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The key role of liquid-liquid phase separation in atherosclerosis
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[ABSTRACT] Liquid-liquid phase separation is an important process in which intracellular biomolecules condense to
form membraneless organelles, playing a significant role in cell signaling and gene expression regulation.  Studies have
shown that liquid-liquid phase separation may be involved in the occurrence and development of atherosclerosis and has po-
tential applications in the diagnosis and treatment of the disease.  This article introduces the concept and mechanism of
liquid-liquid phase separation, delves into the relationship between liquid-liquid phase separation and atherosclerosis, sum-
marizes the progress of liquid-liquid phase separation in atherosclerosis research, and looks forward to its application pros-
pects.
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Figure 1. Schematic diagram of the biological
mechanism of LLPS

1.2 RERE

LLPS [ % & Ui i & — A E5 i B2 b 2e
WY2f AN R 1 R . LLPS Al HE & d 5L AT LGB B
FUXF A AR SRR AR S i 5, Hofiliak 1T OR ]
AN TEARERE ST 43 B T WUAS [R)AH A B4, il #n
IKFEZ R AR 2 1835 4F—1839 4RI 5%
HAEAZICANMI P K B T 35— A R E 4, X
— M | AL Wy Sk, FH DA i R 40 i PN L s &
FIIE AL, 2009 4-0F 5% # 75 75 i FeoFF 26 iR i &
BRI T RNA FIE AR A PR, X
Sk R im At LLPS JE R , #8787 LLPS 541
ML RE A0 ELREOCHE , A 4 A 2 ok T A Y
AR )R WEE AN I 34 £ R A0 i
%, WA~ Cajal 4 B ECBURL  microRNA 5 S (91T
BRAZ A VAR 5 f 41 - 4, AR e S 1k R P R A%



CN 43-1262/R " & Sl k{244 ik 2025 4F55 33 455 3 M 187

PRI . BEEFABOR B R R EY) 735 LLPS
TE LR A ALV A 114 TG RBE 400 L 25 1140 1 fige R B A
LLPS Ay e 3y £ 1 0ORIAZ R 3% 1 ) A~ I
PE | 3k LRy IR B — 5 W (A A B
{BD) BRTEHRF E AL A IR T B AT Z I8 A B A
MGz ST, TR 4R AR . AT 4F Sk, LLPS
WFFEIAT T IEWNE I JE | 1R Az i )2 40U A T 5%
B, IWHRZIBAT MBI T taun 2 11 A -2 fi
FRE IR 55 BRAR DS B RNA Az 127 v B 38 0k,
FUINTARBYIE B, 5 2 40 M A5 5 1% P A5 540 1A
VABEAIAR NS LLPS 1E 2Rl A Wy id e vh R 15 5
TR, LAk, LLPS 55 40 8398 ORISR & A 4
MG AW H 2352 BI5CTE . AM, LLPS WSO 1% T
JHT RGN A ] 5 5 W R I 5 L #4771
R, A A i R AR AL LA ST &R A
Ir R SR AT 1 B A T,
1.3 FEFESEARFER

LLPS BIFFE (852 55 50 A FITT 1 i S A 1) 2 43
SRy — AN EE LT, 3K SE AR A HE Dy 7 40 L P
LLPS BAZR I ML A RE4R AL T 9 A7 1 (93285

FI P WA HAR ) (4 2o 5 s Wl B BE A
R HER AT, A0 BEDLG 7 A BB O BGE
TE N OB, 8 HOL T R RSO YR ARIC, LA
Gy e S AR AL P LLPS 1% [] 43 A R 3h 2575
B2 BB B B T AL G R #
T LLPS MR i 2 A = o Wi i, & 4
S AN AR T L AR A B ORI M 4 BT R
T, LA e i LLPS ZR 48, MR A B i H N TE AL
il s 2R Py EE s VR A S A G U AR AR A
NF XSRS SR TN A3 A
SEAFIHESAFIE A TE 40 5 2, 107 0 22 2 00 3 00 00 5
TR PR R AN S LB I ok Sy B A Y
FEBAXS TR LLPS RYZHAERFIE R G H B, 7 T/k
WPZAROR Y AL R G RNA TR
S5 U AILARE I B e ] S 52 ) R AR R L 9
(clustered regularly interspaced short palindromic re-
peats-Cas9 , CRISPR-Cas9 ) 45 5 [H 2w 48 T H. | REUE A
AR B DI RNA 76 LLPS i B i 7R . it
b STEEHLBAYU S A g iR R, an gy 3 ) AL
SRR P B, S Bt 73T A AL, REAS B Jp 1
[BIFH AR LLPS S B8 , I BEATgei ko pr , il
DR R 25 T AR ) 2R T, Ol S 30 I o S AL PO
et

2 R-BESBESIAKMSEEL

2.1 K-BESTBESIICREBLNXER
As PR IR BT B R R BUTE I 4 BE R AR R B
I A%80, Ml LLPS fEX — i e VR JH T e 2 2
JrmiEYy . He—, LLPS 38 i 520 i 5o QAR S 8 Y
BESRRA, v LSRR B p B s AL, i,
HHRHE H B100 (apolipoprotein B100, ApoB100 ) 21k
HENREE H (low density lipoprotein , LDL) f*) 32 2L 4%
TEE A, 6 8 B T A IF E 32 2% 31 42 B gl 415077
JH [ B fg % 12 8 1 ( cholesteryl ester transfer protein ,
CETP ) 75 H [ B 15 5 i 25 1 1Y % iz vh i 2 G B4
FAPS AN s 2R (7R AR P & Ak LLPS, B2 fig
JBDA LT FH 2 % 380 1 A7 e 40 L P A BE D, X e B I
HOF R JE As IS Y bR R WF5E R B,
ApoB100 TE4H it PN v] LUJE W& & B Bt 0 ks, I+ 5
CETP AH ILAE 1™, X A LLPS BL 4 7] Bk 5%
ApoB100 i I 2% 15 AE ) FN % 1 B4 5, 1T 52 00 i
FACHIFN As B9 KR M WF5E & B COPIT 2H
Griist LLPS 3K hTE i COPIL 25 1136 S A, ik 1 76
AT R R R T Y T R A R R RO W
COPII 2 FAEESRAA Y o BE A= K 5 i S L 3 2
PR Rk - B IR 1, S EUR Bt iz
RORTRE, AT RE 225 1S i 2 11 40 B 32 B, 6 T 5 20
AR A, R As B B ) i
IV As SR DG HE I 2 LLPS W R i 52 i R A
I P 0 AR SR A U AR S PR 1 R
FAEAMMAYTEIL ), LLPS nl BEf b i 1 MR s &
SEMIEE 1 58 AR B AT ) RN AR A5 A B3
( nucleotide-binding domain leucine-rich repeat and
pyrin domain-cotaining receptor 3, NLRP3) il T-#H 3¢
B 5 FE 2 1 (apoptosis-associated speck-like protein,
ASC) SFRAE /AL 7 WY BESR , B Caspase-1, fiE iE
FA4IHEA % 1B (interleukin-18, IL-1B) AT (4 41 f 4
# 18 (interleukin-18 , TL-18 ) 1) il 2R HUBE JIC, M 1T 52
M S S50 14 588 o R b ) 1 R = i 7 P
AT RERR T2 As BRI G LLPS 7] AEi i 52
Wi N B2 A LN A5 515 S RS R 3R 38 | S B0 B2 4
HREZ AL, LLPS A RE BN B2 41 h P Je B — 4
A6 & & i ( endothelial nitric oxide synthase ,eNOS) i
PERRAR , 5200 M55 5T 47 DO RE , 190 i 45 8 2 1, 175
TR H At 5% i 40 0 B 25 5 0 o ) a4 RE Y
S-S A 3 N I AL SR R A BEBOE B 5%
AL, W R, AP B H AL (heterogeneous
nuclear ribonucleoprotein A1, hnRNPA1 ) 4y — i i



