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Abstract

Proteins, nucleic acids, and other biomacromolecules can undergo liquid-liquid phase separation within
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cells, forming dynamic, membrane-less liquid condensates through multivalent interactions. These con-
densates establish relatively independent functional compartments involved in critical biological pro-
cesses such as transcriptional regulation and signal transduction. In recent years, growing evidence
has revealed that liquid-liquid phase separation plays a prominent role in the initiation, progression,
and metastasis of hepatocellular carcinoma. It drives malignant tumor progression by influencing key
signaling pathways, remodeling the tumor microenvironment, and mediating the expression regula-
tion of cancer-related genes. Consequently, emerging therapeutic strategies targeting the liquid-liquid
phase separation process are gradually surfacing, offering potential novel targets for hepatocellular
carcinoma intervention. Therefore, systematically elucidating the specific mechanisms of liquid-liq-
uid phase separation in hepatocellular carcinoma holds significant importance for developing novel
anti-tumor strategies. This review will summarize the biophysical basis of liquid-liquid phase separa-
tion, its molecular mechanisms and pathological functions in hepatocellular carcinoma, as well as the
prospects for clinical translation, aiming to provide new insights and directions for precision therapy
and drug development in hepatocellular carcinoma.
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1. 5]

YR - WAH 433 (liquid-liquid phase separation, LLPS) &5 & H i sliiZ IR &L W K F X 46 N TCERY
T EER ORI AR, SR AN P SRR AR TG SIS AT B Rt ISk, LLPS X 40 e (1) 7 H 2R B
JH TR R, W R A R R A R RS E R, AEE SRS R, UL R, mik
PRIk Mt i o i & . BE T LLPS JR BT V6T SRS MG i A L B I E RS 0, N “A
ALER A SRR T IR O, RO R T AT R R LR T4 g B A IR T MR — B R
BT RIERNE R AR, W LLPS 78 -4 f e o (L A 58 4 30 I 1E 97 SR 00 4 T 4587 .

2. LLPS &4 By4 YpigIe st = T8

LLPS s&—F# g2l fe, wRIREY o N EAMMAH, CUERIKE HARIRES . &4 SECsURLA
Cajal /MAZETC YR M 2% nT @ I LLPS 4128 s Jo IR i) A= 073 ¥ #5E S A (biomolecular condensate, BMC), ffi4H
fuThfe X =4 . BMC T RIAR T EE R R AHESYN 2N s a7, S¥EEREH. Bk
{EF . m-m FOPH B F-n M EAE R4S 1], & H A [E A 57 X (intrinsically disordered region, IDR). i 44
Pl 4 B 1 AAZ R B 5 Tl i H 2 34 M 3K s LLPS F22E[2]. oAb, IDR 6= Fa5E i) = 445+ HL.UA
BT TEARAFAE, AIEN S RANE R A BAE ISR SRk VERRER | 05 & I B B AT Fi Bk S 7E IDR
R E S, BT SSHEAERBIE K. AL T, JRIIRRIEAE IDR hEUD SR [3]. Y2 RNA 25
HHEAAA IDR, RIRPUREEFEA I, Bk nl AEIR ST 0 A% R A2 LLPS [4]. BERRIL. ZBEfL.
HEEAL AN RAGSERI R R B v A2 2 0 TR 5940 BAEH, 2R3N LLPS MR SR (5].
VIR TN I ZAN SR AT ASZ pH T2 B IR IS [RGB 56 A 105, AT el 38 2B
F ARG LLPS 17 M[6]. B T A0 KHit:, 5 Src [FIYE 3 454435 (Src homology 3 domain, SH3)iX — L 71
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BB EE IR B 0T, 15 s SRR (W 5 7 AR BLVE 38 ik ok P P P ML 35 R S R LLPS [7].
— e b R B U HOE NPT, B ATEAY LLPS, A A B E RNA SRR S] [9].

