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Research progress of phase separation of intracellular
biological macromolecules
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Abstract: The phenomenon of phase separation of intracellular biological macromolecules is an emerging research field that
has received great attention in recent years. As an aggregation and compartment mechanism of cell biochemical reactions, it
widely exists in nature and participates in important physiological processes such as gene transcription and regulation, as well
as influences organism’s response to external stimuli. Disequilibrium of phase separation may lead to the occurrence of some
major diseases. Researchers in cross-cutting fields are trying to examine dementia and other related diseases from a new
perspective of phase separation, exploring its molecular mechanism and the potential possibility of intervention and treatment.
This review intends to introduce the latest research progress in this field, summarize the major research directions,
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biochemical basis, its relationship with disease occurrence, and giving a future perspective of key problems to focus on.

Keywords:

AR 53 —F 1 R 78 " B FR R 43 1 R T AE R
A Rh A U 6 A SRy ) o ARG B AS R —
WAL WIS, M e R AT MRS 2 i Y
SR AHARAS I, SR A AR T R K F
BT Rt SRS AR,
20 L R L AN [) A ) DR 0 J 0t 2 R L SR B 4
B, I IRBRR S, St BT R R A
ARG, 2 A PN AR A AR A A
WORL, BRI RO B A e (s rE . AT
AR, MEZ R RARG, REE R
& WU FERE 2 A W) D RE VRO IR G i), AR
A ARG S8, (HAE ) RARTE S L T4
JfL g B A S S ), SRR AL S A B AR
FIH BRI SR

2009 4, Hyman FI Brangwynne #if 584k d1
frh RNA P OROE /N sk iyt B v, B on
| P OBURL I R R Bk S B AR N A Y B
M, P RBUKLZ 8] AT DU — AR AR BRI . Rl
TP LT R By B I, e RO AR W - T
FASSES " BRG2), J FE S8R 43 8 1 A P T 5 8
ISk . 2012 4F Michael Rosen #il Steven
McKnight & 31, 7E{ARSMR A poi o e 28 A= P ik 2
S, AT LATE B Y IR Ay s B4 B R A Ay
0 S ) S P B 5 0 T o 9K T B 2B 4 P < AH
STETHIR IR, — EEImAR KRR, R X
Tl G I 705 70 4 L PN 385 3l A R BTl fE . Il
HER B R HOR AW SR R, Ok B2 R IR
PEUFSE T WA AR X — G AEAE, “HH A3 57 Al
S HRTERTT R RV A= P05 $038, # Science 2%
TR 2018 44 KB 50

“FHAT BV e BN A MG S AR Z 07 1H, AL
DNA [ZH%¢ . DNA 1B 5 . RNA 55Dl 4
LS b 0155 5 3 S A A i S AP TR X — B4R

http://journals.im.ac.cn/cjbcn

phase separation, biological phase transition, cellular molecule aggregation, disequilibrium of phase separation

“RA OB e A A0S O A DO RO e A AR
A, LA 2 P T W B A R A PF o S B Al
ST R MBI R A, 2 PR AT R
T EERE A o O T AR Y SR AR R B R
Salman SF4& H T “AW 0 T4 &Y &, kIH
KR BRI > TR AR . MR TR R A
FMSZ P ANRRAE, MRS T IR AR A
A . WORL . BERT . RAEIR . A YA
BAEN A FOEIEIX P, MR, ST R AR
KBTI, 2 IEERAL, Rl e
PERAE, HATH A RZAR R WA R E . X
YT ARSI EAZ AT, AR
YA 5340

FUAT, AR BB TE A ik s e e &
BB B Al R A B AR T, AR R
AR R, WY, e EYE. o
— BT B O T BIAL S AR R AT, IR R R
SR EY AL L, DU R R 2R T
P Z AR &, AR W5 NI 2R

1 AMATRIBARNEMERREY
IR

TEKE R, AR5y ¥ Z 8] i 25 FhoAd B
YER S sEm S ag, I s 4 (I
B 1 pintEsCE, 2% 3 SCERBFRE B R), X
SE /R A EE . RR AP R 2 TR) B AR A
(1A, P Wikid iy Laf-1), 228k B-5E =2 8l 1) £ ik
BUMEMER (B 1B, Fus. hnRNPAL1/2), %7
A AR L 2 B PH B F-n M EAER (B 1C,
DEAD-box fi#jiehi 4, DDX4)®, Zmsng i 2h 45
15 RNA #1% UCUCU # (&l 1D, PTB-RNA),
o kb ok (A 9 3£ 16 (&l 1E, EDC3-DCP2,
NPM1-R-motifs, SynGAP-PSD-95) L) S #i ik [



