]. Solid aggregates 
of FUS thereafter undermine the neural system.

In most cases, protein separation is driven by low- 
complexity domains (LCDs) [9]. Likewise, in the case of 
FUS, it is motivated by the prion-like LCD on its C-terminal  
[115, 116]. On its N-terminal is the nuclear localization 

signal (NLS) which contains an arginine- and glycine-rich 
(RGG/RG) domain [113]. Arginine on its C-terminal and 
tyrosine on its N-terminal can trigger phase separation 
through multivalent cation-π interactions, thereby forming 
stable hydrogel and intervenes the functions of ribonucleo-
proteins in nerve endings [117].

Phase separation of FUS is modulated by nucleus trans-
portin1 (TNPO1)/Karyopherin-β2 and the methylation sta-
tus of arginine in the RGG/RG domain on its N-terminal 
[113, 117]. TNPO1 translocates FUS into the nucleus to 
prevent excessive accumulation of FUS. Meanwhile, TNPO1 
can interact with the arginine residue in RGG3-PY domain 
on the N-terminal of FUS to produce weak intermolecu-
lar forces that weaken interactions among FUS [113, 114]. 
TNPO1 also functions as a chaperone that suppresses the 
intermolecular force between arginine and other residues, 
which hinders phase separation [113]. Aside from all this, 
TNPO1 directly inhibits the aggregation of FUS in SGs, 
thereby preventing subsequent LLPS and liquid–solid tran-
sition [113]. TNPO1 not only inhibits and reverses aber-
rant aggregation of FUS but also impacts other RBPs like 
TAF15, EWSR1, hnRNPA1, and hnRNPA2 [115].

Normally, arginines in the RGG/RG domain on the 
N-terminal of FUS should be demethylated by protein argi-
nine methyltransferases (PRMTs). As for FUS-related FTD 
patients, their arginines in the RGG/RG domain are mono-
methylated or simply unmethylated [113]. In normal con-
ditions, the demethylated arginines interfere with cation-π  
interactions by affecting hydrogen bonds or hydrophobicity of 
their own, thereby inhibiting the phase separation of FUS and 
its aggregation in SGs [113]. Aberrant methylation of FUS in 
FTD patients promotes phase separation and triggers disease.

The same principle also applies for tau protein in Alzhei-
mer’s disease. At physiological concentration, LLPS of tau is 
catalyzed by the electrostatic force of its N-terminal and the 

Fig. 8  Phase separation in anti-
PD-1 therapy resistance. Anti-
PD-1 therapy leads to IFN-γ-
mediated YAP phase separation. 
YAP condensates partition with 
TEAD4, histone acetyltrans-
ferase EP300, and Mediator 1 
to form a transcriptional hub 
that promotes the production of 
CD155. CD155 binds to tigit on 
T cells which causes immune 
suppression
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hydrophobic force of MTB domain on its C-terminal [116]. 
This process is affected by its phosphorylation status or related 
gene silencing. Similarly, huntingtin protein and α-synuclein 
causes Huntington’s disease and PKD, respectively [118].

Discussion and perspective

Phase separation refers to the process in which biomolecules 
condense and form different liquid droplets thus regulating 
various physiological processes at the protein level. In gen-
eral, phase separation facilitates numerous cellular events 
by aggregating essential proteins. In this review, we intro-
duced the basic knowledge of phase separation and its role in 
the immune system. We emphasized immune signaling and 
related diseases such as cancer, AGS, and neurodegenerative 
diseases. Studies in immune cell signaling have proved that 
phase separation serves as a basic scaffold for understanding 
the assembly and modulation of signaling complexes. But 
phase separation is also a highly efficient immune evasion 
mechanism utilized by viruses. We also concluded the role 
of phase separation in tumorigenesis, leukemogenesis, and 
resistance against anti-PD-1 treatment. Lastly, we connected 
phase separation to AGS and neurogenerative disorders, and 
we believe that this fundamental biological process could be 
a future therapeutic target.

Our understanding of phase separation in immune system 
is still at its infancy. For example, a recent study indicated 
that autoantigen Microrchidia 3 (MORC3) interacts with 
dsDNA to form liquid droplets [119]. Given that MORC3 
is involved in idiopathic inflammatory myopathies and der-
matomyositis sine dermatitis [120, 121], it would be interest-
ing to investigate into cellular activities following MORC3 
phase separation as well as its pathogenicity.

It is of great value to dig further into the ultrastructure 
and functional consequence of unknown proteins with 
the help of databases such as PhaSePro, PhaSepDB, and 
LLPSDB that target LLPS theoretically [122]. Latest dis-
coveries on artificial membraneless organelles and TFs have 
shown that our understanding of phase separation has moved 
on to the next stage where we manipulate LLPS and observe 
the consequences of such modifications [123, 124]. But so 
far, most studies are accomplished through a monocellular 
view that restricts reactants to a narrow range. The limita-
tion of these studies is the neglect of complex, intercellular 
interactions, not to mention the anfractuous immune system. 
We need to move from in vitro to in vivo, from cellular to 
animal models to better elucidate the role of phase separa-
tion in biochemical reactions, which may contribute to drugs 
targeting phase separation.

Abbreviations AGS:  Aicardi-Goutières syndrome; ALS:  Amyo-
trophic lateral sclerosis; ASC: Apoptosis-associated speck-like pro-
tein containing a CARD; RGG/RG:  Arginine- and glycine-rich; 

BCR: B cell antigen receptor; CIN 85: Cbl-interacting protein of 
85 kDa; cGAS: Cyclic GMP-AMP synthase; DAG: Diacylglycerol; 
DBDs: DNA binding domains; Ds: Double stranded; EGCG : Epigal-
locatechin gallate; FRAP: Fluorescence recovery after photobleach-
ing; FTD:  Frontotemporal dementia; FUS:  Fused with sarcoma; 
FOs: Fusion oncoproteins; GSDMD: Gasdermin D; G6PC: Glucose-
6-phosphatase; G3BP1: GTPase-activating protein SH3 domain-binding 
protein 1; HSV: Herpes simplex virus; HP: Heterochromatin protein; 
IRF3: IFN regulatory factor 3; ISD: IFN stimulatory DNA; ISRE: IFN-
stimulated response element; IκB: Inhibitor of κB; IFN: Interferon; 
IRF3: IFN regulatory factor 3; IDRs: Intrinsically disordered regions; 
IKK: IκB kinase; KSHV: Kaposi sarcoma-associated herpesvirus; 
KicGAS: KSHV inhibitor of cGAS; LAT: Linker for the activation 
of T cells; LTA: Lipoteichoic acid; LLPS: Liquid-liquid phase sepa-
ration; LCDs: Low-complexity domains; MORC3: Microrchidia 3; 
MAVS: Mitochondrial antiviral signaling protein; MAPK: Mitogen- 
activated protein kinases; MLL1:  Mixed lineage leukemia 1; 
NUB: NEMO ubiquitin-binding; NF2: Neurofibromin 2; NLRP: NLR 
and pyrin domain (PYD)-containing protein; NONO:  Non-POU 
domain-containing octamer-binding protein; NSL:  Non-specific  
lethal; NF2m:  n-Terminal FERM domain; NF-κB:  Nuclear fac-
tor kappa-beta; NLS: Nuclear localization signal; NPs: Nucleocap-
sid proteins; NUPs: Nucleoporins; TNPO1: Nucleus transportin1;  
53BP1: P53-bindng protein 1; PKD: Parkinson’s disease; PAMP:  
Pathogen-associated molecular pattern; PIP2: Phosphatidylinositol 
4,5-bisphosphate; PLCγ: Phospholipase Cγ; PTMs: Post transcrip-
tional modifications; PRMs: Proline-rich motifs; PRMTs: Protein argi-
nine methyltransferases; PKC: Protein kinase C; Treg: Regulatory T 
cells; RSV: Respiratory syncytial virus; RBPs: RNA binding proteins; 
SARS-CoV-2: SARS coronavirus 2; SARS: Severe acute respiratory 
syndrome; SLP65: SH2 domain-containing leukocyte protein of 65 kDa; 
Sirt: Sirtuin; SUVs: Small unilamellar vesicles; Syk: Spleen tyrosine 
kinase; SH2: Src homology 2; SGs: Stress granules; SLE: Systematic 
lupus erythema; TCR : T cell receptor; NEMO: The NF-κB essential 
modulator; TAZ: Transcriptional coactivator with PDZ-binding motif; 
TEAD: Transcriptional enhanced associate domain; IP3: Trisphos-
phate; VZV: Varicella-Zoster virus; YAP: Yes-associated protein; ZAP-
70: Zeta-associated protein of 70 kDa.