LLPS MUFRTEE T, RNA tHAHEE LLPS 25 RNA-ZEHRE A B (W SEECSR AL P /MASE)
BMC MIJE . 1 RNA/EE (A FLE D] LLPS BERVIERLG, ik RNA/E B R G AE A (2 (E A . dpez v
RNA /KFFEAREAFAE S RNA 58 AR 45 & s A& OB s, w] 5] e id B LLPS, S0 B SRV Y il
[10] AWFFIESZ, RNA NO-HHE R H (NC-methyladenosine, m6A) FF 34k 254 5% J5 & M vl i@ i 820 RNA 5
I 45 A IR NOBURL G FE B[ 1] RNA G-DUBEARE N & & SR IRZ IR — 450, nI{ERNZ N
TG, 5 RNA 456 8 A8 RNA 2 FHEAERIRE) LLPS KA [12]. fEEREMEE A b, BA AT
G-VUBEAAR I .55 DNA 73 F Al 5 G-I R A A EAEA, FH7E BRI N TE R BMC [13].

3. LLPS 7ERT4mRafz aalBIfR

PP B e i o L) SR A A e S, L v S S PR AN 2% (K 2 LR 2 BT T 2 A, iR 7R
HOL B AT RUET IR T 4L S 2R . ORI TUUESE R W], LLPS £E T4 e S PR RE R v A 4 e AR
FATREFIHTILAFER LLPS £ T A0S (A2 DhRe, 5 20T AR V6 T 7 SRS IR A RN A VbR S 0
RARSE U LA -

3.1.LLPS 5REESES

PG RN, 2 W AE FP R o R B R S N USSR AR . EFTE R, 30D e O A 4 B )5
{6 ) it A7 A W S T S T SRR . AR R R S n] K AR LLPS, 40 Hippo #1815 518 B0 VE T H0E T iR
Jit B 1 Yes K HE [ (Yes-associated protein, YAP), IX#) ARG 14]. LLAl, FAZFH B AL T 1 epsilon-
1 (eukaryotic translation elongation factor 1 epsilon-1, EEF1E1)[] LLPS i @R 5 7k 71 85 (A [ JH4) (phos-
phatase and tensin homolog, PTEN)/ZK [ B {5 58 H4 /13K DNA {252 14 55 JH-2H it Jee 16 Ji g 12 [ 151
YA £ 8 1 PrPC ) C i BRR S5 M RT3 T i LLPS BE5EY), 0TS NF-«B 15 Sl I E R B 40
R-8 KL, (et e[ 16]. MEAFE R, R M A B A R v AR AR IR R R & I B i
FHIE, ZMEiaE A O IEN HIRIR. f6)LEAAE KN B WBEEES 1 (transforming growth factor-
Pactivated kinase 1, TAK 1) A5 A4 PE, 5 TAK1 454 A 3 (TAKI binding protein 3, TAB3)JE ik
TPREERYD, WG NS T 0, fett A e BB A R 17

3.2. LLPS 5#F5%F

A7 AN LT MR AR T A ™ 6 2 o 40 L R AR AE o B TR 1) 58— > S B g 0 R 2 B 8 (hexokinase,
HK) -5 (3] 7 08 e A o i & pE-6- B R . AT BT UL, TP M v 238075 3 5 2 (sestrin 2, SESN2) Al i
I BE AR HK2 mRNA 2 578 S NEERL, P&k HK2 mRNA 32 1% N2k, i dii 3 0 iz
fift AT IR A BT RE UL 18] IR, AR RNA BB FTIGE K R I o — MR E AT S22 RT [, 3878 13X
FEMURFI) RNA 7375 JFF8 S5 1 g v (K B 2D e o PR RNA-ASH2 widsd (2 Y HESS S8 E 1 (Y-
box binding protein 1, YBX1)f¥] LLPS, %4 57 #4 &% # #% t H (heterogeneous nuclear ribonucleoprotein, hnRNP)
TERRIIReE A, THENIIERE [ 4 (tropomyosin 4, TPMA4)H AR (1 BT HEH Ddk HFEAR, AT AR BT 44
JEANAOE ZE A 2, EIR N[ 19]. e FEJR 2 B4R H (zine finger matrin-type 2, ZMAT2)J& T8 45 2
FXER G, TN, #8825 mRNA 898, #FF0RIL, ZMAT2 nli@id LLPS R
TR R, 5 =453 8 [ 28 (tripartite motif containing 28, TRIM28) mRNA JE R A i - B4 &),
M5 TRIM28 mRNA LT, IR AR R, S nod 4 s A 3 5201 Bb4b, BTFR
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22PN NI 7 R B, LA OSE H 1 (twist-related protein 1, TWIST1)AIABHZAH 1 (yin yang 1, YY)
A5 E1A 4548 A p300 (E1A binding protein p300, p300)4: & s % 2 A8, FF7E miRNA-9 B2 4
o AR T R R FE ) LLPS #ER Y, 155 miRNA-9 it 3Rk, (Rt R PR ERRE. —HX
AT 368 5 0 i 5 3% A2 A A IR T B34 miRNA-9 3A, Ml 5 A P I3 ) Sk v gk [ 217

