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ABSTRACT
DNA double-strand break (DSB) is the most dangerous type of DNA damage, which may lead to 
cell death or oncogenic mutations. Homologous recombination (HR) and nonhomologous end- 
joining (NHEJ) are two typical DSB repair mechanisms. Recently, many studies have revealed that 
liquid–liquid phase separation (LLPS) plays a pivotal role in DSB repair and response. Through 
LLPS, the crucial biomolecules are quickly recruited to damaged sites with a high concentration to 
ensure DNA repair is conducted quickly and efficiently, which facilitates DSB repair factors 
activating downstream proteins or transmitting signals. In addition, the dysregulation of the 
DSB repair factor’s phase separation has been reported to promote the development of 
a variety of diseases. This review not only provides a comprehensive overview of the emerging 
roles of LLPS in the repair of DSB but also sheds light on the regulatory patterns of phase 
separation in relation to the DNA damage response (DDR).
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Introduction

Recently, there has been increasing evidence of 
biomolecules interacting with each other through 
weak intermolecular bonds and undergoing phase 
separation during biological processes [1]. These 
biomolecules form concentrated condensates with-
out membranes, such as the nucleolus, processing 
bodies, and stress granules [2,3]. The formation of 
these condensates can enhance intermolecular 
interactions and enzymatic reactions, ensuring 
the efficiency and accuracy of various biological 
activities [4]. This phenomenon is commonly 
observed in processes such as transcription, chro-
matin organization, X-chromosome inactivation, 
autophagy, DNA damage repair, anti-bacterial 
autophagy, innate immune signaling, and cell divi-
sion [5–9].

Among different types of DNA damage, the 
most dangerous is DNA double-strand break 
(DSB), which can be caused by ionizing radiation, 
chemicals, or errors in DNA metabolic processes. 

Failure to promptly repair DSBs can lead to chro-
mosomal translocations and aneuploidy, which are 
associated with oncogenic transformations and an 
increased risk of cancer [10]. In eukaryotic cells, 
two major pathways, homologous recombination 
(HR) and nonhomologous end-joining (NHEJ), 
are responsible for repairing DSBs. HR requires 
an intact sister chromatid and primarily occurs 
during the S/G2 phase of the cell cycle, while 
NHEJ directly ligates the DSBs throughout the 
entire cell cycle [11,12]. This review discusses the 
regulation of DNA repair factors in DSB repair 
through phase separation.

Liquid–liquid phase separation (LLPS)

Liquid–liquid phase separation (LLPS) plays an 
important role in various biochemical processes, 
particularly in the formation of membrane-less 
organelles [13]. The study of LLPS has provided 
valuable insights into the physiological processes 
of living organisms. LLPS occurs when proteins 
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and nucleic acids, which are the constituents of 
condensates, form liquid droplets in response to 
changes in their concentration or environmental 
factors such as pressure, ionic strength, tempera-
ture, pH, and crowding [14–17]. The amino acid 
composition of proteins plays a crucial role in 
facilitating LLPS processes. Proteins that undergo 
LLPS tend to have an enrichment of polar and 
charged amino acids, which can engage in electro-
static interactions [18]. Additionally, hydrophobic 
interactions and other weak interactions, such as 
hydrogen bonds, also contribute to phase separa-
tion of proteins [19]. Intrinsically disordered 
regions (IDRs) are protein regions that lack a well- 
defined three-dimensional structure. These IDRs 
are highly flexible and dynamic, allowing proteins 
to undergo conformational changes and interact 
with other molecules. Post-translational modifica-
tions (PTMs) of proteins within IDRs can play 
pivotal roles in regulating LLPS and the formation 
of condensates. There are several types of PTMs 
that can occur within IDRs, including phosphor-
ylation, acetylation, methylation, ubiquitination, 
and many others. These modifications can intro-
duce changes to specific amino acid residues 
within the IDRs, altering their physicochemical 
properties and affecting protein–protein interac-
tions [20,21]. The phenomenon of multivalence 
arises from the presence of diverse repetitive inter-
action sites within a polypeptide or nucleic acid 
molecule, which can be achieved through folded 
binding modules or IDRs. Multivalent interactions 
play crucial roles in various biological processes by 
enhancing binding affinity, specificity, and the for-
mation of higher-order complexes [22]. Moreover, 
proteins recruit rapidly at specific regions by LLPS 
to active downstream responses [23]. The reversi-
bility of high-concentration condensates provides 
a mechanism for cells to efficiently execute specific 
reactions while preventing unnecessary interac-
tions. This characteristic contributes to the func-
tional organization and regulation of cellular 
processes.