Author contribution NH and HD wrote the manuscript. BS reviewed 
the manuscript. All the authors contributed to the article and approved 
the submitted version.

Funding This work was supported by Innovation and Entrepreneurship 
Training Program for College Students (Grant no. 20221215L).

Data availability Not applicable.

Declarations 

Ethics approval and consent to participate Not applicable.

Consent for publication Not applicable.

Competing interests The authors declare no competing interests.

References

 1. Alberti S, Gladfelter A, Mittag T (2019) Considerations and chal-
lenges in studying liquid-liquid phase separation and biomolecu-
lar condensates. Cell 176:419–434. https:// doi. org/ 10. 1016/j. cell. 
2018. 12. 035

1436 Journal of Molecular Medicine (2022) 100:1427–1440

https://doi.org/10.1016/j.cell.2018.12.035
https://doi.org/10.1016/j.cell.2018.12.035


1 3

 2. Brangwynne CP, Eckmann CR, Courson DS, Rybarska A, Hoege 
C, Gharakhani J, Jülicher F, Hyman AA (2009) Germline P gran-
ules are liquid droplets that localize by controlled dissolution/
condensation. Science 324:1729–1732. https:// doi. org/ 10. 1126/ 
scien ce. 11720 46

 3. Jain S, Wheeler JR, Walters RW, Agrawal A, Barsic A, Parker 
R (2016) ATPase-modulated stress granules contain a diverse 
proteome and substructure. Cell 164:487–498. https:// doi. org/ 
10. 1016/j. cell. 2015. 12. 038

 4. Sun D, Wu R, Zheng J, Li P, Yu L (2018) Polyubiquitin 
chain-induced p62 phase separation drives autophagic cargo 
segregation. Cell Res 28:405–415. https:// doi. org/ 10. 1038/ 
s41422- 018- 0017-7

 5. Zbinden A, Pérez-Berlanga M, De Rossi P, Polymenidou M 
(2020) phase separatioN and neurodegenerative diseases: a 
disturbance in the force. Dev Cell 55:45–68. https:// doi. org/ 10. 
1016/j. devcel. 2020. 09. 014

 6. Xiao Q, McAtee CK, Su X (2022) Phase separation in immune 
signalling. Nat Rev Immunol 22:188–199. https:// doi. org/ 10. 
1038/ s41577- 021- 00572-5

 7. Lin WL, Dickson DW (2008) Ultrastructural localization of 
TDP-43 in filamentous neuronal inclusions in various neurode-
generative diseases. Acta Neuropathol 116:205–213. https:// doi. 
org/ 10. 1007/ s00401- 008- 0408-9

 8. Wang Q, Zhang T, Wu J, Wen J, Tao D, Wan T, Zhu W (2019) 
Prognosis and risk factors of patients with upper urinary tract 
urothelial carcinoma and postoperative recurrence of bladder 
cancer in central China. BMC Urol 19:24. https:// doi. org/ 10. 
1186/ s12894- 019- 0457-5

 9. Boeynaems S, Alberti S, Fawzi NL, Mittag T, Polymenidou M, 
Rousseau F et al (2018) Protein phase separation: a new phase 
in cell biology. Trends Cell Biol 28:420–435. https:// doi. org/ 10. 
1016/j. tcb. 2018. 02. 004

 10. Case LB, Ditlev JA, Rosen MK (2019) Regulation of transmem-
brane signaling by phase separation. Annu Rev Biophys 48:465–
494. https:// doi. org/ 10. 1146/ annur ev- bioph ys- 052118- 115534

 11. Gibson BA, Doolittle LK, Schneider MWG, Jensen LE, Gamarra 
N, Henry L, Gerlich DW, Redding S, Rosen MK (2019) Organiza-
tion of chromatin by intrinsic and regulated phase separation. Cell 
179:470-484.e421. https:// doi. org/ 10. 1016/j. cell. 2019. 08. 037

 12. Wang Y, Zolotarev N, Yang CY, Rambold A, Mittler G, 
Grosschedl R (2020) A prion-like domain in transcription factor 
EBF1 promotes phase separation and enables B cell program-
ming of progenitor chromatin. Immunity 53:1151-1167.e1156. 
https:// doi. org/ 10. 1016/j. immuni. 2020. 10. 009

 13. Yasuda S, Tsuchiya H, Kaiho A, Guo Q, Ikeuchi K, Endo A et al 
(2020) Stress- and ubiquitylation-dependent phase separation of 
the proteasome. Nature 578:296–300. https:// doi. org/ 10. 1038/ 
s41586- 020- 1982-9

 14. Su X, Ditlev JA, Hui E, Xing W, Banjade S, Okrut J et al (2016) 
Phase separation of signaling molecules promotes T cell recep-
tor signal transduction. Science 352:595–599. https:// doi. org/ 10. 
1126/ scien ce. aad99 64

 15. Palacios EH, Weiss A (2004) Function of the Src-family kinases, 
Lck and Fyn, in T-cell development and activation. Oncogene 
23:7990–8000. https:// doi. org/ 10. 1038/ sj. onc. 12080 74

 16. Zhang W, Sloan-Lancaster J, Kitchen J, Trible RP, Samelson LE 
(1998) LAT: the ZAP-70 tyrosine kinase substrate that links T 
cell receptor to cellular activation. Cell 92:83–92. https:// doi. org/ 
10. 1016/ s0092- 8674(00) 80901-0

 17. Zhang W, Trible RP, Zhu M, Liu SK, McGlade CJ, Samelson LE 
(2000) Association of Grb2, Gads, and phospholipase C-gamma 
1 with phosphorylated LAT tyrosine residues. Effect of LAT 
tyrosine mutations on T cell angigen receptor-mediated signal-
ing. J Biol Chem 275:23355–23361. https:// doi. org/ 10. 1074/ jbc. 
M0004 04200