188

ISSN 1007-3949 Chin J Arterioscler, Vol. 33, No. 3,2025

TR RNP ki rh RNA AU SC B 1, H C
i X A T3 A LLPS, A GEAFE M 2£ 4 miR-124 |
Drosha [if§ #1XU5E RNA %54 25 1 8 ( DiGeorge critical
region 8 ,DGCR8) MA%.0o S 48, LA il 481 L4
JEL %) 338 FE RTC 9ORROE B, LLPS W] fig i 5 i
hnRNPA1 A5 191555300 1 8 11 o SR 4 |, A8 ol 4
SF-YE L AN A 1 358 A RN G A, A E As BEHUE
R R AN R E AL As Pl % R EAE
JH,LLPS 7] BE 52 M 290 it A& ot 2 11 40 0 St 2 1 i
PEBE FRIZF 4 25 B B8 SR A DOR, 18 17 52 i) BRE B AR

SEVERNMAT EAY ), SR LLPS A B8 S04 o
FE o ) S ORI IR A RS M A Y, X
S0 S H UUR Y i i A0 3 BT AR A3 1T BE S B B 45 4
ANFRE , BN BE B m 24 0 XU, BEAb, AR R TR
As B B R B AE ], LLPS 7] B8 1 52 W 41 4
AV L AR A A T 4 I H It 41k il R ot
AL SRR T B, PR P A AL R OKSET . LLPS 1]
e BT AT T ) 375 P AT, el 2 20 b % A 1 3
FIHEPTRE T et As R JR (3R 1),

®1. 5 LLPS HXMXES FREEHEXERPHER

Table 1. Key molecules associated with LLPS and their roles in related diseases

YEFRZE 5 AR A/ T IRe5 5 M

N AR R ApoB100 . LDL CETP LLPS 521 i 5 % 32 25 1 56 23R, TR I 0 i) B I3
Tim FUUAR AL 1 S o7 10 A5 BE 1) FL 22

RAE ST NLRP3 (ASC,Caspase-1 IL-1B ,IL-18 LLPS {0t JEAE /IMA L 73 19 5E 5, ¥ Caspase-1, fiE
G AE T ) SIS, IR 9 E 52 g

PN B 20 B ) BE A eNOS LLPS 53 eNOS 1 M BEAR , 52 0w I & 45 T 5 A i
G IBE FE I G T SE I 75 5

SEH LA 58 hnRNPAL .miR-124 LLPS 5% 1) 24 Jfa Jis] 1 9 45 2 1 M4 M2 RS AH G B
PR TR A 2E ST S0 1) 5 5 i A%

Yl S o i SR L RN i LLPS 5% MR 41 & J5 25 1 5468 SR AN AR, 5% i B e
TR A =AY

ER VAR e ALY BB S B H IS E AL W . LLPS SIS AL B TE 1, U8 40 e R AR N Y

PUR=R i aE=).5

HRPTRES)  fe it As BRI

2.2 W-RAESBESMCRERL PR RAR

2.2.1 - FAHMAT TR T B
FERANEHT T LLPS ¥R & A Reny 731l
il , DA RO SE R A As SR B R h VT, H—,
WIFE 2 I fe i SR TUTE | BT 20 M S AR, U T
FE LLPS 3R rh & B AR BE R 2R 1 45 1 X SEER
P A S TC T X S5 R AR AR e AT RE
RS TEARR R 1 A BROR AT T 1 80 28 1 VR R B SR AR
TEIXSEEE R AR BFE 8 R B T — S G (5 5 2R
F L EATEAN A 5 4% S b 4y 3 G A 6, il
FEARE S 20 A 4 58 55 0 T I A AR A R, X
SEHRIE As RAERBIEEARNY , K2 Rk
T Tk R R o | R AL gk R 8 B P 9 AR 4 T B, b
FE 1 LLPS X 4FE 8 D BE A 45, i aod 5 DA Bk
FORFE DL BR A B A0 B Kindlin-2 38, 52
SRRt BT Y S A L A B ) B A UK R il
Bl UEWT Kindlin-2 75 P9 B2 240 1 5 R 4k 15 o 1 ¢
YER i it —20 R YL BT U 5 ml DAd i 2 1 ks
F IR W FEFE RS I 5 (protein arginine methyltransferase

5,PRMTS5) Xt Kindlin-2 #4745 & R FH 3L &1, 52
W) FLAR S B 8 0, DI040 78 B2 o e DT g, A2 F As
B &Y = BFSEE RERT T LLPS fifal 5 i
BEAEPEM RoE R EER ., PPk, 7E As
S As Y —SLTE 20 2B U S 7E LLPS JE B
SRAA PN £ T SR s e 184 o vy 3 M R X T
YL A1 I S R A, AT S ) T BE R ) R L, TR
B, ok S i LLPS % B 25 7645 22 i 40 A X3k, 4n
DAL D) sl A, AT E JR ¥ 2 FEAE IR T B
PR L B4, LLPS AT LL3E 3 T W i 5
PR FE SO 1R 1 ot B0 32 28 B B L 7 As 72
f,LDLR #H¢%5 4 1 (LDLR-related protein 1,LRP1)
FE LLPS BER A AS 8 fE7E , 3% A B T 4k 5 240 M XoF
{555 1 Mg 2 1 AR5 SBURIALL 34 | 97 (IR 2% 3 s 4 1 A
MAEEEF AR 22 LLPS REMS A JE B 1 B 22 18] 1Y
ZMAHEAE, T R E M 4%, AN, BF 98 & i
KT LLPS X H BEff R 2, 76 LLPS JE
FREER (R, — BB ] e kR TiZ & - A A
RGN H W AR I B A, 3 20X S8 38 7E 41 P9 AR