DNA double-strand break response

DNA damage is a common occurrence in living 
organisms due to various factors such as exposure 
to environmental agents, errors during DNA 

replication, and endogenous cellular processes. 
To counteract the detrimental effects of DNA 
damage, cells have evolved intricate mechanisms 
known as DNA damage responses (DDR). When 
DNA damage occurs, specialized proteins recog-
nize and bind to the damaged sites, initiating 
a signaling cascade. This cascade activates various 
cellular pathways that halt the cell cycle, allowing 
time for DNA repair to take place. It also triggers 
the recruitment of repair enzymes and factors to 
the damaged sites. There are several types of DNA 
repair mechanisms including HR and NHEJ. HR 
primarily occurs during the S and G2 phases of the 
cell cycle, while NHEJ pathway is responsible for 
repairing DSB throughout the entire cell cycle 
[24]. By dynamically modifying the key players in 
HR and NHEJ, PTMs help control the competition 
between these repair pathways and ensure the 
appropriate choice for efficient and accurate 
DNA repair. The precise regulation of PTMs is 
crucial for maintaining genome stability and pre-
venting the accumulation of DNA damage that can 
lead to various diseases, including cancer [25].

HR primarily operates during the late S and G2 
phases of the cell cycle when sister chromatid is 
available as template for repair. During HR, the 
MRE11-RAD50-NBS1 (MRN) complex plays 
a crucial role in recognizing and processing 
DNA double-strand breaks (DSBs) [26]. After 
MRE11 subunit of MRN complex cleaves the 
DNA near the DSB site, it generates short single- 
stranded DNA (ssDNA) overhangs [27]. These 
ssDNA overhangs are then bound by replication 
protein A (RPA) filaments. RAD51, with the 
assistance of BRCA1 and BRCA2, replaces RPA 
and forms nucleoprotein filaments on ssDNA 
overhangs [28]. These filaments help to find 
homology and initiate strand invasion, resulting 
in the extension of a displacement loop (D-loop) 
mediated by polη and facilitating the repair of 
DSB through homologous recombination. After 
the formation of D-loop, the repair process of 
DSB continues with DNA chain elongation [29]. 
This involves the synthesis of new DNA strands 
using intact homologous DNA molecule as 
a template. The elongation of DNA chains results 
in the formation of a structure called a double 
Holliday junction (DHJ). Various enzymes, such 
as resolvases, endonucleases, and helicases, are 
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involved in the resolution of DHJ. These enzymes 
cleave and separate DNA strands at crossover 
points, allowing for the proper segregation of 
genetic material and the completion of repair 
processes [30].

NHEJ is the primary mechanism for DSB in 
mammalian somatic cells, it can occur through-
out cell cycle and does not require the presence 
of a sister chromatid. When a DSB occurs, 
Ku70/Ku80 heterodimer, also known as Ku pro-
tein complex, recognizes and binds to broken 
DNA ends [31]. Following recognition and bind-
ing of Ku protein complex, a series of events is 
initiated to repair DSB. The phosphorylation of 
H2A.X by ATM kinase triggers a signaling cas-
cade that leads to rapid aggregation of 53BP1 on 
chromatin near the site of DNA damage [32]. 
This aggregation results in the formation of 
irradiation-induced foci (IRIF). 53BP1 plays 
a crucial role in safeguarding DNA ends and 
promoting efficient repair. It can discriminate 
between nucleosomes that possess specific his-
tone modifications and engages in interactions 
with proteins like RAP1-interacting factor 1 
(RIF1) and shieldin complex to protect DNA 
ends. The C-terminus of Ku70/80 facilitates 
recruitment of DNA-dependent protein kinase 
catalytic subunits (DNA-PKcs) to form complex 
DNA-PK [33]. These complex recruit other 
NHEJ proteins and activates end-processing 
enzymes, polymerases, and ligases such as 
LIG4, XRCC4, and XLF. These enzymes are 
responsible for processing and joining broken 
DNA ends, ultimately completing repair pro-
cess [34].