FE SMBRAENKRIFREIERRERE 1263

itz M A EAER (B 1F, Nck and neural
Wiskott-Aldrich syndrome protein, N-WASP)I",
WK G — Pl o — a2 R 0 S B A:
TGS A ST B, TR AN [RDALEE 5 A R 43 g 3
GIRAFZAMARE, LA ARG &,
T CEAE AL R A5 R SE A, A0 i 5 R Sl A
HAEME T, X8 A 25 A Bl I
% (Pro). #iZ (Lys). RINZAM (Phe). A%
M2 (Trp). MEZMR (Tyr) SFEIERR, @i HARok
1) R LR SEEL > TR A BEAE R, 55 —FP o4k
R0 A] ATEAAR SN A AR 43 15 ) 2 0 5 A R 5 G
FEIX, Bk M A LFIX (Intrinsically disordered
regions, IDRs) i fii& 24P /7 41 (Low-complexity
(LC) sequence), HAF s Jr 91 & 2 VAT HLih ke
ERIER AT BN, FEOFE AR (Gly). %
W (Ser). BAMEME (GIn), KABE (Asn),
KINZIR (Phe) FIf&zdMR (Tyr), ALELSA W
HIZRFE M 2R (Lys) AEZAR (Arg) A2 R (Glu)
FIRZEM (Asp) %00,

bR T E ARG LA gE e e T RES &4
“MareErsh, HRAERSEADFIERE . HK
PIERBRE | Fhk B SOl A ¢, ARER vk B ] LA
PEARZR g FEXF Fus. hnRNPA2 %558 i IDR
A N E A IRSME S SR, A
AU KA, TEIRRSAET (4 C)
W kA EEREY BUKEER, HEAEML pH 4%
N ST M ICIE W AT TE o XA . TKEEIE

A
s

D E o~ F é\
- ,\§Cq “)i

§ WV )
~T———RNA &% \
P %’z
B1 #9ESTEAAEXEY
Fig. 1 Model of the molecular forces in

phase-separation®.

% : 010-64807509

UUVE WITE B i R A5 1 5 R ) - ] 24 R 1Y
SR N Al . BRI FRE ARG, WNEER: Sup35
F VY A 358 A AR R H A 35 1 R 10X SDS (9T 32
P 3R ) Fus 2 11 HORS G R MR PR LAk I 3R Sk
FHAY B FEERE AL Hpla & A L BB LS “4H
SrERE s M, R, XS R R AT At
Sz F HAAHXEHEZE DNA, RNA i,
1 Karyopherin-b2 2 (15181 DNA {81 8 11
lii DNA-PK! | Laf-1 28 (1454 19 RNA 2018

PRI, AT DU i 8 40 b 22 5 R A 2 B
SR AE )R R DU AR A B, B
T 2o oA A R R ) 2L S RIS T A A 2R 1 45
HE— 20 e HARARREAE , ANFE Fus R hmes 2 iR
B W AT ATE R Wk T R A AT B, TR RS A
T2 1 % 2 P 2 72 DU S i o4 A A 4 s D01 i ke v
25 74 & — PG 7 UM 23 25 50 e | & () 995 1)
—METE R, MHCE M R A A Y
FERH AR A OCBAR 25 I K B AR R =
X, g AR A R A

2 MAEHENFRN

ARk, B Z2AE 2 Rh A w1 sl b & BLAH
B4, M DNA R4, BB, RNA Y%
SRR, PIAMAGEE . BE, MRS,
2N R IR N R, B S i
{1 2 i A5

FHAT B IS Y & A 528 T 20 B i A AR it
b AHMLRIG R A 2 2T IR, Yt
Bz g DNA LIS ST, b5 P sl
P A e R AT 2, K A T o T
FIRA BN . AEX bR, YR ik e
eSS Hplo AWM EAHYIEER. Larson
F1 Narlikar % 315 Ge 0, 50 B AT WO AR A, Hpla
B PR AR A B B Y € SR A S R T R 20
1M BUuGZ £ [ 28 7y AH 7 a5 2R LA i 7 e 1A B L
M4 o3 g2,

