DOI: 10.11844/cjcb.2025.11.0020
i E A AE ) 2424 9] Chinese Journal of Cell Biology 2025, 47(11): 2940-2949 CSTR: 32200.14.¢jcb.2025.11.0020

255 DEVEE DN A7 N & RO HLH K H A e
R5E % RTPHER

KM WE REE THEE REE"
(I ZR AR 2R 2 5 — I PR 2 27 B, TP R 250014; Ll AR o B2 25 2 B Jag B e 245298, 157 7 250014;
SR R R 2 KA B SR R e A B S T8 L, RS 250011)

FE  DNAZBREZ &4 KRR, RIFLTEMAT T@loh i fiF 2 XEZ. DNASUMS 2
Z(DNA damage response, DDR)/Z 28 it b7 i o — A% F_ 2 fAg am 6 A FAUE], A RiR5 . &k
RAE T A B AEF SRR E F B DNAS A, AARAE 406 T BTy abk. VE A —FF @ IeAr A
49 & & T AR, M5 5t (paraspeckles)Z B K 4% IF 2 AARNAF= JUFFRNAL &% & @ i r—m a0 5
(liquid-liquid phase separation, LLPS)3h &40 % s 694% A RIL @R 35, J£ R 69 A8 245 L 3 A o ets
AV RBEHETROER. ARLIAMF A EDDRIIAE, EDNAHMG 69 Bdn. 1255 FREEH
BHH EEH 0, L5 BEGRARREEAX, LT AFp536980%5 A4z DDRECE, & T /-5 m e
JB) B0A% it RS E DNAAR A 15 B8 9645 ADNAR Y, 7% R 5 AT &t 25 BT it bnAn %
X R GERT A5 A HIEDDRY 694 T, KT T L AR EL A LR 1ER, SHERAT ¥
) A% 5 BER AR AL R IRV IT T O RS R AT .

XY SEBE; DNASRS B NEATI; J it

Mechanism of Paraspeckles in Regulating DNA Damage Response
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Abstract DNA serves as the source of genetic information, and maintaining its integrity is crucial for the
maintenance of cellular functions. DDR (DNA damage response) is a complex and sophisticated biological mecha-
nism evolved by cells to eliminate or repair DNA damage caused by endogenous and exogenous factors, ensuring
the integrity and functionality of the genome. As an important sub-nuclear structure within the cell nucleus, para-
speckles are membrane-less nuclear organelles dynamically assembled through liquid-liquid phase separation of

long non-coding RNAs and several RNA-binding proteins, playing a significant role in the maintenance of cellular
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homeostasis and functional repair. Research has revealed that paraspeckles are involved in the DDR process, ex-
erting important influences on the stages of DNA damage sensing, signal transduction, and repair, and are closely
associated with carcinogenesis and cancer development. They can mediate the activation of p53 to regulate the ef-
ficiency of DDR, mediate cell cycle arrest and activate the DNA damage repair pathway to repair DNA damage.
Their abnormal aggregation is closely related to chemotherapy resistance and radiotherapy resistance. This article
systematically reviews the molecular mechanism of paraspeckles in regulating DDR, explores their role in carcino-

genesis and cancer development, and prospects the potential application of targeted paraspeckle regulation in cancer

treatment.
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Paraspeckles

1% 55 B 2 A% 9 T T4 i 2%, 2 LAYV 43 85 (liquid-liquid phase separation, LLPS)Z)) #& 41 % T i 89, LANEATI-2vh [] X 38 4% s, NEATI-2F1
NEATI-1{#15'F03" 5 i S e BROIRE ), 4255 50 5 LR B A IERZ S BEh IO AL E AT 40 =2 Ly W dURISe 2, 4% 55 B 8 DAY
Fe 75 A A AEAS R AL E

Paraspeckles are membrane-less organelles within the nucleus, which are dynamically assembled through liquid-liquid phase separation. They have a
shell-globular structure with the middle region of NEAT1-2 as the core and the 5’ and 3’ ends of NEATI-2 and NEATI-1 as the periphery. Paraspeckle
proteins can be classified into three groups according to their positions within paraspeckles: the core group, the patch group, and the shell group. Each
paraspeckle protein is distributed in an orderly manner at different positions.