 18. Abraham RT, Weiss A (2004) Jurkat T cells and development 
of the T-cell receptor signalling paradigm. Nat Rev Immunol 
4:301–308. https:// doi. org/ 10. 1038/ nri13 30

 19. Lo WL, Weiss A (2021) Adapting T cell receptor ligand discrimi-
nation capability via LAT. Front Immunol 12:673196. https:// doi. 
org/ 10. 3389/ fimmu. 2021. 673196

 20. Kadamur G, Ross EM (2013) Mammalian phospholipase C. Annu 
Rev Physiol 75:127–154. https:// doi. org/ 10. 1146/ annur ev- physi ol- 
 030212- 183750

 21. Zeng L, Palaia I, Šarić A, Su X  (2021) PLCγ1 promotes 
phase separation of T cell signaling components. J Cell Biol 
220. https:// doi. org/ 10. 1083/ jcb. 20200 9154

 22. Takeuchi Y, Hirota K, Sakaguchi S (2020) Impaired T cell recep-
tor signaling and development of T cell-mediated autoimmune 
arthritis. Immunol Rev 294:164–176. https:// doi. org/ 10. 1111/ 
imr. 12841

 23. Levine AG, Arvey A, Jin W, Rudensky AY (2014) Continuous 
requirement for the TCR in regulatory T cell function. Nat Immu-
nol 15:1070–1078. https:// doi. org/ 10. 1038/ ni. 3004

 24. Koretzky GA, Abtahian F, Silverman MA (2006) SLP76 and SLP65: 
complex regulation of signalling in lymphocytes and beyond. Nat 
Rev Immunol 6:67–78. https:// doi. org/ 10. 1038/ nri17 50

 25. Oellerich T, Bremes V, Neumann K, Bohnenberger H, Dittmann 
K, Hsiao HH et al (2011) The B-cell antigen receptor signals 
through a preformed transducer module of SLP65 and CIN85. 
Embo J 30:3620–3634. https:// doi. org/ 10. 1038/ emboj. 2011. 251

 26. Baba Y, Kurosaki T (2011) Impact of Ca2+ signaling on B cell 
function. Trends Immunol 32:589–594. https:// doi. org/ 10. 1016/j. 
it. 2011. 09. 004

 27. Engelke M, Pirkuliyeva S, Kühn J, Wong L, Boyken J, Herrmann 
N, Becker S, Griesinger C, Wienands J (2014) Macromolecular 
assembly of the adaptor SLP-65 at intracellular vesicles in resting 
B cells. Sci Signal 7:ra79. https:// doi. org/ 10. 1126/ scitr anslm ed. 
20051 04

 28. Kühn J, Wong LE, Pirkuliyeva S, Schulz K, Schwiegk C, Fünfgeld 
KG et al (2016) The adaptor protein CIN85 assembles intracel-
lular signaling clusters for B cell activation. Sci Signal 9:ra66. 
https:// doi. org/ 10. 1126/ scisi gnal. aad62 75

 29. Wong LE, Bhatt A, Erdmann PS, Hou Z, Maier J, Pirkuliyeva 
S et al (2020) Tripartite phase separation of two signal effec-
tors with vesicles priming B cell responsiveness. Nat Commun 
11:848. https:// doi. org/ 10. 1038/ s41467- 020- 14544-1

 30. Sun L, Wu J, Du F, Chen X, Chen ZJ (2013) Cyclic GMP-AMP 
synthase is a cytosolic DNA sensor that activates the type I inter-
feron pathway. Science 339:786–791. https:// doi. org/ 10. 1126/ 
scien ce. 12324 58

 31. Du M, Chen ZJ (2018) DNA-induced liquid phase condensation 
of cGAS activates innate immune signaling. Science 361:704–
709. https:// doi. org/ 10. 1126/ scien ce. aat10 22

 32. Xia S, Chen Z, Shen C, Fu TM (2021) Higher-order assemblies in 
immune signaling: supramolecular complexes and phase separa-
tion. Protein Cell. https:// doi. org/ 10. 1007/ s13238- 021- 00839-6

 33. Gray EE, Treuting PM, Woodward JJ, Stetson DB (2015) Cut-
ting edge: cGAS is required for lethal autoimmune disease in the 
Trex1-deficient mouse model of Aicardi-Goutières syndrome. 
J Immunol 195:1939–1943. https:// doi. org/ 10. 4049/ jimmu nol. 
15009 69

 34. Xiao N, Wei J, Xu S, Du H, Huang M, Zhang S, Ye W, Sun 
L, Chen Q (2019) cGAS activation causes lupus-like autoim-
mune disorders in a TREX1 mutant mouse model. J Autoimmun 
100:84–94. https:// doi. org/ 10. 1016/j. jaut. 2019. 03. 001

 35. Mohr L, Toufektchan E, von Morgen P, Chu K, Kapoor A, 
Maciejowski J (2021) ER-directed TREX1 limits cGAS activa-
tion at micronuclei. Mol Cell 81:724-738.e729. https:// doi. org/ 
10. 1016/j. molcel. 2020. 12. 037

1437Journal of Molecular Medicine (2022) 100:1427–1440

https://doi.org/10.1126/science.1172046
https://doi.org/10.1126/science.1172046
https://doi.org/10.1016/j.cell.2015.12.038
https://doi.org/10.1016/j.cell.2015.12.038
https://doi.org/10.1038/s41422-018-0017-7
https://doi.org/10.1038/s41422-018-0017-7
https://doi.org/10.1016/j.devcel.2020.09.014
https://doi.org/10.1016/j.devcel.2020.09.014
https://doi.org/10.1038/s41577-021-00572-5
https://doi.org/10.1038/s41577-021-00572-5
https://doi.org/10.1007/s00401-008-0408-9
https://doi.org/10.1007/s00401-008-0408-9
https://doi.org/10.1186/s12894-019-0457-5
https://doi.org/10.1186/s12894-019-0457-5
https://doi.org/10.1016/j.tcb.2018.02.004
https://doi.org/10.1016/j.tcb.2018.02.004
https://doi.org/10.1146/annurev-biophys-052118-115534
https://doi.org/10.1016/j.cell.2019.08.037
https://doi.org/10.1016/j.immuni.2020.10.009
https://doi.org/10.1038/s41586-020-1982-9
https://doi.org/10.1038/s41586-020-1982-9
https://doi.org/10.1126/science.aad9964
https://doi.org/10.1126/science.aad9964
https://doi.org/10.1038/sj.onc.1208074
https://doi.org/10.1016/s0092-8674(00)80901-0
https://doi.org/10.1016/s0092-8674(00)80901-0
https://doi.org/10.1074/jbc.M000404200
https://doi.org/10.1074/jbc.M000404200
https://doi.org/10.1038/nri1330
https://doi.org/10.3389/fimmu.2021.673196
https://doi.org/10.3389/fimmu.2021.673196
https://doi.org/10.1146/annurev-physiol-030212-183750
https://doi.org/10.1146/annurev-physiol-030212-183750
https://doi.org/10.1083/jcb.202009154
https://doi.org/10.1111/imr.12841
https://doi.org/10.1111/imr.12841
https://doi.org/10.1038/ni.3004
https://doi.org/10.1038/nri1750
https://doi.org/10.1038/emboj.2011.251
https://doi.org/10.1016/j.it.2011.09.004
https://doi.org/10.1016/j.it.2011.09.004
https://doi.org/10.1126/scitranslmed.2005104
https://doi.org/10.1126/scitranslmed.2005104
https://doi.org/10.1126/scisignal.aad6275
https://doi.org/10.1038/s41467-020-14544-1
https://doi.org/10.1126/science.1232458
https://doi.org/10.1126/science.1232458
https://doi.org/10.1126/science.aat1022
https://doi.org/10.1007/s13238-021-00839-6
https://doi.org/10.4049/jimmunol.1500969
https://doi.org/10.4049/jimmunol.1500969
https://doi.org/10.1016/j.jaut.2019.03.001
https://doi.org/10.1016/j.molcel.2020.12.037
https://doi.org/10.1016/j.molcel.2020.12.037