. cjb@im.ac.cn



1264 ISSN 1000-3061 CN 11-1998/Q A4 T #£244f  Chin J Biotech

AH AT B AR B A R o A ) A S
A, SRR, |k, M
BEXT 4% EgEA TR, Denes ZE4RH T — N IETFAH
BT R T N R T s A SR E
JEERE R R AZ N RNAE AR
BAMR, FEITRE AL NE R AT 4%
Brangwynne & (WF IR R, RIERIEAZA AT DL
i /NERTE A R RGTE 8, RIS , 12
=M1y 8 1 0 3 F A 24 6 4 e el o i
M4 BS IR BIA% RNAVZR [ R0 1 225 12324
Fus F=20@ 7 THIMAZ, (HALfA7E T 4 M A% b
B (RNP) Mk, RNA 454 A 7E 5
RNA Jill T DNA 1653 s 4 F 220

MRS T A S BT S S, fER
wietRASEE, WK pH AR DIRE TS, B2
AR AL, EEEASRERRTE, WEN
G ARAE AR (PSG), 3= 2 by 2 11 A Fh e 25
ZRAR, HAHNE IS TEAN 5 2 i R T 38
PR B R PRI EARE R (A) 4iaEN
(Pab)[81 £ v g 33 ol AR 2 1 R 25 ) il A e
EHARIRA G, MEAREI AL, RITRiF
AR AT T ARBRIRS , T ATP 458 1 £118
2 P UV T LSl 240 MK R A BRAR 2k 4 5 ke 29300
SRR A A Y TCHES B £ 240 i 9 2 L J A Y
750 FRFTLR g RNP BORE2330 0y 3 g
DK BN TR B A9 T A B 2 %o 30 2 R D A sk,
T2 BORH DGR 1 A AT RE 5 20 8 i AR A X A
i P R A B AR B s il A B

Ak, A5 B 7E DNA B R G 5 34 H 2
Al sl kR EEAE R . 754 53BP1 I
% 551f) DNA it 5 i3 2, 53BPL & [ X A7 1E
W AE AR > B IS, X P AR 4> B VE R AT REA B T
PR R DNA $5 475 1R 51 A4 Jm 5 DR s 1109 7
Wt {5 5% G P 4R Dv #ER3ILL R T 4
T AL R A 51 S 2 A 20 K 5 g B899,

E LR AR Z g, AHS 8 DU A O 4

http://journals.im.ac.cn/cjbcn

TREMPEL, SLBIREN 3h 1Y 7 X AL K 4% T2
YRR, Had e n] i€ BN E A PR T

3 MAmSRRRLENRA

WM B2 5 20 40 B 45 A g sl
th, HRERESVLARS SRR A

wn— e HA BeAs s FELE I AZ RNA 254
EE, HRATMSELS g5 m, it
FEpPEM R fL (ALS) . B#iHER (FTD) Al
ZRGEE AW (MSP), Hrh Tdp-43 . Fus EWSER1
FE 11 DA B A e 2] A0 I v e A Al i 1 A6 A
WA B[ ALS, FTD (%&£, 7 MSP i,
KT hnRNPAL F hnRNPA2 (48515 2 i1 14043

A B F BN E VTR AT g 5 2 Ml g bEiR
TP 2 WA 56 . Liu M Fang ©F9% & 9,
PARYylation i 1 5% M % - AH 43 125 FTE K A 2 11 2R
B, TEZ R IR I THEROR b & 5 T B
YRR BRI E 2R, PR ZE BRI Y & R
S5HEAEHDEIRE Tau 5 A 89K 7E R R
HAH G . Tau J&—Fha] % il 2 o0 S PR s
e EN, A NTETC P PEFUR Y S 0 H i o3 i
24 AD HA MG A IS B ST, AT R T 22
fifp 3 P AR 1441,

T3 — PR TR 1) ot 28 R B 8 s —— & SR [
W, NFRF LSRR (Huntington’s disease,
HD), 5 EAAERE R . HD Wk 5 & i il
T (Huntingtin protein, Htt) N-7R i X 5 Py 1 5%
BAWERE (PolyQ) KA XY B Htt-NTFs.
Ramdzan SERAF 5T R, E AU NN N &)
AT A Mo 4 R A QA e A A I BT S HEt-NTFs
[ LB A FAR 4> 2517 Profilin 5 Ht-NTFs B & &
2R ¢38 X4 & il 2 AHEHEREL TR
SEFIAR SN B g 9R )y 1y 180,