CN 43-1262/R " & Sl k{244 ik 2025 4F55 33 455 3 M 189

2, T2 AN RE o i, LLPS 7] BE {47 5t
SR 58 28 1 A 52 W, TN S8R S, BIF Y 34 i
R AN AR AL NS YRR IR T LLPS 45 Y 2 1
TE As "PRUFE . WS & B, A WEAH SCHEE 1 5 (auto-
phagy-related protein 5, ATG5 ) J& K 78 A5 & ik 4 B2
21} (human umbilical vein endothelial cell, HUVEC)
Hh gt 5% B 7E 2818 85 HE (apolipoprotein E, ApoE)
LR/ B DTBRINE, As 2SN, S W ATGS 7% 1L
BRI As R R RE CHEE Y . 2
W R BT, ATGS FIH AL ATG 7% 5 PR vl fig il i
LLPS B8 55 25 115 b, DT 15 e A 2 38 3ot
AHAT BOE U, H X — 2 B AR S 2 1 B 55 2k
) A WA AT AR 2 As IHERE

2.2.2 @AKFAR As 1141 K SEBF 5T
LLPS PG AE PN B A P18 LA e AT e 4 e e )
HARZEI SN AT | 5 E Sz 120 i i i 1Y)
G2 C g AL 7R . 1E— X HUVEC W5
L, 1,6-0 RS T LLPS B9 A, 520 4
Bz AN P A A 25 3 AL (eyelin AL, CycAl) B3R
IRFNTRE, 5 B M SR 0145 i 20 P B AN 1
FEANIEREHE T, T AE B 1487 T B ok e v e 380 90
PR o 3338 3 AN S EL A 200 M6 PR g I ) 1 6 A,
W, B BT AR RN 0 TR 40 A IR B, i A 3 AR Ak
UG B IR 85 H (oxidized low density lipoprotein , ox-
LDL) A4, S RAEAE =3 6, AA% A 1 kB (nu-
clear factor-kB, NF-kB) i 4% , MM BE i 28 iE K+ I
e SR AL I F o (tumor necrosis factor-a, TNF-a0 ) #/1
HAi 2% 6 (interleukin-6,11-6) , JIMJE] i 45 BE (1Y 98
KESNE o AN | N B A0 v %) ) 2 B2 A B AR 2 A
337244 1 (discoidin domain receptor 1,DDR1) 7] L) J&&
UM Z) , I 38 5 553 T WE B B R f# A DDR1 7E
FI5 RS A b 2 ek 72 1 DG SR 5 M e, 3 2 T
IR AAE XS AN T3 2745 5 5 — R B 75T
N5 52 A Ui 7 T A% 338 1) 0 27 5 e A0 R A0 T N 1Y 2R
kA5 SR P R AN D RE AR T 7R
LA, LLPS BLR [RIFE 25, 1 As R A2 X,
IXSCL NN BT S AR, 5 A0 P
B R B UM G, X — R AL 3 T 5 B R
BB UAE T A0 P B S RE BB, 5 BN i 2 B
7% DN AL P 70 S A Y 1 A i b R B )
A TR AR 2 B R A A R T A Ak TR ED R A0
H LLPS B4 516 UK 40 B (9 18 180 5 25 A G B g 4
JIAEAR I ox-LDL J& , 40 ML N FE B 1 i v % , 3 4
TR AT AN 5 I 1 e 1) AR R A O IR TG 1 %
i SN, QAR E S R TL-18 AR, R B s il 5

W 401 L P 7 05 AR T, S BB B N SR AR AX O B
L, SBR[ R
B, LLPS 7£ As A5 Bk R b 5 SC BV T it 5
el i S AR, S SN A i mis , e As IR R
2.2.3 SBBEAART  LLPS 7E As B YL
FHI& AN 2% HoA % e i) s, AF 58 4 a4 A1
A0 M3 TR BRI N Sh ) 5280 R GE R IR LLPS 5
As ZIHHRER . KA HAISET LLPS £E As SLH
TR rf BT 5T RS AR X AT R 3 — 4R ) a9 5 7 46
NHAHIT BB AE As i B AR P O ZEVE T 7
PRGN SZIG: | A0 A 3 0455 R4 o W48 S A0 B i
JiE B AT PN B2 A - T JUL AR i R 4
PR SE S L BTRIAR 20 B IR, LA BOX R B iy 52
M4 RE AT R BRI R, TE R AR IR T,
LB B R U0 ApoE | Toll £ 52 {& 4 ( Toll-like
receptor 4, TLR4 ) 55 0] B4 & A S0 IO AR 055, e ot
PRE S AL IR A0 ML i, I As A ERE . b,
LTS As FHRRYE T, AF5E3 n] DADFSE ik 4k
R E 2500 T WA 2 B AT O By HOW BB IE
SRS Y ZER P SRR b B 5T R s A k2
BT BRI\ Sh PR Ry E R A B RE
PIMEEXS As KERIFZM, JF b As S84 1Y 3l Ik BE
FEAS , AR B G030 52 B FL 55 9 0 Jee 1 AH
JEMEROT A RS T 2o 4 K it R 47 T S 440 0 45 4 7E
As IR X AT ST 5 As SR R IE 52
TIXSE T BAEA RO T &5 2 2 IR PT &5
R RE DB /0 IR AR E B, WoR Hh R RYIR YT
RO R AR BEAR As 14T B 42 At
TR, W T R AR T TR T A R
4G HA MR A Bk 22 4 B, WE N BLn]
DATEALEE B B () K/ | 20 RIS 8 1, I 2 A
REA LA ARKG I LLPS A K [ A BEH p i1 52
RLANFRIR K, — BT 58 ) f 5 2 24k 2 i 3
WLEEE T A0 N EER BT B, IF R T X e B SR
WITEAR TR 2600 T Y28 Ak, X A5 i AR A3 T ]
PRARIE S | 120 5 1 B figp A 23 5 70 40 i N 9 I 2 90
PO AR AR EOR B T B SR R Tl
BB B BN vk | B 3 M A i — P RV E ST
N BER T LLPS #H5CE 1 A mRNA (19315 B H
TESERAE B Re B s A28 Ak, A OF 5 A T B e
SRR Tl 4 S 0Ok A D AE AR DU AR R 5-ME A6 Tl
(arachidonate 5-lipoxygenase , ALOXS ) %& K 1) #2 ik,
TRHEA A B A ST B e 0 As 1
. Ye %51 fifi F K 115 B 300 R 5T As BREHR 1Y
SyFHLE A B R VA S S 0 ) 4 4k T — AN T