1 3

 36. Zhou W, Mohr L, Maciejowski J, Kranzusch PJ (2021) cGAS 
phase separation inhibits TREX1-mediated DNA degradation 
and enhances cytosolic DNA sensing. Mol Cell 81:739-755.e737. 
https:// doi. org/ 10. 1016/j. molcel. 2021. 01. 024

 37. Kato K, Omura H, Ishitani R, Nureki O (2017) Cyclic GMP-
AMP as an endogenous second messenger in innate immune 
signaling by cytosolic DNA. Annu Rev Biochem 86:541–566. 
https:// doi. org/ 10. 1146/ annur ev- bioch em- 061516- 044813

 38. Ablasser A, Goldeck M, Cavlar T, Deimling T, Witte G, Röhl 
I, Hopfner KP, Ludwig J, Hornung V (2013) cGAS produces 
a 2’-5’-linked cyclic dinucleotide second messenger that acti-
vates STING. Nature 498:380–384. https:// doi. org/ 10. 1038/ 
natur e12306

 39. Qin Z, Fang X, Sun W, Ma Z, Dai T, Wang S et al (2022) Deac-
tylation by SIRT1 enables liquid-liquid phase separation of IRF3/
IRF7 in innate antiviral immunity. Nat Immunol. https:// doi. org/ 
10. 1038/ s41590- 022- 01269-0

 40. Zhou F, Zhang L (2022) IRF3 and IRF7 require SIRT1 for liquid-
liquid phase separation and transactivation of INF-I. Nat Immu-
nol 1–2. https:// doi. org/ 10. 1038/ s41590- 022- 01270-7

 41. Yu X, Zhang L, Shen J, Zhai Y, Jiang Q, Yi M et al (2021) 
The STING phase-separator suppresses innate immune sig-
nalling. Nat Cell Biol 23:330–340. https:// doi. org/ 10. 1038/ 
s41556- 021- 00659-0

 42. Alberti S, Dormann D (2019) Liquid-liquid phase separation in 
disease. Annu Rev Genet 53:171–194. https:// doi. org/ 10. 1146/ 
annur ev- genet- 112618- 043527

 43. Zhang J, Zhao J, Xu S, Li J, He S, Zeng Y et al (2018) Species-
specific deamidation of cGAS by herpes simplex virus UL37 
protein facilitates viral replication. Cell Host Microbe 24:234-
248.e235. https:// doi. org/ 10. 1016/j. chom. 2018. 07. 004

 44. Huang J, You H, Su C, Li Y, Chen S, Zheng C (2018) Herpes 
simplex virus 1 tegument protein VP22 abrogates cGAS/STING-
mediated antiviral innate immunity. J Virol 92. https:// doi. org/ 
10. 1128/ jvi. 00841- 18

 45. Biolatti M, Dell'Oste V, Pautasso S, Gugliesi F, von Einem J, 
Krapp C et al (2018) Human cytomegalovirus tegument protein 
pp65 (pUL83) dampens type I interferon production by inacti-
vating the DNA sensor cGAS without affecting STING. J Virol 
92. https:// doi. org/ 10. 1128/ jvi. 01774- 17

 46. Bhowmik D, Du M, Tian Y, Ma S, Wu J, Chen Z, Yin Q, Zhu F 
(2021) Cooperative DNA binding mediated by KicGAS/ORF52 
oligomerization allows inhibition of DNA-induced phase separa-
tion and activation of cGAS. Nucleic Acids Res 49:9389–9403. 
https:// doi. org/ 10. 1093/ nar/ gkab6 89

 47. Xu G, Liu C, Zhou S, Li Q, Feng Y, Sun P et al (2021) Viral 
tegument proteins restrict cGAS-DNA phase separation to medi-
ate immune evasion. Mol Cell. https:// doi. org/ 10. 1016/j. molcel. 
2021. 05. 002

 48. Hertzog J, Zhou W, Fowler G, Rigby RE, Bridgeman A, Blest 
HT et al (2022) Varicella-Zoster virus ORF9 is an antagonist of 
the DNA sensor cGAS. Embo J 41:e109217. https:// doi. org/ 10. 
15252/ embj. 20211 09217

 49. Huang C, Wang Y, Li X, Ren L, Zhao J, Hu Y et al (2020) Clini-
cal features of patients infected with 2019 novel coronavirus in 
Wuhan, China. Lancet 395:497–506. https:// doi. org/ 10. 1016/ 
s0140- 6736(20) 30183-5

 50. Hurst KR, Ye R, Goebel SJ, Jayaraman P, Masters PS (2010) An 
interaction between the nucleocapsid protein and a component of 
the replicase-transcriptase complex is crucial for the infectivity 
of coronavirus genomic RNA. J Virol 84:10276–10288. https:// 
doi. org/ 10. 1128/ jvi. 01287- 10

 51. Seth RB, Sun L, Ea CK, Chen ZJ (2005) Identification and char-
acterization of MAVS, a mitochondrial antiviral signaling protein 
that activates NF-kappaB and IRF 3. Cell 122:669–682. https:// 
doi. org/ 10. 1016/j. cell. 2005. 08. 012

 52. Liu S, Cai X, Wu J, Cong Q, Chen X, Li T et al (2015) Phospho-
rylation of innate immune adaptor proteins MAVS, STING, and 
TRIF induces IRF3 activation. Science 347:aaa2630. https:// doi. 
org/ 10. 1126/ scien ce. aaa26 30

 53. Sharma A, Kontodimas K, Bosmann M (2021) The MAVS 
immune recognition pathway in viral infection and sepsis. Anti-
oxid Redox Signal 35:1376–1392. https:// doi. org/ 10. 1089/ ars. 
2021. 0167

 54. Hadjadj J, Yatim N, Barnabei L, Corneau A, Boussier J, Smith N 
et al (2020) Impaired type I interferon activity and inflammatory 
responses in severe COVID-19 patients. Science 369:718–724. 
https:// doi. org/ 10. 1126/ scien ce. abc60 27

 55. O’Brien TR, Thomas DL, Jackson SS, Prokunina-Olsson L, 
Donnelly RP, Hartmann R (2020) Weak induction of interferon 
expression by severe acute respiratory syndrome coronavirus 2 
supports clinical trials of interferon-λ to treat early coronavirus 
disease 2019. Clin Infect Dis 71:1410–1412. https:// doi. org/ 10. 
1093/ cid/ ciaa4 53