5 FRE AR LA A N4 (Parkinson’s
disease) i a- R Ml (a-synuclein) 2143 &
W2 4h, Fus Al EWSRL if 5y fEAHE, EWSR1



FE SMBRAENKRIFREIERRERE 1265

WU IS BURE N B S o, ol R 251
S 4y Ay PRV T LR E 07 O B ) T € R Y A
B, ARSI SR S R AR 0,

4 EREERBI T W KA

BB &AM A B Rl D i A 45 B2
Tk, MR CAH S B A WAL SRR A T O
SRIG P o S 56 T B B LR o R sl 0 43
BT 8 1 0 2 — o ) 2 11 2 75 e & A A o B
HHREFE, wHEMEE R 1 PR,

LG (I WF IR AR 4> B W SE 00 T v, FELE A
AN T RS . BERCIE LR . R AR R
Yt AR | A AT A L RSN AR I E |
HIEAFMZOLERE (FRAP) 55, T IDR A&
A4 2 R 28 7E R A0 AT LW 8 3] B A AH 4 s B
%, XX R E AU EMEA, E s
WS ER R EE . pH . W5 56 7T DLZS & b UL
LR E, HLRAREA N KEER, M
e MRS F Bt it — A .

JRUETEMRSN LI, A B R R E
ZAewEE, BAMFEREE, BT XM M
BTG R B SEbR A, A YT EA
BRI, LABIE 5 40 it A i 20 A8 4k i 8
PR A,

15 2B 8 A5 S B 2 A B PN A 4 5 IF R Y
S, 3 A TR AT DA R X T A T £ 3
SeEs | B, R E O TR BOR T ) S S AR

R1 ERANGRERNTE

TESLILRE [, 7 AR B N A T R A
FRic, DL RO 20 bR 285 1 ek 2 i 9

I3 A% 2 — i 3 ' BE SIS 5 1 200 B P 2 1
FIRMGH T, BN HTEZ A LY 5T 4
Shin i@ EHE -5, FIHCRTE IDR /%
Y75 20 A A4S, A4 7 “opto-Droplet” 2 4t 2k W 5%
RNP {&Z 117 IDR 3K i 5ERAH, SCBL T 645
A4y Y, Zhu R Cry2olig Gt f2i 2 4%
VAR HOR 3, & B Cry2olig 2 AR
TR T, A% AT AR I Ak i 5% 3 i 25 (A1
TR R R 254624 “opto-Droplet” 2 45 il LAYETH
YL PN , I AR B SRRSO, T TR
AT 25 AR AR A SR R AR 5T AN B 458 B8 A fRT PR
PIEE  AbE SRS, RIR A B A KAy F X
HAAZ B 5 i Y

Wik CRISPR AT 41 ffd P 3 K 675 G e
FERA B EMA G B B AR &, v LA
R A 3t 355 BRI 5T 3 78 N5 i 12 2 1 AR B B0 9 [
mF, WEHARZASRE L, Kilic %38 1+ CRISPR/Cas9
T AR P %) 53BPL B A L I8 JAE I 4 A G A /)N
BARLT (075 6 1 mScarlet FUAE N4, TEARRE
WZ AR . BRSBTS LT,
2 A I 3] T T A4 i 53BP1 YTk
TR, RO B Rl 2 A B 1

Wi 5 T H AR AN W 1 P 1< 43 25 F 5 40 35
o, FRATTHLRE IR A M T A AR AR G BIR B i
PR S0 JE A

Table 1 Common websites and their forecasting directions

Name URL Forecast direction

PONDR http:/fwww,pond.com/ Pred_lct_ prot_em disorder, low complexity and charge
prediction disorder

disEMBL  http://dis.embl.de/ Pred_lct_ prot_eln disorder, low co_mplexn)_/ r?md charge
prediction disorder, Beta aggregation prediction

CAST http://dis.embl.de/ Predict protein low complexity

SEG http://mendel.imp.ac.at/ METHODS/seg.server.html Predict protein low complexity

EMBOSS  http://www.bioinformatics.nl/cgi-bin/EMBOSS/Charge Analy5|s. Of. |nFJ|V|duaI amlno.auds and the average
charge distribution along the primary sequence