190

ISSN 1007-3949 Chin J Arterioscler, Vol. 33, No. 3,2025

AT EREE | T AESE LLPS XI55 B 40 i AT A
(R REI G0 B T F8 B, R 0 RN, 400 i 1 B R A B
A NSRS s NS IR e o N =41 28
INFUAR Y SR ISR As BEBR Y & Sk 2 DL & LLPS
FHOCER 1R s AR Ak, 38 a3 26 22 4 3 i) S B A
RIWFY, F 58 N A AN RE A% 5 4 b A LLPS 7E As
o B T R T T EL DR R B B R T R B B AL
TR ST B LA

3 k-5 BAESBKEFREL P RN AT =

3.1 f&-KESBERHSEREE LN FRED
LLPS 7E As A1 ARI2 W45l HL AT I 35 0 g FH v
I3, R BT RIS WA S M 7 T, LLPS i i
PO R A0y F A AR AL, 3 As
IR B AR W A5 S PRt T AT RE . FEREHIE B
T, 8 A I Y 1K 4 2R AR e X AR Ak, T L
PR K BRI B, I T S B U IR 9T
B As FTHAIEE, 0H N LLPS BL4 ml e & & 2k
FHIVE AR A, Wl 33 6 A5 A0 X6 F PE A T6 97 850 R
Wk e B, MG LLPS AR L% B0, K it i
BRI O, v LR mIR T A AL, LIRSk, LLPS
() 17 AR A Bl Uk 20 AN B2 (IR T 45 il , AR = 7
AR, AETCBIRGIN 7 T, LLPS A5 2R 5 A i 5% 27
FARMZ A IR R IR I 73k X Rl
B As WG HERR I R ECE IR D2
ARG AR R (R RS A, 38 3 Je A&, ] LA
SN (6 b ) R N O AR PR R T AR M
BIT IR,
3.2 FIAR-EHESBFEMNETEERAY
FIHT LLPS HAH BIRIT B2 8259, 0 As 1Y
IBIT AR B . LLPS B4 vh b K iy A
FGTF, AR SCORL B 43 A g o A A DG &, AT
RE AR LT 1 9 2 3R 7 ¥ ) @t /N T
P EHAIG YT T BT X e H B LLPS &
T2, T LA RO 8 2% B8 e As PG ERLEAR ) 1

250335 5 1T, LLPS S = 25 ) AL 18T 0k
W, TR T RE I N7 A0 R PN B 8 AR Ak 1) 24 ) 4
A, AT LS 3R 25 ) 7E 95 A8 SR A 1 R S v SR A AT
P R Y T U A B AN RO Xl
BREL Wbk R G A B EIRTTROR , R X
ZPITR SZ PERUR RSB EAh IR YRR R
BT 52 35 F LLPS JRBR 3 i oo 2 (A
1) A AR 1 20 L P B85 rh & AR LLPS, mT L3S
SRR P PR S A I T P T RCR T ldn T
RERSTE As BEHAL RAR B 11 0T, v] LA B A T
AR, R AEBTAE P BE AR A B AR E M TR T
ERT, AR T ZE— SRR LLPS BLAAE As
VR FIPILTL , 50 0E T ) 245 4 R0 5 A Akt I
2538 3% RGN YT R AR I, BEA X
SERFFE TR A, LLPS 2 As SE AR INZE 4 |
ARIRIT TS
3.3 RIBE-FTESBRXEDIRFDHITENL
12314

AEEE ST I E, 15 25 F LLPS A 564 Y
BT R . X 28 A ) b 7 )RR A 4t 56
FANA BB B KRS AR YT RN PR 2., AT
RAPEAS YT PR HERF 2 ARG 38 2 G 0 AR 2 0l v
o2 LLPS FRAE , GE 95 T o 6 b 174k FR o 1Y
ol , JTHE I E RS HERIR T % . M RAR
IBIT I ATE T H A £ X A7 R R LLPS
FRIEEAT UR 8 SO AR 5 76T 1Y B M A&k
F R TR B R KON AR ST AR, X T
ARLL LLPS BG4 Jy i BR 1 6 3%, ml BB 7 22 8 Jin #R
W Z5ia 7 oA 16 7 ALY L Ak, LLPS A
AR AR B T B 5 T AR Y EE A
T I W I X kR, T LSRR IR B As B XU
AN, AR AL R TR i, a0 e A 0 15 259
AT IR T T, DT T Y e A R R
TR EE T A Wb 7 0 1) 100 B SR ek, A B 1 S B
F1A) SR B s ) R e o A L, i 4 i AR S T A K
F(F2),

% 2. LLPS irnEM R EHTE As ST B EN AMNE

Table 2. LLPS markers and their potential diagnostic value in As

2 PR 2B

5 As BYRHK

WTEN 5/ 2 Wi H

HAREN ApoE
B As fHK

ApoB ApoB 2L % IR 4 Y R
15 7K F ApoB 150 I 5 95 9 XU 184

IEEPS

Z 50 B iz i Aok Bk [ s 5+ 5

ML ApoE /K ~F-FIAH 3 15 BE 1 A9 6 AT LA
T As 19 R XU P4 TR

il ApoB ¥ B2 B AR BRI AL, A B TR
il e XS P M T i i Je 7




CN 43-1262/R " & Sl k{244 ik 2025 4F55 33 455 3 M 191

ESill IR/ ER N 5 As BYRIHK BTEN 5/ 2 Wil
RAEMKEH NF-kB P R B JAE AT N 7, NF-xB 305 IR NF-«B SRAETE B0, ol 1 T 9FAl %
TP B ORE SR SN I RIS B AT S, P As & R Y
TNF-a RIEN T, 25 As PRMBPERAES R M3 TNF-o K-FTh AT REZ As #Y— 4> U

IL-6 PEREANIEIN T, 5 As BH W 2EE
ARSI FAF S 0 AT G

T ARRE A 1A 7 A SRS R R P e

AALNLHAREY) 8-SR

S A N SR AE RO 2
N
Z,;