 56. Wang S, Dai T, Qin Z, Pan T, Chu F, Lou L et al (2021) Target-
ing liquid-liquid phase separation of SARS-CoV-2 nucleocapsid 
protein promotes innate antiviral immunity by elevating MAVS 
activity. Nat Cell Biol 23:718–732. https:// doi. org/ 10. 1038/ 
s41556- 021- 00710-0

 57. Iserman C, Roden CA, Boerneke MA, Sealfon RSG, McLaughlin 
GA, Jungreis I et al (2020) Genomic RNA elements drive phase 
separation of the SARS-CoV-2 nucleocapsid. Mol Cell 80:1078-
1091.e1076. https:// doi. org/ 10. 1016/j. molcel. 2020. 11. 041

 58. Savastano A, Ibáñez de Opakua A, Rankovic M, Zweckstetter 
M (2020) Nucleocapsid protein of SARS-CoV-2 phase separates 
into RNA-rich polymerase-containing condensates. Nat Commun 
11:6041. https:// doi. org/ 10. 1038/ s41467- 020- 19843-1

 59. Lopez L, Sang PC, Tian Y, Sang Y (2020) Dysregulated inter-
feron response underlying severE COVID-19. Viruses 12. https:// 
doi. org/ 10. 3390/ v1212 1433

 60. Sun SC (2017) The non-canonical NF-κB pathway in immunity 
and inflammation. Nat Rev Immunol 17:545–558. https:// doi. 
 org/ 10. 1038/ nri. 2017. 52

 61. Hayden MS, Ghosh S (2008) Shared principles in NF-kappaB 
signaling. Cell 132:344–362. https:// doi. org/ 10. 1016/j. cell. 2008. 
01. 020

 62. Zhang Q, Lenardo MJ, Baltimore D (2017) 30 Years of NF-κB: a 
blossoming of relevance to human pathobiology. Cell 168:37–57. 
https:// doi. org/ 10. 1016/j. cell. 2016. 12. 012

 63. Hayden MS, Ghosh S (2012) NF-κB, the first quarter-century: 
remarkable progress and outstanding questions. Genes Dev 
26:203–234. https:// doi. org/ 10. 1101/ gad. 183434. 111

 64. Jobe F, Simpson J, Hawes P, Guzman E, Bailey D (2020) Res-
piratory syncytial virus sequesters NF-κB subunit p65 to cyto-
plasmic inclusion bodies to inhibit innate immune signaling. J 
Virol 94. https:// doi. org/ 10. 1128/ jvi. 01380- 20

 65. Maubach G, Schmädicke AC, Naumann M (2017) NEMO links 
nuclear factoR-κB to human diseases. Trends Mol Med 23:1138–
1155. https:// doi. org/ 10. 1016/j. molmed. 2017. 10. 004

 66. Stenson PD, Mort M, Ball EV, Shaw K, Phillips A, Cooper DN 
(2014) The Human Gene Mutation Database: building a com-
prehensive mutation repository for clinical and molecular genet-
ics, diagnostic testing and personalized genomic medicine. Hum 
Genet 133:1–9. https:// doi. org/ 10. 1007/ s00439- 013- 1358-4

 67. Du M, Ea CK, Fang Y, Chen ZJ (2022) Liquid phase separation of 
NEMO induced by polyubiquitin chains activates NF-κB. Mol Cell 
82:2415-2426.e2415. https:// doi. org/ 10. 1016/j. molcel. 2022. 03. 037

 68. Broz P, Dixit VM (2016) Inflammasomes: mechanism of assem-
bly, regulation and signalling. Nat Rev Immunol 16:407–420. 
https:// doi. org/ 10. 1038/ nri. 2016. 58

 69. Agostini L, Martinon F, Burns K, McDermott MF, Hawkins 
PN, Tschopp J (2004) NALP3 forms an IL-1beta-processing 

1438 Journal of Molecular Medicine (2022) 100:1427–1440

https://doi.org/10.1016/j.molcel.2021.01.024
https://doi.org/10.1146/annurev-biochem-061516-044813
https://doi.org/10.1038/nature12306
https://doi.org/10.1038/nature12306
https://doi.org/10.1038/s41590-022-01269-0
https://doi.org/10.1038/s41590-022-01269-0
https://doi.org/10.1038/s41590-022-01270-7
https://doi.org/10.1038/s41556-021-00659-0
https://doi.org/10.1038/s41556-021-00659-0
https://doi.org/10.1146/annurev-genet-112618-043527
https://doi.org/10.1146/annurev-genet-112618-043527
https://doi.org/10.1016/j.chom.2018.07.004
https://doi.org/10.1128/jvi.00841-18
https://doi.org/10.1128/jvi.00841-18
https://doi.org/10.1128/jvi.01774-17
https://doi.org/10.1093/nar/gkab689
https://doi.org/10.1016/j.molcel.2021.05.002
https://doi.org/10.1016/j.molcel.2021.05.002
https://doi.org/10.15252/embj.2021109217
https://doi.org/10.15252/embj.2021109217
https://doi.org/10.1016/s0140-6736(20)30183-5
https://doi.org/10.1016/s0140-6736(20)30183-5
https://doi.org/10.1128/jvi.01287-10
https://doi.org/10.1128/jvi.01287-10
https://doi.org/10.1016/j.cell.2005.08.012
https://doi.org/10.1016/j.cell.2005.08.012
https://doi.org/10.1126/science.aaa2630
https://doi.org/10.1126/science.aaa2630
https://doi.org/10.1089/ars.2021.0167
https://doi.org/10.1089/ars.2021.0167
https://doi.org/10.1126/science.abc6027
https://doi.org/10.1093/cid/ciaa453
https://doi.org/10.1093/cid/ciaa453
https://doi.org/10.1038/s41556-021-00710-0
https://doi.org/10.1038/s41556-021-00710-0
https://doi.org/10.1016/j.molcel.2020.11.041
https://doi.org/10.1038/s41467-020-19843-1
https://doi.org/10.3390/v12121433
https://doi.org/10.3390/v12121433
https://doi.org/10.1038/nri.2017.52
https://doi.org/10.1038/nri.2017.52
https://doi.org/10.1016/j.cell.2008.01.020
https://doi.org/10.1016/j.cell.2008.01.020
https://doi.org/10.1016/j.cell.2016.12.012
https://doi.org/10.1101/gad.183434.111
https://doi.org/10.1128/jvi.01380-20
https://doi.org/10.1016/j.molmed.2017.10.004
https://doi.org/10.1007/s00439-013-1358-4
https://doi.org/10.1016/j.molcel.2022.03.037
https://doi.org/10.1038/nri.2016.58


1 3

inflammasome with increased activity in Muckle-Wells autoin-
flammatory disorder. Immunity 20:319–325. https:// doi. org/ 10. 
1016/ s1074- 7613(04) 00046-9

 70. He WT, Wan H, Hu L, Chen P, Wang X, Huang Z, Yang ZH, 
Zhong CQ, Han J (2015) Gasdermin D is an executor of pyrop-
tosis and required for interleukin-1β secretion. Cell Res 25:1285–
1298. https:// doi. org/ 10. 1038/ cr. 2015. 139