Phase separation in DNA double-strand break 
response

LLPS is involved in various biological processes, 
such as transcriptional regulation, chromatin orga-
nization, control of intracellular signaling, and 
DNA damage response [35]. In the context of 
DNA damage response, multiple proteins involved 
in this process have been found to undergo LLPS. 
These proteins form liquid-like droplets at sites of 
DNA damage, which facilitate the recruitment and 
assembly of other repair factors. This spatial 

organization allows for efficient and coordinated 
repair of damaged DNA [36,37].

MRNIP

Once a DSB occurs, MRN complex recognizes 
damaged DNA and initiates a signaling cascade 
to activate cellular response to repair the break 
[38]. MRN complex facilitates autophosphoryla-
tion of ataxia telangiectasia mutated (ATM) at 
serine 1981 (S1981) and autoacetylation of ATM 
at lysine 3106 (K3106) [39,40]. Additionally, 
ATM-mediated phosphorylation of H2A.X at 
S139 serves as a scaffold for the assembly of repair- 
related complexes, ensuring proper progression of 
DSB repair [41]. DNA end resection is dependent 
on the recruitment of MRN and CtBP-interacting 
protein (CtIP), followed by exonuclease 1 (Exo1) 
bind to it [42,43]. However, MRN cannot work 
reliably without MRNIP. MRNIP is the binding 
partner of MRN complex and is involved in pro-
moting genomic stability and protecting replica-
tion forks [44,45]. When a DSB occurs, MRNIP 
droplets rapidly migrate to the sites of DNA 
damage. These droplets concentrate MRN com-
plex into condensates. The condensates formation 
help activate downstream proteins involved in 
DNA repair or transmits signals to initiate repair 
processes (Figure 1a) [46]. MRNIP contains two 
IDRs, and IDR1 (amino acids:123–176) is essential 
for its LLPS. In a study by Wang et al., it was 
reported that colorectal cancer patients with high 
expression of MRNIP may have an increased like-
lihood of experiencing shorter survival time and 
exhibiting radio resistance. This suggests that 
MRNIP expression levels could potentially 
serve as a prognostic marker in colorectal can-
cer [44].

PAR

PARP1-mediated synthesis of poly (ADP-ribose) 
(PAR) is an initial response that happens promptly 
following the occurrence of DSBs [47]. PARP1 is 
classified as one of the numerous abundant Poly 
(ADP-ribose) polymerases (PARPs) that possess 
polymerase activity. It catalyzes the transfer of 
ADP ribose from nicotinamide adenine 
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dinucleotide (NAD+) to serine, glutamate and 
aspartate residues, thereby connecting the mole-
cules sequentially to generate extensive branches 
of ADP ribose chains [48,49]. PARP1, as a highly 
efficient detector of DNA damage, facilitate Mre11 
and NBS1 recruit at sites of DSBs through intra-
molecular folding and dimerization mechanisms 
[50,51]. PAR, as a nucleic acid-like polymer, serves 
as a transient signal for facilitating DNA repair. 
Additionally, it plays a crucial role in promoting 
LLPS of FET (FUS, EWSR1, and TAF15) proteins. 
For example, PAR assists in the formation of FUS 
compartment [52]. Each PAR unit contains two 
groups of ribose that are connected with 
a phosphorylated adenosine. This structure results 
in an increased negative charge and additional 
spatial capacity. As a result, PAR can recruit addi-
tional positively charged molecules through elec-
trostatic action [53]. The structural diversity and 
adaptability of PAR enable it to interact with var-
ious molecules and form condensates. The 

abundance of ADP units in PAR facilitates the 
recruitment of multiple proteins, allowing for the 
formation of protein complexes [54,55]. For com-
partmentalization, FUS interacts with PAR 
through a positively charged area arginine-gly-
cine-glycine (RGG). Moreover, the recruitment of 
non-POU domain-containing octamer-binding 
protein (NONO) is contingent upon its interaction 
with PAR through a specific RNA recognition 
motif 1 (RRM1) during the process of DSB repair, 
specifically to promote NHEJ [56].