RNA Z5&HEH TIA-1/TIAR

o 003 4 o o

)R WLshEE H

FI 5 22 G

RIS AL ™ B, i A A A Y B AR

TR0 LIS 2% 1 ] B SO, 3 26
JOUARE P 50 A0 L B A S e T 0 i X

B RE N, Hah S E AR w4 e
AMTIEE, "TRERZ M LLPS P4

Z 5 RN 25 R A0 o AR B Y
R X T 7 1k it A P LA T B

{55 A A AR b T B2 a2 it 17
IL-6 7KF- A A T LS B iU Ak F 2tk 30T 9
B MR TR AR

8- HiT IR ZR KV T B s A7 1 v 7K A4
JO7 38, 5 P REIINRD As R

TN R S o e WD 40 R 52 40 R AT e
BUR% As 1%

O AU At V2L B 508 T AR Sl 44 R
JIRRL R FE R RIS I As 195 BELER IR

LB A 1 2720 W04 1938025 P A 00 4000 4 1
WYBACE SRS, AT LLPS 1) % 3 ]
LIRS As ZMISEAS 1Y — T 23 )

PR ARG T A S BN A, 3 As
fg— T 2 T

4 HiRESRZE

LLPS 5 R —Fl 20 i P9 2 9 0 T8 R 1 sh S 3
%1 As W UL T HAMAR A (. LLPS AN
IR 7R T A N AR W5y FHERAE As KR HLE Y
Skt ARG T LLPS MG E A Ao 175 50w
S BB EFAPLE, R B AR T R TR
SCRY P IERE X BB A A EAUAIRIT As
FRRITE A, T Ao 0 AR 1, A7 BT s 58T 245 4 AN
BIT T, N TR O . RIS, LLPS AH G
AVIRR YA B TP AR R B KRS FIR T
SN, SRS W S 7 A S BR, a0 7T 2 o 9 R, AR AR AR
ARG R E R TR E AT SR, R LLPS 7E As
5T R L ) I 8 L FH i 5, (A S PR B Al
PREE b 2k 72w, 475 T8 I 1 22 Bk ik A R i, oG,
LLPS fAE W)~ MLHI & 2%, HHAE As B HARE
FEAR HANTE 2, B 8 OGB4y T LBk L R, R
FERITRAL LLPS (8 AR R &y a8 i B ufE DL AE
A PN SIS WA, BR AT X 9 0 A R ) R, AR,
LLPS FH A= Y5 7540 1 B P RN U 0 iE | 2459
B R T 5 5 00 | 25 0 8 1% AR G5 1 AR Ak 4 n)
SRy S AU E s N T (97 R (A (8 RE il
B2 4 PR A S s 2 R G AR S PR AR

JEEER A LLPS 1E As WF5¢ P A E B AR F i
WY, B R IR AU B AT AR 6T LLPS JE R

(T 83T 245 ) R SR e AN W T B, AR S A 0 i
YIFs AEBIR BIIS W FRETT o A5 S T, HE 3 As
RHEEIT I A RE . Dok, BHIT N B3 it Rp et A7 HoR
BT, ik s A R R B R N B
ARGt iz SRR B2 1) 3245, F ] e i i — U Y 55
SR S JRE AT DA /o LA 993 A6 3 )M BREAR A A= 1
HR BT

[ &% k]

[1] FAN J, WATANABE T. Atherosclerosis: known and unknown[ J].
Pathol Int, 2022, 72(3) ; 151-160.

[2] FALK E. Pathogenesis of atherosclerosis[ J]. J Am Coll Cardiol,
2006, 47(8 Suppl) ;: C7-C12.

[3] FROSTEGARD J. Immunity, atherosclerosis and cardiovascular dis-
ease[ J]. BMC Med, 2013, 11 117.

[4] YVAN-CHARVET L, CARIOU B. Poststatin era in atherosclerosis
management ; lessons from epidemiologic and genetic studies [ J].
Curr Opin Lipidol, 2018, 29(3) : 246-258.

[5] SUC, MENON N V, XU X, et al. A novel human arterial wall-on-
a-chip to study endothelial inflammation and vascular smooth muscle
cell migration in early atherosclerosis [ J]. Lab Chip, 2021, 21
(12): 2359-2371.

[6] LEEY T, LINHY, CHAN Y W, et al. Mouse models of athero-
sclerosis: a historical perspective and recent advances[ J]. Lipids
Health Dis, 2017, 16(1): 12.

[7] PERROTTA I. Atherosclerosis: from molecular biology to therapeutic
perspective 2.0[ J]. Int J Mol Sci, 2022, 23(23) ; 15158.

[8] CHEN W, SCHILPEROORT M, CAO Y, et al. Macrophage-targeted



192

ISSN 1007-3949 Chin J Arterioscler, Vol. 33, No. 3,2025

nanomedicine for the diagnosis and treatment of atherosclerosis[ J .

Nat Rev Cardiol, 2022, 19(4) . 228-249.

[9] MO Y, FENG Y, HUANG W, et al. Liquid-liquid phase separation

[10]

[11]

[12]

[13

[

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23

[

[24]

[25]

in cardiovascular diseases[ J]. Cells, 2022, 11(19) : 3040.

SHIN Y, BRANGWYNNE C P. Liquid phase condensation in cell
physiology and disease[ J]. Science, 2017, 357(6357) : eaafd382.
BANJADE S, ROSEN M K. Phase transitions of multivalent pro-
teins can promote clustering of membrane receptors [ J]. Elife,
2014, 3. e04123.

GANSER L R, DJAJA N A, MYONG S. Chapter 4-biochemical
and structural biology aspects of liquid-liquid phase separation; an
interplay between proteins and RNA[ M]. Massachusetts; Academic
Press, 2023 133-155.

BANANI S F, LEE H O, HYMAN A A, et al. Biomolecular con-
densates ; organizers of cellular biochemistry[ J]. Nat Rev Mol Cell
Biol, 2017, 18(5) : 285-298.

WANG J, CHANG H, QUAN X, et al. A model for identification
of potential phase-separated proteins based on protein sequence,
structure and cellular distribution[ J]. Int J Biol Macromol, 2023,
243 125196.

VALDES-GARCIA G, GAMAGE K, SMITH C, et al. The effect
of polymer length in liquid-liquid phase separation[ J]. Cell Rep
Phys Sci, 2023, 4(5) . 101415.

FRANZMANN T M, JAHNEL M, POZNIAKOVSKY A, et al.
Phase separation of a yeast prion protein promotes cellular fitness
[J]. Science, 2018, 359(6371) : eaao5654.

DU M, CHEN Z J. DNA-induced liquid phase condensation of
cGAS activates innate immune signaling[ J]. Science, 2018, 361
(6403) ; 704-709.

CINAR H, FETAHAJ Z, CINAR S, et al. Temperature, hydro-
static pressure, and osmolyte effects on liquid-liquid phase separa-
tion in protein condensates; physical chemistry and biological im-
plications[ J]. Chemistry, 2019, 25(57) : 13049-13069.
ZHANG W, LI Z, WANG X, et al. Phase separation is regulated
by post-translational modifications and participates in the develop-
ments of human diseases[ J]. Heliyon, 2024, 10(13) ; e34035.
MURAI T. Transmembrane signaling through single-spanning re-
ceptors modulated by phase separation at the cell surface[ J]. Eur
J Cell Biol, 2024, 103(2) : 151413.