Bl #ZEBLSEH R EE (R Figdrawia )
Fig.1 Schematic diagram of the paraspeckles structure (by Figdraw)
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.._)RAD51 , | m&
o (RADSDYRADSL) o -

B Paraspeckle

} RPLPO

DSBs& A Jq, 1 A% O UEATM . DNAMK A 2R 16 4L T 2 (DNA-PK es )80, E A B AL 2 2 T H2AX IS 13947 2 (e fiy-H2AX) . i
JaHZEMRN(MREL1. RADSOFINBS1)E &4 JMDC1(mediator of DNA damage checkpoint protein 1)25:{5 5 #% 5 [K 1, BMUKDNAH4 155, #F
AR HEDNAME R K 734 . AEHRS @M+, MRNE 44908 2hDSBA i K&Vl (end-resection), %75 Hi BABEDNA(ssDNA). ssDNAFE B4 52
HlEE A ARPA)SE & 7, JFEBRCA2ID T, RADSIH 554 0F BHRRPA, TEMRADSIAZE 4. WAL E A LR R AT, RN 2DNAY
[FJ PSRRI e 7, B4 S8 HRIB S o NEATIAE J9pS3IRHERR, M 7T 3 EBRCA IFIRPA32FIA /KA, i TTDDRIIFE; NONO
AISFPQH H#% 5 TOPBPUM HAEH, #8)5 SNBS145 &, 52 iz TDNABf £ s fENHEJEES 1, NONO/SFPQU] /™ A — il i 21, %3 — 2K
AT LS Ku70/Ku80AR HAFHY, fE BEDNAJRAI I &, Ku-DNAK G141 5 DNA-PKcs, DNA-PKces 5 Ku70/Ku804 Al 4 st AT A VE AT DN A-
PK 42 &Y. DNA-PKesHIGTE 5 & 4L H SRR 1L, TS SINHETIE %, B J5 324 XRCCA/DNAEREREIV (ligase 1V)E A4 58 BUK i 14 4%
SFPQIIFRADS1, PARPIZEEEFUS, 1255 P52 4ERPLPO, JE fir T DNA# {77 #£i7 -

After DSBs occur, they are first sensed by the core kinases ATM and DNA-dependent protein kinase catalytic subunit (DNA-PKcs), which phosphory-
late the S139 site of histone H2AX (forming y-H2AX). Subsequently, the MRN (MRE11, RAD50, and NBS1) complex and signal transduction factors
such as MDC1 (mediator of DNA damage checkpoint protein 1) are recruited to amplify the DNA damage signal and promote the recruitment of DNA
repair factors. In the HR repair pathway, the MRN complex initiates end-resection at the DSB ends, exposing ssDNA (single-stranded DNA). The
ssDNA is then bound and covered by RPA (replication protein A), and with the assistance of BRCA2, RADS51 is recruited and replaces RPA to form
RADS51 nucleoprotein filaments. These nucleoprotein filaments search for homologous sequences and promote the formation of connection molecules
between the broken DNA and the homologous template, ultimately completing HR repair. NEAT], as a target of p53, its downregulation can lead to de-
creased expression of BRCA1 and RPA32, thereby regulating the DDR process; NONO and SFPQ can directly interact with TOPBP1 and then bind to
NBS1, localizing at the DNA damage site. In the NHEJ pathway, NONO/SFPQ can form a heterodimer, which can interact with Ku70/Ku80 to promote
the binding of DNA substrates. The Ku-DNA complex recruits DNA-PKcs, and DNA-PKcs, together with Ku70/Ku80, form the DNA-PK holoenzyme
complex with kinase activity. After activation, DNA-PKcs undergoes autophosphorylation, thereby initiating the NHEJ pathway, and subsequently re-
cruits the XRCC4/DNA ligase IV (Ligase IV) complex to complete the end joining. SFPQ activates RAD51, PARP1 recruits FUS, and the paraspeckles
recruit RPLPO, localizing at the DNA damage site.

E2 %3 BEFEDDRIE R HIF A El(FFigdraw#z )
Fig.2 The role of paraspeckles in the DDR pathway diagram (by Figdraw)
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1 ZEWREBNS LR EEDDRF HITHEEAR#ESE SCHK[36]1E50)
Table 1 Classification of paraspeckle proteins and their function in the DDR (modified from the reference [36])

W55 Bt Pl R Rl DDRH L) ik 23 R
Paraspeckle proteins Another name Classification Molecular function Function in the DDR References
NONO p4nrb Ia RBP HR/NHEJ [47-49,53-54,57]
SFPQ PSF Ia RBP HR/NHEJ [48,53-54]
RBM14 CoAA la RBP NHEJ [58-60]

FUS TLS Ib RBP HR/NHEJ/BER [55-56]

BRGI1 SMARCA4 / ATPase HR [61-64]
DAZAP1 / Ib RBP HR* [65-67]

PSPC1 PSP1 1ITb RBP NHEJ* [50-51]

RBP: RNAZE A 4K 1; HR: A 4] NHET: 4E [FVE AR 58 BER: VIR IEE,; (*): CBREE LR AT fEDDR AR &%, /- L& X
RBP: RNA binding protein; HR: homologous recombination; NHEJ: non-homologous end joining; BER: base excision repair; (*): possible DDR regu-

lated pathway as suggested by literature data. /: meaningless.