Paraspeckles

Paraspeckles are subnuclear bodies that are formed 
by long nonprotein-coding RNA known as nuclear 
paraspeckle assembly transcript 1 (NEAT1) [57]. It 
has been demonstrated to be a target for p53, 
which is a significant contributor to DNA damage 
repair in both direct and indirect ways [58]. As 

Figure 1. DNA repair factors LLPS involved in HR and NHEJ processes. HR occurs in cell S and G2 phases. (a) MRNIP droplets rapidly 
migrate to the sites of DNA damage, leading to the activation of downstream proteins and facilitating the autophosphorylation of 
ATM. MRE11-mediated resection leads to the formation of single-stranded DNA (ssDNA) tails. RPAs bind to the tails to protect them. 
BRCA2 assists RAD51 in displacing RPA. RAD51-ssDNA invades the homologous sequence, leading to synthesis of the DNA strands. 
(b) In this process, the assistance of PAR facilitates the essential role of FUS phase separation in the efficient assembly of DNA repair 
complexes and is necessary for recruiting DDR factors to DNA damage sites. (c) RAD52 droplets collaborate with various types of 
nuclear filaments to facilitate the formation of DNA repair centers. NHEJ is active throughout the cell cycle. Ku70/80s first quickly 
recognize DSB sites and bind them to promote DNA-PK formation. (d) NONO enhances DNA-PK phosphorylation at T2609 in 
response to DNA damage by generating high-concentration droplets. (e) 53BP1 has the ability to form condensates and subse-
quently recruit downstream factors such as RIF1, PTIP, and the shieldin complex.
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major constituents of paraspeckles, FUS and 
NONO have been implicated in LLPS.

FUS is a protein integral to the processes of 
DNA and RNA metabolism. The majority of FUS 
is primarily localized within nucleus and has 
potential to forming condensates [59]. FUS con-
tains several functional domains, including 
N-terminal low-complexity prion-like domain 
(FUS-LC), three RGG repeat motifs, a zinc finger, 
an RNA recognition motif, and a C-terminal 
nuclear localization signal [60]. Due to the 
arrangement of its amino acid residues FUS 
could undergo phase separation by hydrophobic 
interactions and its LLPS can precisely regulate the 
response in a specific location at a specific time 
[61]. FUS phase separation plays a crucial role in 
the efficient assembly of DNA repair complexes 
and is required for the recruitment of DDR factors 
at DNA damage sites (Figure 1b) [62].

NONO is a member of drosophila behavior 
human splicing (DBHS) family, which also 
includes splicing factor proline and glutamine 
(SFPQ) and paraspeckle component 1 (PSPC1) 
[63]. DBHS proteins share common structural 
features, including two RNA recognition motif 
(RRM) domains, a NonA/paraspeckle domain 
(NOPS), and disordered low complexity domains 
(LCDs). These structural elements facilitate the 
formation of obligate complexes that can bind 
to DNA or RNA, leading to the oligomerization 
of proteins into condensates [64]. For DNA 
damage repair processes, NONO impacts γ- 
H2A.X foci formation and promotes NHEJ 
in vivo. NONO contains a nuclear localization 
signal (NLS) and localizes in a specific subnuclear 
region, where is related to the sensitivity of cells 
to ionizing radiation. NONO facilitates the 
recruitment and interaction of nuclear epidermal 
growth factor receptor (EGFR) and DNA-PK by 
generating high-concentration droplets, thereby 
enhancing DNA-PK phosphorylation at T2609 
in response to DNA damage (Figure 1d) [65]. 
Lacking of NONO and its functional homologs 
protein PAPC1 led to severe radiosensitivity and 
delayed resolution of DSB repair foci [66]. RNA- 
binding proteins harboring intrinsically disor-
dered domains could be recruited to DNA 
damage sites by PAR and create liquid compart-
ments [67].

RAD52

Radiation-sensitive protein 52 (RAD52) is 
a member of single-strand annealing protein 
(SSAP). It helps RAD51 assemble onto ssDNA 
and promotes ssDNA annealing [68]. RAD52 con-
sists of two parts, its C-terminal region is essential 
for accumulation at DNA damage sites [69]. 
During the process of homologous directed 
recombination (HDR), the N terminus of RAD52 
binds to ssDNA, while the disordered C terminus 
assists RAD51 in displacing RPA and forming 
droplets [70]. The physical characteristics of 
RAD52 in foci conform to LLPS model, and foci 
formed by SUMOylation of Rad52 are denser [71]. 
RAD52 foci can recruit more than one DSB and 
serve as the center of DSB repair [72]. 
Additionally, PTI-DIM also helps RAD52 phase 
separation, RAD52 droplets collaborate with dif-
ferent types of nuclear filaments facilitate forming 
DNA repair center (Figure 1c) [73].