3.3. LLPS 5&RWiEE LA

BEIERAMBEA 1 (mixed lineage leukemia 1, MLL )& — 7 55 3 [R 2 R (00 5 45 1) 45 1 9 1)
HEAHELBE . MLL1 n] i@ 3R 4 SRS L H 24k Borealin (19 K143 £ 55, dEimfefE e akfeE L4
KA LLPS, ARG ES B (aurora kinase B, AURKB)H V14, 2 38 184 0 1T 200 i g S0 8 o G (AR A AN A3
SEME[22]0 EAHERIRZ, o FRE ARSI ESE 1 (inter-alpha-trypsin inhibitor heavy chain 1, ITITHI){E N
—FEFFIE h R I  W R ), TR S R a5B1 IR, TEPTEFEE (A, IR 5 PESE S S E K,
B &AM B0 B . ¥4k A KK T B (transforming growth factor beta, TGF-4) ] (€ i F B 44 F2 B A 3
(methyltransferase like 3, METTL3)%E [ LLPS #ESMIHI I i@ 5d moA (K ITIHI mRNA 152 E 1
[23]. W&, ITIH1 A SEAE G TT AR 8 M A2 W i A s S

3.4.LLPS SEREFARX

FRIR RNA-VAMP3 (circular vesicle-associated membrane protein 3, circVAMP3) 2 — i £E T2 Jifo & 2 Jfd
HEZE N IHEPPOIR RNA, HKRESHE AR A K. cicVAMP3 1B 15 48 0] 5 40 i & WIAE G B 1 1
(cell cycle associated protein 1, CAPRIND&5 &, ‘T80 CAPRIN1 R4 &4 LLPS, XS4 P N RRL
B, F0H] o-Myc JEm Sk RIR e, AR A P9 0 A7 ) R 4% S e R S B ATIE A2 [24] . H 4R 8 214 (ring finger
protein 214, RNF214)J& T E3 2 £ IEHMF 50%, R4 ik . He 25 NIOWF AL R ], RNF214 1F N
P R DR IE O A MR R 45 M I 3 LLPS, S 540 I 5E . IR S AR 24T M [25]. X
SLAEER 1 M1 (forkhead box protein M1, FOXM1)J& T S AHEH: S R F Rl it , w45 A 3L R )3 3 74
S A L SEFEA DNA 252 . e amiase b, NS5 8 91 AR RE /N S IR T2 AH 5C 2 1 (abnormal spindle-like
microcephaly-associated protein, ASPM)AJ 5 FOXM1 it LLPS 2 8%#% MR, sk ia e FOXMI,
L FHOE TR R R IA . [, FOXMI BE454 ASPM [)E 311 X3k, % 380E ASPM [15R1A.
LLPS s 2 E — 3 2 (8] T8 B850 1 1E S st 1ml B (L 1] 1) [26].

e RN
, 7 mmExsREaT S
’, ASPMEZF N

AN

- -
- -

Figure 1. Schematic diagram illustrating the mechanism by which ASPM mediates nuclear retention of FOXM1 through LLPS
1. ASPM i#3F LLPS /& FOXM1 BIZ MR R 2 E
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3.5. LLPS 54Kk EiEH)

BRIET e — PP SRR P PR T 2R, AR A B AN SRR T Atk sl &, &S
AN AN AE T . KRR ID RNA URBI-J< . RNAI (URBI antisense RNA 1, URBI1-AS1)i# it ¢
LR I LLPS, F U8 159 B A4 P i A2 0 1A% 32 A8 JL 0% R 4 (nuclear receptor coactivator 4, NCOA4)
N SRR A REAR,  DURRRA e 25 2k & R R B st . Hh, SEE ST 1o (hy-
poxia-inducible factor 1a, HIF-1a) "] B4 5 URBI-AS1 JF 3145 & KBS HEIE, M85 URB1-AS] 1]
FiA[27]. Pk, ¥R URB1-AS1 85 HIF-1a AT g A2 S0 40 B X 22 h 38 Je i 2 IR e 7 1Al (L K 2).