LEI L, WU Z, WINKLHOFER K F. Protein quality control by the
proteasome and autophagy: a regulatory role of ubiquitin and
liquid-liquid phase separation[ J]. Matrix Biol, 2021, 100/101:
9-22.

ZHANG ] Z, MEHTA S, ZHANG J. Liquid-liquid phase separa-
tion; a principal organizer of the cell’s biochemical activity archi-
tecture[ J]. Trends Pharmacol Sci, 2021, 42(10) ; 845-856.
ZASLAVSKY B Y, FERREIRA L A, UVERSKY V N. Chapter 1-
biophysical principles of liquid-liquid phase separation[ M]. Mas-
sachusetts: Academic Press, 2023 . 3-82.

BRANGWYNNE C P, ECKMANN C R, COURSON D S, et al.
Germline P granules are liquid droplets that localize by controlled dis-
solution/ condensation[ J ]. Science, 2009, 324(5935) ; 1729-1732.
FORESSI N N, RODRIGUEZ L. C, CELEJ M S. Heterotypic lig-

[26

[28

[29

[30

[32

[33

[34

[35

[36

[37

[40

[

[

[l

[

[

[

[

[

[l

[

]

[

[

uid-liquid phase separation of tau and a-synuclein: implications for
overlapping neuropathologies[ J]. Biochim Biophys Acta Proteins
Proteom, 2023, 1871(6) : 140950.

MUKHERJEE S, SAKUNTHALA A, GADHE L, et al. Liquid-
liquid phase separation of a-synuclein; a new mechanistic insight
for a-synuclein aggregation associated with Parkinson’s disease
pathogenesis[ J]. J Mol Biol, 2023, 435(1) ; 167713.

FANG J, HUANG Y, WU J, et al. Fluorogenic methodology for
visualization of phase separation in chemical biology[ J]. Org Bio-
mol Chem, 2023, 21(25) . 5140-5149.

ZENG M, SHANG Y, ARAKI Y, et al. Phase transition in posts-
ynaptic densities underlies formation of synaptic complexes and
synaptic plasticity[ J]. Cell, 2016, 166(5) ; 1163-1175.
BEUTEL O, MARASPINI R, POMBO-GARCIA K, et al. Phase
separation of zonula occludens proteins drives formation of tight
junctions[ J]. Cell, 2019, 179(4) ; 923-936.

TIAN Z, XU L, ZHANG N, et al. First-order nucleation and sub-
sequent growth promote liquid-liquid phase separation of a model
TgGl mAb[J]. Int J Pharm, 2020, 588 119681.

BRAMHAM J E, GOLOVANOV A P. Temporal and spatial char-
acterisation of protein liquid-liquid phase separation using NMR
spectroscopy[ J]. Nat Commun, 2022, 13(1); 1767.

FORD R R, GILBERT P H, GILLILAN R, et al. Micelle forma-
tion and phase separation of poloxamer 188 and preservative mole-
cules in aqueous solutions studied by small angle X-ray scattering
[J]. J Pharm Sci, 2023, 112(3): 731-739.

CHEN S, LU K, HOU Y, et al. YYI complex in M2 macrophage
promotes prostate cancer progression by upregulating 1L-6[ J]. J
Immunother Cancer, 2023, 11(4) : e006020.

RUOTSALAINEN A K, MAKINEN P, YLA-HERTTUALA S. No-
vel RNAi-based therapies for atherosclerosis[ J]. Curr Atheroscler
Rep, 2021, 23(8): 45.

SCHIESSEL H. Computer simulations of chromatin phase separation
[J]. Biophys J, 2022, 121(22) : 4244-4246.

RN, BERRE, G, S5 SIKIRERE (L BT A LA ApoB-
100 BFFEHENR[ )], EHEACIE R 2 =M (B4 RR) , 2018, 38
(9): 1104-1108.

GUO X Y, XUE Y C, HE B, et al. Advances of anti-inflammation
therapy targeting ApoB-100 against atherosclerosis[ J]. J Shanghai
Jiaotong Univ ( Med Sci), 2018, 38(9) . 1104-1108.
GALIMBERTI F, CASULA M, OLMASTRONI E. Apolipoprotein
B compared with low-density lipoprotein cholesterol in the athero-
sclerotic cardiovascular diseases risk assessment [ J ]. Pharmacol
Res, 2023, 195: 106873.

DE GROOTH G J, KLERKX A H, STROES E S, et al. A review
of CETP and its relation to atherosclerosis[ J]. J Lipid Res, 2004,
45(11) : 1967-1974.

LA CHICA LHOEST M T, MARTINEZ A, GARCIA E, et al.
ApoB100 remodeling and stiffened cholesteryl ester core raise LDL
aggregation in familial hypercholesterolemia patients[ J]. J Lipid
Res, 2024, 66(1) : 100703.

WANG X, HUANG R, WANG Y, et al. Manganese regulation of

COPII condensation controls circulating lipid homeostasis[ J]. Nat



CN 43-1262/R " [ g fikaififb 24 7 2025 456

33 &5 3

193

[41]

[42]

[43]

[44]

[45]

[46]

[47] 7%

[48]

[49

[

[50]

[51]

[52]

[53]

Cell Biol, 2023, 25(11) : 1650-1663.
WANG Y, FENG X, ZHOU W, et al. Manganese therapy for dys-
lipidemia and plaque reversal in murine models[ J]. Life Metab,
2023, 2(6) : load040.

W, XL, Bkl 4%, NLRP3 SRAE/IMALE S IRk FE il
A rb £ FIBL RIS 0] RAEVA YT IO ST E e (1], P E Sk A
feZrik, 2024, 32(1) : 79-86.

MENG Q W, LIU HJ, YI HR, et al. Mechanisms of NLRP3 in-
flammasome in atherosclerosis and advances in targeted in-flamma-
tory therapy[ J]. Chin J Arterioscler, 2024, 32(1) . 79-86.
SHEN C, LI R, NEGRO R, et al. Phase separation drives RNA
Cell,

virus-induced activation of the NLRP6 inflammasome [ J ].

2021, 184(23) : 5759-5774.
MR—Jk, Beligh, T, . WR-TROHE 20 B8 76 4 i i e A8
PRAPMPERLT]. TR (2R, 2023, 54(5) .
857-862.