53BP1

The competition between 53BP1 and BRCA1 plays 
a decisive role in determining the choice of DSB 
repair pathway [74]. The collaborative action of 
Pax2 transactivation domain interaction protein 
(PTIP), replication timing regulatory factor 1 
(RIF1), and shieldin (SHLD1, SHLD2, SHLD3, 
and REV7) with 53BP1 prevents DNA end exci-
sion and ssDNA’s formation, promoting DSB 
repair through NHEJ pathway [75]. 53BP1 can 
form condensates at heterochromatin which can 
maintain the stability of mitosis and genome 
(Figure 1e) [76]. AHNAK restrains 53BP1 phase 
separation by interacting with its OD domain to 
control p53 gene network in DSB [77].

Many domains enable 53BP1 to perform crucial 
functions in DSB. Oligomerization domain (OD) 
promotes 53BP1 dimerization or polymerization; 
accumulation of 53BP1 on DNA break sites is 
attributable to LC8 domain; and 28 amino- 
terminal Ser/Thr-Gln (S/T-Q) polypeptides are 
phosphorylated by ATM to promote DNA damage 
response [78]. Among these, the structural features 
elucidated that OD and disordered sequence at 
C terminus are involved in LLPS of 53BP1 [79]. 
The study conducted by Kilic S et al. shows that 
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53BP1 undergoes phase separation in response to 
DNA damage, which is accompanied by frequent 
fusion and occasional fission events [80]. During 
DSB, RNA polymerase II (RNAP II) is recruited to 
generate damage-induced long non-coding RNA 
(dilncRNA). DlincRNA transforms into shorter 
double-stranded DNA damage response DDR 
RNA (DDRNA), which is crucial for LLPS of 
53BP1. Impairment of 53BP1 condensates may 
occur as a result of the degradation of dilncRNA 
[81–83].

AHNAK controls LLPS of 53BP1, thereby influ-
encing the interaction between 53BP1 and p53. 
53BP1 condensate play a role in detecting DNA 
damage, increasing p53 activation, inducing the 
expression of DNA damage repair-related genes, 
and promoting protein modification [77,84]. 
Additionally, 53BP1 protects broken DNA ends 
from nucleolytic degradation and separates 
damaged sites from intact sites, facilitating the 
repair of damaged DNA. LLPS of 53BP1 is also 
essential for maintaining the structural integrity of 
heterochromatin [76].

Implications and perspectives

DSBs serve as a highly perilous form of DNA 
damage that can have detrimental effects on both 
genome integrity and cell viability. Upon DNA 
damage, multiple DNA repair-related proteins are 
recruited to damaged DNA sites sequentially, 
including ATM, ATR, PARP1, and 53BP1, inducing 
the formation of DNA repair foci. Many DNA 
repair factors, such as 53BP1, NONO, and DNA 
damage-induced paraspeckles, are capable of under-
going LLPS and thus promoting DNA repair.

Phase-separation-related DSB factors are found 
to efficiently recruit DSB repair factors and sup-
port enzymatic responses, such as promoting the 
recruitment of MRN complex to facilitate DNA 
damage repair. LLPS of FUS is essential for the 
assembly of SFPQ at DNA damage foci. Most of 
the previous studies have described the important 
role of phase separation in DDR, however, the role 
of LLPS is virtually unexplored. In addition, LLPS 
seems to play an important role in DSB response 
pathway; 53BP1 was found to promote p53 path-
way for DSB activation. Advanced imaging tech-
niques such as super-resolution and single- 

molecule imaging may provide technical support 
for the understanding of this issue [85].

LLPS of some DDR factors (such as 53BP1, 
NONO and FUS) also facilitate processes of cancer 
and neurodegenerative diseases [86,87]. In colon 
cancer, sentrin/SUMO-specific proteases 1 
(SENP1) can promote DNA damage and drug resis-
tance by reducing LLPS of RING finger protein 168 
(RNF168) [88]. NONO drives the oncogenic tran-
scriptional program by promoting Transcriptional 
coactivator with PDZ-binding motif (TAZ) LLPS 
[89]. Amyotrophic lateral sclerosis (ALS) was also 
associated with LLPS of FUS. Through the study of 
phase separation, DSB repair process would be dee-
ply understood, and strategies targeting LLPS of 
DNA repair factors may be an effective way to 
improve radiation therapy outcome, and study of 
phase separation of related molecules provides new 
insights for cancer treatment.
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