 71. Anand PK, Malireddi RK, Lukens JR, Vogel P, Bertin J, Lamkanfi 
M, Kanneganti TD (2012) NLRP6 negatively regulates innate 
immunity and host defence against bacterial pathogens. Nature 
488:389–393. https:// doi. org/ 10. 1038/ natur e11250

 72. Levy M, Shapiro H, Thaiss CA, Elinav E (2017) NLRP6: a mul-
tifaceted innate immune sensor. Trends Immunol 38:248–260. 
https:// doi. org/ 10. 1016/j. it. 2017. 01. 001

 73. Grenier JM, Wang L, Manji GA, Huang WJ, Al-Garawi A, Kelly 
R et al (2002) Functional screening of five PYPAF family mem-
bers identifies PYPAF5 as a novel regulator of NF-kappaB and 
caspase-1. FEBS Lett 530:73–78. https:// doi. org/ 10. 1016/ s0014- 
5793(02) 03416-6

 74. Shen C, Li R, Negro R, Cheng J, Vora SM, Fu TM et al (2021) 
Phase separation drives RNA virus-induced activation of the 
NLRP6 inflammasome. Cell 184:5759-5774.e5720. https:// doi. 
org/ 10. 1016/j. cell. 2021. 09. 032

 75. Levine AJ (1997) p53, the cellular gatekeeper for growth and division. 
Cell 88:323–331. https:// doi. org/ 10. 1016/ s0092- 8674(00) 81871-1

 76. Wu D, Prives C (2018) Relevance of the p53-MDM2 axis to 
aging. Cell Death Differ 25:169–179. https:// doi. org/ 10. 1038/ 
cdd. 2017. 187

 77. Wade M, Wang YV, Wahl GM (2010) The p53 orchestra: Mdm2 
and Mdmx set the tone. Trends Cell Biol 20:299–309. https:// doi. 
org/ 10. 1016/j. tcb. 2010. 01. 009

 78. Iwabuchi K, Bartel PL, Li B, Marraccino R, Fields S (1994) Two 
cellular proteins that bind to wild-type but not mutant p53. Proc 
Natl Acad Sci U S A 91:6098–6102. https:// doi. org/ 10. 1073/ 
pnas. 91. 13. 6098

 79. Cuella-Martin R, Oliveira C, Lockstone HE, Snellenberg S, 
Grolmusova N, Chapman JR (2016) 53BP1 integrates DNA 
repair and p53-dependent cell fate decisions via distinct mech-
anisms. Mol Cell 64:51–64. https:// doi. org/ 10. 1016/j. molcel. 
2016. 08. 002

 80. Kilic S, Lezaja A, Gatti M, Bianco E, Michelena J, Imhof R, 
Altmeyer M (2019) Phase separation of 53BP1 determines liquid-
like behavior of DNA repair compartments. Embo J 38:e101379. 
https:// doi. org/ 10. 15252/ embj. 20181 01379

 81. Ghodke I, Remisova M, Furst A, Kilic S, Reina-San-Martin B, 
Poetsch AR, Altmeyer M, Soutoglou E (2021) AHNAK controls 
53BP1-mediated p53 response by restraining 53BP1 oligomeri-
zation and phase separation. Mol Cell 81:2596-2610.e2597. 
https:// doi. org/ 10. 1016/j. molcel. 2021. 04. 010

 82. Zhang L, Geng X, Wang F, Tang J, Ichida Y, Sharma A et al 
(2022) 53BP1 regulates heterochromatin through liquid phase 
separation. Nat Commun 13:360. https:// doi. org/ 10. 1038/ 
s41467- 022- 28019-y

 83. Gan Y, Li X, Han S, Liang Q, Ma X, Rong P, Wang W, Li W (2021) 
The cGAS/STING pathway: a novel target for cancer therapy. Front 
Immunol 12:795401. https:// doi. org/ 10. 3389/ fimmu. 2021. 795401

 84. Harvey KF, Zhang X, Thomas DM (2013) The Hippo pathway 
and human cancer. Nat Rev Cancer 13:246–257. https:// doi. org/ 
10. 1038/ nrc34 58

 85. Petrilli AM, Fernández-Valle C (2016) Role of Merlin/NF2 inac-
tivation in tumor biology. Oncogene 35:537–548. https:// doi. org/ 
10. 1038/ onc. 2015. 125

 86. Meng F, Yu Z, Zhang D, Chen S, Guan H, Zhou R et al (2021) 
Induced phase separation of mutant NF2 imprisons the cGAS-
STING machinery to abrogate antitumor immunity. Mol Cell. 
https:// doi. org/ 10. 1016/j. molcel. 2021. 07. 040

 87. Dauer P, Lengyel E (2019) New roles for glycogen in tumor 
progression. Trends Cancer 5:396–399. https:// doi. org/ 10. 1016/j. 
trecan. 2019. 05. 003

 88. Chan EH, Nousiainen M, Chalamalasetty RB, Schäfer A, Nigg 
EA, Silljé HH (2005) The Ste20-like kinase Mst2 activates the 
human large tumor suppressor kinase Lats1. Oncogene 24:2076–
2086. https:// doi. org/ 10. 1038/ sj. onc. 12084 45

 89. Zhao B, Wei X, Li W, Udan RS, Yang Q, Kim J et al (2007) Inac-
tivation of YAP oncoprotein by the Hippo pathway is involved 
in cell contact inhibition and tissue growth control. Genes Dev 
21:2747–2761. https:// doi. org/ 10. 1101/ gad. 16029 07

 90. Praskova M, Xia F, Avruch J (2008) MOBKL1A/MOBKL1B 
phosphorylation by MST1 and MST2 inhibits cell proliferation. 
Curr Biol 18:311–321. https:// doi. org/ 10. 1016/j. cub. 2008. 02. 006

 91. Hindson J (2021) Glycogen phase separation and liver cancer. 
Nat Rev Gastroenterol Hepatol 18:831. https:// doi. org/ 10. 1038/ 
s41575- 021- 00548-9

 92. Liu Q, Li J, Zhang W, Xiao C, Zhang S, Nian C et al (2021) 
Glycogen accumulation and phase separation drives liver tumor 
initiation. Cell 184:5559-5576.e5519. https:// doi. org/ 10. 1016/j. 
cell. 2021. 10. 001

 93. Wei Y, Luo H, Yee PP, Zhang L, Liu Z, Zheng H et al (2021) Par-
aspeckle protein NONO promotes TAZ phase separation in the 
nucleus to drive the oncogenic transcriptional program. Adv Sci 
(Weinh) 8:e2102653. https:// doi. org/ 10. 1002/ advs. 20210 2653

 94. Wang GG, Song J, Wang Z, Dormann HL, Casadio F, Li H, 
Luo JL, Patel DJ, Allis CD (2009) Haematopoietic malignan-
cies caused by dysregulation of a chromatin-binding PHD finger. 
Nature 459:847–851. https:// doi. org/ 10. 1038/ natur e08036

 95. Xu H, Valerio DG, Eisold ME, Sinha A, Koche RP, Hu W et al 
(2016) NUP98 fusion proteins interact with the NSL and MLL1 
complexes to drive leukemogenesis. Cancer Cell 30:863–878. 
https:// doi. org/ 10. 1016/j. ccell. 2016. 10. 019