URB1-AS1 f X/ REEtk
N
\“\_‘_}JRBI-ASI .

PR . Fe2*

% nnnn:mm ARATEES
W& —— S — S /

ee 06900000
o K%Et N
RHER 5 rpuk-414

Figure 2. Schematic diagram of URB1-AS1 alleviating ferroptosis through LLPS
2. URBI-AS! if@id LLPS BT REE

4. IEPKREEL
4.1. ¥[5 LLPS B8R

JH- 4 Mg (1) & A Fe 5 LLPS BEERVITE U A G, WA B, i -7 LLPS i F& Hh () B3
F——UIiEY IDR WA G5 A& &0 B J5 121 (post-translational modification, PTM)RZAS . i FHAH 40 55
BN B BOR S5 —— nT Re s R (B gt e . H T, 2 DU IR ATHE A S5 T 48 W LLPS [1)n]
AT Wi, AR FiR B I T IDR 0] SO 2 AR 23 B AT, 3 s e o AR K A AR PTM
HH s R I B K EB RIS IDR K& LLPS % VI, #oniErn PTM vl R E A 16T 11[28]
[29]. BEAL, EFxdHreE s FHKAEgIS RNA-#EF8 5 1 32 Jx X RNA2 (zinc finger protein 32 antisense RNA 2,
ZNF32-AS2)IAH 5 B 73 WO TE A I 5 Sh A 8 b B 7 A b e gt Jee . S8 24 1R 0R (301 2 ot %
fiAt B [\ 4% A 1A (proteolysis targeting chimeras, PROTAC) %5 47 At Ay i 1 15 8 85 (1R & LAl LLPS $#&4t
THEER[31].

SR, X LLSEEE H AR 2 A0 T IR TAT SR B, Fe e R A B A i AN IR . — AN B B AR AE
Fams A R S % et 1225 LLPS WEARMAS SIES AT, JERF M e
FURFEME RS AN, LLPS NS5 a0 et 29001 E I L SRR il b BE R T B s ok . R
ket — LI RARN R BN 1% B Vv, B I R A 5 T A AU o

DOI: 10.12677/acm.2026.162646 2421 I IR 2= =23t e


https://doi.org/10.12677/acm.2026.162646

skellie &%

4.2. LLPS 5Z54m#i%

T LLPS JREERZ5EIE RGURIT R MW SR, B AT S IR T 25 WA i P A 2R S R )
Yo Biltn, I RTAH 23 BT BRI ROK 25 B S i ml e AR 28 e N A AR o s A R, 4 I PAY o S R
TRET[32]; KL Uk BORTAEAR M 175 A 20 88, (RIERRSEZG MR AL [33]; Bk, —LL 25t
AEREIE A TR R Y, TIRBUR I FRIA[34]: G TR Al 2 540 5 B 45 & S 2 )
KA [35]; PALLIEIE LLPS il 4 (R I NN R 7 T 250010 2 hREF IR [36] -

SR, IX e R Ik RGAE N T I A G TN, O 2 S bRlanG . Bk, HEME A 3
FLASE, AN CEIRNT VR s AR A R AT I B R, B AR AL 24
IR AN AE[37]0 FLIK, T AT (0 R A B AT R BE R o 0k, B AP B S B IIRE . SRR
L s XA, X LR 3 AT RERHLAS 254040 e A 350 50 73 A 5955 (38] . BbAh, 25T LLPS [#fk, HAaE
Ve AR AR RO 28 S5 B o) A% 1)t 1o R S A it o PRI, RV LLPS N ZG#isid e fit 16
W, (EHRREA T BB RPNSEFRTE, 2t R UL 7 55 75 TS S8 o 1 T