PSPC1 7] g 7] LLELAR NONO 5 SFPQ&1E, Mii %
5 NHEJ, R@ 875 G/S F A 56 25 52 i DDR
2. TEA1MIDNATR I, PSPCIER [ 7K P34 i A 5
F 4R M BRI 7E S, BT DNABE E4T 5 1 24 mdik
PSPCII, 4R kiRG /SIS & w3 2 I AG/M
I, DNATEMAE B BRI BN, & 245
BOE Z A IAET
3.3 &S BUHUEDNAIRAIE S 1@ K IE E DNAA

HRZ ML 521 NI S B , 1y DSBIZ R
) — A B EJ7 A, HAREZ B NEATIHE 5 5 35
Wi o NEATIUCER AT LA i) Al 85~ Vi LA B v A 55 B
SERIEIIE DA L AN S 5 AT RS, 125 T I DDRAH R
F|EMKIA, BF CHK1. CHK2. RPA32(replication
protein A 32 kDa subunit)., BRCA1(breast cancer sus-
ceptibility gene 1)FTRAD51(DNA repair protein RAD51
homolog 1), JFFF 4 il HDNAHI I I R . [FIFE
AT R DAL 78 T4 b, NEATIRR 2 338
y-H2AXZE 1L 7K V- TF 5 F1 BRCA 1A RPA 323 34 /K
BRAR B, X UEHRIE K B, NEATIN T 101% 55 BETE B
A ML B BRCA1/RPA32 A K HL M ¢ HRIE 2%
KA TTDDRIEFE

KUHNERT4; PHIESE | NONOZ 5 HRi&4%, ik
H'E 5 SFPQ— i HL £ 5 TopBP1(DNA topoisomerase
II binding protein V)AHEAEH], F3Le M THOLH T
) DNAFASG 7 5 . TopBP1AERS K A 5 —F DNA
#5115 18 2 A7 NBS1(nijmegen breakage syndrome
protein 1)Z5&, MM 9 3 m] DNAGAG A7 A 524K
TopBP1UTER 22 7 BHRIE 4% [ 11K..

NONOAI SFPQIR] i 72 NHEJ i) % /> . %

+, NONO/SFPQR =4 — Pl Z 54K, %7 Ak
A LU Ku70/Ku80AH HAEH , {21 DNAJRMIN 454,
Ku-DNAE &4 52 DNA-PK I i 15 13 W0 FE 0 H
BlE Y K SRR AL S 2 NHED#E % , 285 A5
XRCC4/Ligase IV5ERES: 4, HEiiE, SFPQIM
IR R PR AL EE 4 AR R DIRGE K, 6 HRIE 2
BOGELEE, b, SFPQRYENRADS1IH0E 7
AR, X HROE #3647 4% 4757 . FUSTE DSBA!
SSBEE A HEAER, & A LA PARP1 54
DU BERZE [ 7E DNAA f8 AL 5248 ; FUSHEYR
SHDDRIFIT, 1 FHRFINHETE 15,

AN 4% 55 B 2K 11 7 DDR ) T RE S 45 0 % 1

——[47-51,52-
SRIT-51,52:67]

4 1ZEWNSDNARGREERELSE
ZRHHMER

FEREAE A5 RBEEA , % N A R A Jl ™
HBH, AT 2 B AT I R VE T 8 AE S A B T B
8 T GEUE B A% 55 B ot W) S8 S008I 2H 266
(1, IF Hok = NEATI 2 w40 3% /0 R RS, %
55 BEAE BURAE H B 52 IEAE B8 R . FEAN R
RUJERE 1R S0 B R B, 55582 5 T DDR.
4.1 FEMBEPIZENRERIEZNDNART

1E 2 R M5 H8% (multiple myeloma, MM) & #
WNEATIRR . SEEG W], NEATTTER S MM 1
S HE AN 77 A AR TR 2, X 3 B AT BEE DDRHY
RIEVEF . SEI R B NEAT 2 /0383 B AP AS [H] AL
25 JL°F-Bifi DDRIEFE. —J51Hl, NEATIIE A9
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KW, NEAT1'5 9P 5% b {f) HRAH 5C & A RADS 11
FOXM 1 (forkhead box protein M1) % IEAHI, F H.i
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