 96. Ahn JH, Davis ES, Daugird TA, Zhao S, Quiroga IY, Uryu H 
et al (2021) Phase separation drives aberrant chromatin looping 
and cancer development. Nature 595:591–595. https:// doi. org/ 
10. 1038/ s41586- 021- 03662-5

 97. Chandra B, Michmerhuizen NL, Shirnekhi HK, Tripathi S, Pioso 
BJ, Baggett DW et al (2022) Phase separation mediates NUP98 
fusion oncoprotein leukemic transformation. Cancer Discov 
12:1152–1169. https:// doi. org/ 10. 1158/ 2159- 8290. Cd- 21- 0674

 98. Chen L, Han X (2015) Anti-PD-1/PD-L1 therapy of human 
cancer: past, present, and future. J Clin Invest 125:3384–3391. 
https:// doi. org/ 10. 1172/ jci80 011

 99. Chen G, Huang AC, Zhang W, Zhang G, Wu M, Xu W et al 
(2018) Exosomal PD-L1 contributes to immunosuppression and 
is associated with anti-PD-1 response. Nature 560:382–386. 
https:// doi. org/ 10. 1038/ s41586- 018- 0392-8

 100. Yu M, Peng Z, Qin M, Liu Y, Wang J, Zhang C et al (2021) 
Interferon-γ induces tumor resistance to anti-PD-1 immuno-
therapy by promoting YAP phase separation. Mol Cell 81:1216-
1230.e1219. https:// doi. org/ 10. 1016/j. molcel. 2021. 01. 010

 101. Mo JS, Meng Z, Kim YC, Park HW, Hansen CG, Kim S, Lim 
DS, Guan KL (2015) Cellular energy stress induces AMPK-
mediated regulation of YAP and the Hippo pathway. Nat Cell 
Biol 17:500–510. https:// doi. org/ 10. 1038/ ncb31 11

 102. Freed-Pastor WA, Lambert LJ, Ely ZA, Pattada NB, Bhutkar A, 
Eng G et al (2021) The CD155/TIGIT axis promotes and main-
tains immune evasion in neoantigen-expressing pancreatic can-
cer. Cancer Cell 39:1342-1360.e1314. https:// doi. org/ 10. 1016/j. 
ccell. 2021. 07. 007

 103. Lupo KB, Matosevic S (2020) CD155 immunoregulation as a target 
for natural killer cell immunotherapy in glioblastoma. J Hematol 
Oncol 13:76. https:// doi. org/ 10. 1186/ s13045- 020- 00913-2

 104. Aicardi J, Goutières F (1984) A progressive familial encepha-
lopathy in infancy with calcifications of the basal ganglia and 

1439Journal of Molecular Medicine (2022) 100:1427–1440

https://doi.org/10.1016/s1074-7613(04)00046-9
https://doi.org/10.1016/s1074-7613(04)00046-9
https://doi.org/10.1038/cr.2015.139
https://doi.org/10.1038/nature11250
https://doi.org/10.1016/j.it.2017.01.001
https://doi.org/10.1016/s0014-5793(02)03416-6
https://doi.org/10.1016/s0014-5793(02)03416-6
https://doi.org/10.1016/j.cell.2021.09.032
https://doi.org/10.1016/j.cell.2021.09.032
https://doi.org/10.1016/s0092-8674(00)81871-1
https://doi.org/10.1038/cdd.2017.187
https://doi.org/10.1038/cdd.2017.187
https://doi.org/10.1016/j.tcb.2010.01.009
https://doi.org/10.1016/j.tcb.2010.01.009
https://doi.org/10.1073/pnas.91.13.6098
https://doi.org/10.1073/pnas.91.13.6098
https://doi.org/10.1016/j.molcel.2016.08.002
https://doi.org/10.1016/j.molcel.2016.08.002
https://doi.org/10.15252/embj.2018101379
https://doi.org/10.1016/j.molcel.2021.04.010
https://doi.org/10.1038/s41467-022-28019-y
https://doi.org/10.1038/s41467-022-28019-y
https://doi.org/10.3389/fimmu.2021.795401
https://doi.org/10.1038/nrc3458
https://doi.org/10.1038/nrc3458
https://doi.org/10.1038/onc.2015.125
https://doi.org/10.1038/onc.2015.125
https://doi.org/10.1016/j.molcel.2021.07.040
https://doi.org/10.1016/j.trecan.2019.05.003
https://doi.org/10.1016/j.trecan.2019.05.003
https://doi.org/10.1038/sj.onc.1208445
https://doi.org/10.1101/gad.1602907
https://doi.org/10.1016/j.cub.2008.02.006
https://doi.org/10.1038/s41575-021-00548-9
https://doi.org/10.1038/s41575-021-00548-9
https://doi.org/10.1016/j.cell.2021.10.001
https://doi.org/10.1016/j.cell.2021.10.001
https://doi.org/10.1002/advs.202102653
https://doi.org/10.1038/nature08036
https://doi.org/10.1016/j.ccell.2016.10.019
https://doi.org/10.1038/s41586-021-03662-5
https://doi.org/10.1038/s41586-021-03662-5
https://doi.org/10.1158/2159-8290.Cd-21-0674
https://doi.org/10.1172/jci80011
https://doi.org/10.1038/s41586-018-0392-8
https://doi.org/10.1016/j.molcel.2021.01.010
https://doi.org/10.1038/ncb3111
https://doi.org/10.1016/j.ccell.2021.07.007
https://doi.org/10.1016/j.ccell.2021.07.007
https://doi.org/10.1186/s13045-020-00913-2


1 3

chronic cerebrospinal fluid lymphocytosis. Ann Neurol 15:49–
54. https:// doi. org/ 10. 1002/ ana. 41015 0109

 105. Crow YJ, Shetty J, Livingston JH (2020) Treatments in Aicardi-
Goutières syndrome. Dev Med Child Neurol 62:42–47. https:// 
doi. org/ 10. 1111/ dmcn. 14268

 106. Crow YJ, Manel N (2015) Aicardi-Goutières syndrome and the 
type I interferonopathies. Nat Rev Immunol 15:429–440. https:// 
doi. org/ 10. 1038/ nri38 50

 107. Hansen AL, Mukai K, Schopfer FJ, Taguchi T, Holm CK (2019) 
STING palmitoylation as a therapeutic target. Cell Mol Immunol 
16:236–241. https:// doi. org/ 10. 1038/ s41423- 019- 0205-5

 108. Liu ZS, Cai H, Xue W, Wang M, Xia T, Li WJ et al (2019) 
G3BP1 promotes DNA binding and activation of cGAS. Nat 
Immunol 20:18–28. https:// doi. org/ 10. 1038/ s41590- 018- 0262-4

 109. Turner MR, Goldacre R, Ramagopalan S, Talbot K, Goldacre MJ 
(2013) Autoimmune disease preceding amyotrophic lateral scle-
rosis: an epidemiologic study. Neurology 81:1222–1225. https:// 
doi. org/ 10. 1212/ WNL. 0b013 e3182 a6cc13