5. kS H/R

R LLPS fERT4R L h w7 VS R b e, LB AERLR S0 T O BB 0, (B U8 i
2 FITVER 5 HAL BB, DL Kk 250 LLPS #F 78 b i 32 2R BR 55 ARt ) FUE AT #R 0+

5.1. LB SHARRENER

FRITRZ 20 LLPS W FOMKH TR A1 B 1 8 (1 e i, XSty B e HR s AH 20 B8 (SR A B L o7
R, KOUE DL SE AR A SRR [37]. AHM N B> TIIEE . BT RREL. pH BREE. BEGEH LK
ZREMR > T RIFAPIRG, TR E R LLPS 1)KL 5 ThRE[38]. Billn, TEMASMILEERIIAE 73 BAT
NTETE AR T RERR 0 7 FEAR . B 5 IR U I 20 R o R R R T R A R AR . PRI, PRAR AR A A
SO0 K HE T AR PO EALA], AT RE TSR S S B R AR A e 22

5.2. LLPS #i#F0iEs RS S

BEXE LLPS (/N7 il 70 B 72 3 ms H AT 74k F F300F B Be. i TV 2 988 LLPS Md A (s
IDR {8 ) W2 5 IEH A0 A B R, 0 AR B AT RE SR 2 AOARRE R 808, S S i 7 1k el 23
BUIRERETS . BbAh, LLPS BERVMEAE BAZNA . AT pORFE39], BTXTHEEAT 254 TS 75 R i 2 1 1
LS 2 8] A, A5 AT RE TR W A DI RE X = TR, SO AR A A i 3l [40]

53. REMESBESHREMRENXS

FERREDRAS T, LLPS AIRE 5 E AR W RAE . WM P 4R B AR S, S B RE I 5 Bk
B EXECLX 73 (310 Biltn, L N OB 838 B2 Y AU A g Ry AR, Tt B2 T K 937
FENIR] e T EUR ] . B A BRSO B ZRATYEN AR . FERTARIE T, I (THERRIX 7> LLPS FE A
FERET “IRENE” Thie S HAF VA N U ML) “ FERETE " LG, 1752 AT wik 7C B HE Ri[41] [42]
RRGEG R PR ERAG - R E ARSI REVETRIL, W1 LLPS ££ T 41 H e 145 7 k1
.

5.4. IEPRFZ LR ATHEAR

K LLPS A B e AL il PR W] F A2 W TR BiR yT Skng, 3T i i 2 bk . — 51, LLPS AR
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Yobr EAE MR S S R AR AL MR S 53—, 41X LLPS 25Miit 5idis R4 5t
1, CAREm HRE R FoE MR A, . hAh, LLPS 754 [A] ) 5 03 P 1 0] RS MR V6 7 RNE )3
—E, RRWH A EE RS EAETT RS AT IRARZR -

6. BESRE

LLPS 7£ T2 8 (A F 7e b LS 2 R e, (B AL T e A RS0 B o — T, A4S 36 Xk LR
A N R A BTN - O > B R, SBEER S KRR B A B R A W 22 . o — i, Bk
RV NN A I AL AR KA H . BAR LLPS WIE ] IEREZB MR, (HAERAHLOK
S EUEWI A B IR R SRIS I BT = . b4k, LLPS fe M ZAFAE BB 2 ad 1, anferxd LLPS
R SEDURS HE P28 H AT BOME Rie LA, AfrHs LLPS 3EAT I PR P A A2 249 iy ok 75 A o 1 il
Ao B2, SR LLPS {ERTA I oh (7 7E 04 s 22k — 0 1 W 4 e SE 47 iR 55 IR AR

B O

AW AL SRR 5 B R E AT, 58 7 22N E KRS 53, ERIRERE.
VRN = 2 e Y I B e AT HE AN RHR AL 1 RS R & 5 ARG B3 A7 AT AR AR h 3R th 1 5 53
BEIS@EW ARSI AAR D5 . FR, D3RG E R L SO A SR M @ R R B
U RN AR TS B AR AR A 45 T B 5 30

E&mE
L 2R 78 48 Gl PR L B Re 3k 2 s 1 0 H (slezdzk-0701); 350A] — A i A HELIER AP HER B
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