CHEN Y L, LING X R, YU H P, Role of liquid-liquid

J Sichuan

et al.
phase separation in cell fate transition and diseases[ J].
Univ (Med Sci) , 2023, 54(5) : 857-862.
ZHANG L, CHEN Q, AN W, et al. Novel pathological role of
hnRNPA1 (heterogeneous nuclear ribonucleoprotein Al) in vascular
smooth muscle cell function and neointima hyperplasia[ J]. Arte-
rioscler Thromb Vasc Biol, 2017, 37 . 2182-2194.
MUIZNIEKS L D, SHARPE S, POMES R, et al. Role of liquid-
liquid phase separation in assembly of elastin and other extracellular
matrix proteins[ J]. J Mol Biol, 2018, 430(23) . 4741-4753.
ZET, BRITER, 3Kk . SN S ko AE B[ ],
KRR, 2023, 31(4) : 312-321.
QIAO G N, CHEN H Y, ZHANG Y. Oxidative stress and athero-
sclerosis[ J]. Chin J Arterioscler, 2023, 31(4) ; 312-321.

SAHIN C, LEPPERT A, LANDREH M. Advances in mass spec-

SE

trometry to unravel the structure and function of protein condensates
[J]. Nat Protoc, 2023, 18(12) : 3653-3661.

ZHANG P C, FANG W Y, BAO L, et al. Theoretical and compu-
tational methods of protein liquid-liquid phase separation[ J]. Acta
Phys Sin, 2020, 69(13) . 138701.

MA N, WU F, LIU J, et al. Kindlin-2 phase separation in re-
Circ Res, 2024, 135

sponse to flow controls vascular stability[ J].

(12) ; 1141-1160.
SR, EEM, ik 4. BB B TE S S PR R
BIFEFIMLEI L], o E A2 5 5 7R Wi, 2020, 36
(9): 1013-1023.

DOU Z H, WANG Y P, ZHANG H. Mechanisms of liquid-liquid
phase separation in cell signaling[ J]. Chin J Biochem Mol Biol,
2020, 36(9) ; 1013-1023.

CHEN J, SUY, PIS, etal. The dual role of low-density lipopro-
tein receptor-related protein 1 in atherosclerosis[ J|. Front Cardio-
vasc Med, 2021, 8. 682389.

A, REAE. EY TR B W BAL 2 BRI [T
PrEfL2FafR, 2020, 36(1) : 40-54.

ZHANG C S, LAI L H. Physiochemical mechanisms of biomolecular
liquid-liquid phase separation[ J]. Acta Phys Chim Sin, 2020, 36
(1) : 40-34.

[54]

[55]

[56

[

[57

[

[58]

[59

[

[61

[

[62]

[63]

[66

—

LIAO X, SLUIMER J C, WANG Y, et al. Macrophage autophagy
plays a protective role in advanced atherosclerosis[ J]. Cell Metab,
2012, 15(4) : 545-553.

FUJIOKA Y, ALAM J M, NOSHIRO D,

et al. Phase separation

organizes the site of autophagosome formation[ J]. Nature, 2020,
578(7794) : 301-305.

JIANG Y, LEI G, LIN T, et al. 1,6-Hexanediol regulates angio-
genesis via suppression of cyclin Al-mediated endothelial function
[J]. BMC Biol, 2023, 21(1): 75.

LIU J, ZHAO C, XIAO X, et al. Endothelial discoidin domain re-
ceptor 1 senses flow to modulate YAP activation[ J]. Nat Commun,
2023, 14(1) : 6457.

LIN H P, SINGLA B, AHN W, et al. Receptor-independent fluid-
phase macropinocytosis promotes arterial foam cell formation and
atherosclerosis| J]. Sci Transl Med, 2022, 14(663) : eadd2376.
Tomi, B, J7 5, A WO SRS AN N R SRR BIL R A
PR IELT]. WL, 2024, 33(2) : 97-107.

WANG L, WANG Y J, WAN B, et al. Liquid-liquid phase separa-
tion; intracellular regulatory mechanisms and disease development
[J]. Acta Laser Biol Sin, 2024, 33(2) . 97-107.

DING C, MIN J, TAN Y, et al. Combating atherosclerosis with
chirality/phase dual-engineered nanozyme featuring microenviron-
ment-programmed senolytic and senomorphic actions[ J]. Adv Ma-
ter, 2024, 36(29) : €2401361.

LIU Q, LIJ, ZHANG W, et al. Glycogen accumulation and phase
separation drives liver tumor initiation[ J]. Cell, 2021, 184(22) .
5559-5576.

YE Z, JI M, WU K, et al. In-sequence high-specificity dual-re-
porter unlocking of fluorescent probe enables the precise identifica-
tion of atherosclerotic plaques[J]. Angew Chem Int Ed Engl,
2022, 61(29) : €202204518.

NOONAN J, GRASSIA G, MACRITCHIE N, et al. A novel triple-
cell two-dimensional model to study immune-vascular interplay in
atherosclerosis[ J]. Front Immunol, 2019, 10 849.

SARDAR SW, NAM J, KIM T E, et al. Identification of novel bi-
omarkers for early diagnosis of atherosclerosis using high-resolution
metabolomics[ J]. 2023, 13(11) ; 1160.
HENEIN M Y, VANCHERI S, BAJRAKTARI G, et al.
atherosclerosis imaging[ J]. Diagnostics (Basel), 2020, 10(2): 65.
CASOLO G, DEL MEGLIO J, TESSA C. Epidemiology and patho-

physiologic insights of coronary atherosclerosis relevant for contem-

2020,

Metabolites ,

Coronary

porary non-invasive imaging[ J]. Cardiovasc Diagn Ther,
10(6) : 1906-1917.

CONTI B A, OPPIKOFER M. Biomolecular condensates: new op-
portunities for drug discovery and RNA therapeutics[ J]. Trends
Pharmacol Sci, 2022, 43(10) : 820-837.

LADBURY J E, LIN C C, SUEN K M. Phase separation enhances
probability of receptor signalling and drug targeting [ J]. Trends
Biochem Sci, 2023, 48(5) : 428-436.

SHI'Y, LIAO Y, LIU Q, et al. BRD4-targeting PROTAC as a u-
Cell Discov,

nique tool to study biomolecular condensates [ J].

2023, 9(1): 47.
(F#% 201 )



CN 43-1262/R " & Sl k{244 ik 2025 4F55 33 455 3 M 201

raphy and ethnicities[ J]. ISME J, 2015, 9(9) : 1979-1990.
TUOMAINEN M, LINDSTROM J, LEHTONEN M, et al. Associa-

[49] LIU S, LI G, XU H, et al. "Cross-talk" between gut microbiome
[42

[

dysbiosis and osteoarthritis progression: a systematic review [ J].
Front Immunol, 2023, 14. 1150572.
PARK J H, LEE J, LEE G R, et al. Cholesterol sulfate inhibits

tions of serum indolepropionic acid, a gut microbiota metabolite

[

with type 2 diabetes and low-grade inflammation in high-risk indi- [50

viduals[ J]. Nutr Diabetes, 2018, 8(1) : 35.