 110. Miller ZA, Sturm VE, Camsari GB, Karydas A, Yokoyama JS, 
Grinberg LT et al (2016) Increased prevalence of autoimmune 
disease within C9 and FTD/MND cohorts: Completing the pic-
ture. Neurol Neuroimmunol Neuroinflamm 3:e301. https:// doi. 
org/ 10. 1212/ nxi. 00000 00000 000301

 111. Bonam SR, Muller S (2020) Parkinson’s disease is an autoim-
mune disease: a reappraisal. Autoimmun Rev 19:102684. https:// 
doi. org/ 10. 1016/j. autrev. 2020. 102684

 112. McCauley ME, O’Rourke JG, Yáñez A, Markman JL, Ho 
R, Wang X et al (2020) C9orf72 in myeloid cells suppresses 
STING-induced inflammation. Nature 585:96–101. https:// doi. 
org/ 10. 1038/ s41586- 020- 2625-x

 113. Hofweber M, Hutten S, Bourgeois B, Spreitzer E, Niedner-
Boblenz A, Schifferer M et al (2018) Phase Separation of FUS is 
suppressed by its nuclear import receptor and arginine methylation. 
Cell 173:706-719.e713. https:// doi. org/ 10. 1016/j. cell. 2018. 03. 004

 114. Yoshizawa T, Ali R, Jiou J, Fung HYJ, Burke KA, Kim SJ et al 
(2018) Nuclear import receptor inhibits phase separation of FUS 
through binding to multiple sites. Cell 173:693-705.e622. https:// 
doi. org/ 10. 1016/j. cell. 2018. 03. 003

 115. Guo L, Kim HJ, Wang H, Monaghan J, Freyermuth F, Sung JC 
et al (2018) Nuclear-import receptors reverse aberrant phase tran-
sitions of RNA-binding proteins with prion-like domains. Cell 
173:677-692.e620. https:// doi. org/ 10. 1016/j. cell. 2018. 03. 002

 116. Wegmann S, Eftekharzadeh B, Tepper K, Zoltowska KM, Bennett 
RE, Dujardin S et al (2018) Tau protein liquid-liquid phase separation 

can initiate tau aggregation. Embo J 37. https:// doi. org/ 10. 15252/ 
embj. 20179 8049

 117. Qamar S, Wang G, Randle SJ, Ruggeri FS, Varela JA, Lin JQ 
et al (2018) FUS phase separation is modulated by a molecular 
chaperone and methylation of arginine cation-π interactions. Cell 
173:720-734.e715. https:// doi. org/ 10. 1016/j. cell. 2018. 03. 056

 118. Jucker M, Walker LC (2013) Self-propagation of pathogenic pro-
tein aggregates in neurodegenerative diseases. Nature 501:45–51. 
https:// doi. org/ 10. 1038/ natur e12481

 119. Zhang Y, Bertulat B, Tencer AH, Ren X, Wright GM, Black 
J, Cardoso MC, Kutateladze TG (2019) MORC3 forms nuclear 
condensates through phase separation. iScience 17:182–
189.  https:// doi. org/ 10. 1016/j. isci. 2019. 06. 030

 120. Ichimura Y, Matsushita T, Hamaguchi Y, Kaji K, Hasegawa M, 
Tanino Y et al (2012) Anti-NXP2 autoantibodies in adult patients 
with idiopathic inflammatory myopathies: possible association 
with malignancy. Ann Rheum Dis 71:710–713. https:// doi. org/ 
10. 1136/ annrh eumdis- 2011- 200697

 121. Inoue M, Tanboon J, Hirakawa S, Komaki H, Fukushima T, 
Awano H et al (2020) Association of dermatomyositis sine der-
matitis with anti-nuclear matrix protein 2 autoantibodies. JAMA 
Neurol 77:872–877. https:// doi. org/ 10. 1001/ jaman eurol. 2020. 
0673

 122. Wang B, Zhang L, Dai T, Qin Z, Lu H, Zhang L, Zhou F (2021) 
Liquid-liquid phase separation in human health and diseases. 
Signal Transduct Target Ther 6:290. https:// doi. org/ 10. 1038/ 
s41392- 021- 00678-1

 123. Liu J, Zhorabek F, Chau Y (2022) Nucleic acids modulate liquid-
ity and dynamics of artificial membraneless organelles. ACS 
Macro Lett 11:562–567. https:// doi. org/ 10. 1021/ acsma crole tt. 
2c001 67

 124. Wu J, Chen B, Liu Y, Ma L, Huang W, Lin Y (2022) Modulating 
gene regulation function by chemically controlled transcription 
factor clustering. Nat Commun 13:2663. https:// doi. org/ 10. 1038/ 
s41467- 022- 30397-2

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor holds exclusive rights to this article under 
a publishing agreement with the author(s) or other rightsholder(s); 
author self-archiving of the accepted manuscript version of this article 
is solely governed by the terms of such publishing agreement and 
applicable law.

1440 Journal of Molecular Medicine (2022) 100:1427–1440

https://doi.org/10.1002/ana.410150109
https://doi.org/10.1111/dmcn.14268
https://doi.org/10.1111/dmcn.14268
https://doi.org/10.1038/nri3850
https://doi.org/10.1038/nri3850
https://doi.org/10.1038/s41423-019-0205-5
https://doi.org/10.1038/s41590-018-0262-4
https://doi.org/10.1212/WNL.0b013e3182a6cc13
https://doi.org/10.1212/WNL.0b013e3182a6cc13
https://doi.org/10.1212/nxi.0000000000000301
https://doi.org/10.1212/nxi.0000000000000301
https://doi.org/10.1016/j.autrev.2020.102684
https://doi.org/10.1016/j.autrev.2020.102684
https://doi.org/10.1038/s41586-020-2625-x
https://doi.org/10.1038/s41586-020-2625-x
https://doi.org/10.1016/j.cell.2018.03.004
https://doi.org/10.1016/j.cell.2018.03.003
https://doi.org/10.1016/j.cell.2018.03.003
https://doi.org/10.1016/j.cell.2018.03.002
https://doi.org/10.15252/embj.201798049
https://doi.org/10.15252/embj.201798049
https://doi.org/10.1016/j.cell.2018.03.056
https://doi.org/10.1038/nature12481
https://doi.org/10.1016/j.isci.2019.06.030
https://doi.org/10.1136/annrheumdis-2011-200697
https://doi.org/10.1136/annrheumdis-2011-200697
https://doi.org/10.1001/jamaneurol.2020.0673
https://doi.org/10.1001/jamaneurol.2020.0673
https://doi.org/10.1038/s41392-021-00678-1
https://doi.org/10.1038/s41392-021-00678-1
https://doi.org/10.1021/acsmacrolett.2c00167
https://doi.org/10.1021/acsmacrolett.2c00167
https://doi.org/10.1038/s41467-022-30397-2
https://doi.org/10.1038/s41467-022-30397-2

	Phase separation in immune regulation and immune-related diseases
	Abstract
	Introduction
	Phase separation in immune regulation
	TCR signaling
	BCR signaling
	cGAS-STING pathway
	MAVS-induced IFN production
	NF-κB signaling pathway
	NLRP6 inflammasome

	Phase separation in cancer
	Tumorigenesis
	Leukemic transformation
	Anti-PD-1 therapy resistance

	Phase separation in AGS
	Phase separation in neurodegenerative diseases
	Discussion and perspective
	References