MISHRA S P, WANG B, JAIN S, et al. A mechanism by which
gut microbiota elevates permeability and inflammation in obese/dia-
betic mice and human gut[ J]. Gut, 2023, 72(10) . 1848-1865.
CHEN C, LIANG Z F, HE Y Q, et al. Pravastatin promotes type
2 diabetes vascular calcification through activating intestinal Bacte-
roides fragilis to induce macrophage M1 polarization[ J]. J Diabe-
tes, 2024, 16(6) : el3514.

CHEN Y, WANG Y, TANG R, et al. Dendritic cells-derived in-
terferon-A1 ameliorated inflammatory bone destruction through inhibi-
ting osteoclastogenesis[ J]. Cell Death Dis, 2020, 11(6) : 414.
AKERS E J, NICHOLLS S J, DI BARTOLO B A. Plaque calcifi-
cation: do lipoproteins have a role? [ J]. Arterioscler Thromb
Vasc Biol, 2019, 39(10) : 1902-1910.

OZAKI D, KUBOTA R, MAENO T, et al. Association between gut
microbiota , bone metabolism, and fracture risk in postmenopausal Jap-
anese women[ J ]. Osteoporos Int, 2021, 32(1) . 145-156.

CHEN Y, YANG C, DAI Q, et al. Gold-nanosphere mitigates os-
teoporosis  through regulating  TMAO metabolism in a gut
microbiota-dependent manner[ J]. J Nanobiotechnology, 2023, 21
(1) 125.

[N

[

osteoclast differentiation and survival by regulating the AMPK-
Sirt]-NF-kB pathway [ J]. J Cell Physiol, 2023, 238 (9):
2063-2075.

CHOU R H, CHEN C Y, CHEN I C, et al. Trimethylamine N-Ox-
ide, circulating endothelial progenitor cells, and endothelial
function in patients with stable angina[J]. Sci Rep, 2019, 9
(1) :4249.

WANG N, HAO Y, FU L. Trimethylamine-N-oxide promotes oste-
oclast differentiation and bone loss via activating ROS-dependent
NF-kB signaling pathway[ J]. Nutrients, 2022, 14(19) . 3955.
DENG Y, ZHOU M, WANG ], et al. Involvement of the microbio-
ta-gut-brain axis in chronic restraint stress: disturbances of the
kynurenine metabolic pathway in both the gut and brain[J]. Gut
Microbes, 2021, 13(1): 1-16.

DOHNALOVA L, LUNDGREN P, CARTY JR E, et al. A micro-
biome-dependent gut-brain pathway regulates motivation for
exercise[ J |. Nature, 2022, 612(7941) . 739-747.

IBRAHIM I, SYAMALA S, AYARIGA J A, et al. Modulatory
effect of gut microbiota on the gut-brain, gut-bone axes, and the

impact of cannabinoids[ J]. Metabolites, 2022, 12(12) ; 1247.

(BESCHR FEHE)

(L% 193 W)
ZHANG Y, JIN C, XU X, et al. The role of liquid-liquid phase
separation in the disease pathogenesis and drug development[ ] ].

Biomed Pharmacother, 2024, 180 117448.

[J]. SC SHIREES, 2020, 38(1) ; 46-49, 155.

YANG J, XU J. Discussion on the research progress of atheroscle-
rosis-related biomarkers[ J]. Exp Lab Med, 2020, 38 (1) 46-
49, 155.

[l

LIN A, HU Q, LI C, et al. The LINK-A IncRNA interacts with
PtdIns (3,4,5) P3 to hyperactivate AKT and confer resistance to
AKT inhibitors[ J]. Nat Cell Biol, 2017, 19(3) : 238-251.

[79] WANG C, DUAN Y, DUAN G, et al. Stress induces dynamic,

[71] SONG S, IVANOV T, YUAN D, et al. Peptide-based biomimetic (78

[

condensates via liquid-liquid phase separation as biomedical delivery
vehicles[ J ]. Biomacromolecules, 2024, 25(9) : 5468-5488.
[72] CHEN Z, HOU C, WANG L, et al. Screening membraneless or-

cytotoxicity-antagonizing TDP-43 nuclear bodies via paraspeckle
LncRNA NEATI -mediated liquid-liquid phase separation[ J]. Mol
Cell, 2020, 79(3) . 443-458.

ALBERTI S, GLADFELTER A, MITTAG T. Considerations and

ganelle participants with machine-learning models that integrate
multimodal features[ J]. Proc Natl Acad Sci U S A, 2022, 119
(24) : €2115369119.

[73] GUO G, WANG X, ZHANG Y, et al. Sequence variations of

—
o0
(=}

[

challenges in studying liquid-liquid phase separation and biomolec-
ular condensates[ J]. Cell, 2019, 176(3) ; 419-434.
GASSET-ROSA F, LU S, YU H, et al. Cytoplasmic TDP-43 De-

phase-separating proteins and resources for studying biomolecular

condensates[ J ]. Acta Biochim Biophys Sin ( Shanghai), 2023,

55(7): 1119-1132. (81
[74] SUNY, LAUS Y, LIM Z W, et al. Phase-separating peptides for

[

mixing independent of stress granules drives inhibition of nuclear
import, loss of nuclear TDP-43, and cell death [ J]. Neuron,
2019, 102(2) : 339-357.

POLLARD T D, COOPER J A. Actin, a central player in cell
shape and movement[ J]. Science, 2009, 326(5957) ; 1208-1212.
[83] ZHENG X, HAN H, LIU G P, et al. LncRNA wires up hippo and

direct cytosolic delivery and redox-activated release of macromolec-
ular therapeutics[ J]. Nat Chem, 2022, 14(3) . 274-283.
MAO S, LIUZ Y, LIUZ Y, et al. Phase separation of epigenetic (82

[

[75

[

landscape in cardiovascular diseases[J]. Biomed Pharmacother,
2024, 181; 117654.
[76] ZHANG H, JI X, LI P, et al. Liquid-liquid phase separation in hedgehog signaling to reprogramme glucose metabolism[ J]. EMBO

J, 2017, 36(22) ; 3325-3335.

biology: mechanisms, physiological functions and human diseases
[J]. Sci China Life Sci, 2020, 63(7) : 953-985. (Lo SCEM)
(77] ¥ 85, VF 08 SRR Sl DKo R A0 AR 5C A= W A s 1 F 2 0 e