PLAAC http://plaac.wi.mit.edu/ Predict protein-like prion-like domains and disordered

regions

% : 010-64807509

. cjb@im.ac.cn



1266 ISSN 1000-3061 CN 11-1998/Q E:# 1.#22%4k ChinJ Biotech

5 RESRE

KAV, FATx A R R 0 AR T 0 i
ABIWEFE, RIHEZ LA 20 R RO, HEX A
PIBFFEIRAZIZHE . 4. 05 (= I A
KA, X AR AR B — A M T, AR
Az AR gk, BIE R TS A0
R, BATP T RE i T — M ERE
REVARG, AME AR HA TR, BRI
HRTAS AR BP0 — LAk WA A B — A
HMER o EMIAEEE S, R T — D AEE
FIor XA R, B0 Ul [ TR i 8 B 50
KEEME B HEAR AT S XM
AR &2 T HAT— AT R BE ST R F R, AN
KESI T Z R AER, F6% B RS
1130 L AP S IET DO B B 1 7 e 0 ) B S5 S SR 4B WY
A B AR AL SRR R e, AR Bk S R T
I 100 70 5 AH LA B 5 1) K i o Horp 55
FHOR A4 T AH 23 B 3R R 8 32 O, XA SR
TR AT TR BA BRI B

WEE A BTSRRI B SR A AR
ZPNABRIRFIH R L . HATE A —XKHET
Az W AR R B A ) B2 2428 ) Dewpoint 7 3E [ 17
1M PARP il 57 o A7 SR 7E i 22 PR A T B TR T
H R TRV T,

A= WA AR AU E S Ak B 58 U8 2 F A1 Tl A B
ARSI AR YRR TE A | AT S A A
AR 2RI, TR-TRORH 0 B AE S A 2 L5
5 T A A A S — Pl il A B 4 X SR 2,

Rz 4k, Arm o B A E AT RSN R B
MR . Bhe . AHZASSEREME, (AR AR TR
SR AT —E BT E AT TS . AR R
PAFLIROR | RTREARE DL S8 ORS 240 52 2 7 W0 B AT 3
R A I U 20, BT
Hoo TR AL A A M P B A, A4
A= B AR 5 R AL . (A I 3 il A=
AT AR AR . A A T B0 (DI 55 22 b

http://journals.im.ac.cn/cjbcn

T R4 43 8 0 T i oAy A e e Ak & DR i v
JRE 0 SR A R R U T 40 L A T o ) A AL AR R AR
AIREEHTIF T — D HT R 1, HRTH AT R A
Sy s B A A & B, SRR DA R AR E
P e Z2 1 D[R] DL AL 2 Tl

BITHZ, EVRD TR SRR 2K
PRI 52 GTE, 2 CHERJERES, Al gt
FEATIE 7B SR, R I St -5 A ) el 2

YN

254, IEAMNTOARA S s 2 T Ao
i Sl B

REFERENCES

[1] Dolgin E. What lava lamps and vinaigrette can teach
us about cell biology. Nature, 2018, 555(7696):
300-302.

[2] Brangwynne CP, Eckmann CR, Courson DS, et al.
Germline P granules are liquid droplets that localize
by controlled dissolution/condensation. Science,
2009, 324(5935): 1729-1732.

[3] Li PL, Banjade S, Cheng HC, et al. Phase transitions
in the assembly of multivalent signalling proteins.
Nature, 2012, 483(7389): 336-340.

[4] Kato M, Han TW, Xie SH, et al. Cell-free formation
of RNA granules: low complexity sequence domains
form dynamic fibers within hydrogels. Cell, 2012,
149(4): 753-767.

[5] Banani SF, Lee HO, Hyman AA, et al. Biomolecular
condensates: organizers of cellular biochemistry.
Nat Rev Mol Cell Biol, 2017, 18(5): 285-298.

[6] Nott TJ, Petsalaki E, Farber P, et al. Phase
Transition of a disordered nuage protein generates
environmentally responsive membra-neless organelles.
Mol Cell, 2015, 57(5): 936-947.

[7] Zeng ML, Shang Y, Araki Y, et al. Phase transition
in postsynaptic densities underlies formation of
synaptic complexes and synaptic plasticity. Cell,
2016, 166(5): 1163-1175.e12.

[8] Elbaum-Garfinkle S, Kim Y, Szczepaniak K, et al.
The disordered P granule protein LAF-1 drives
phase separation into droplets with tunable viscosity
and dynamics. Proc Natl Acad Sci USA, 2015,
112(23): 7189-7194.



FE SMBRAENKRIFREIERRERE 1267

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

s

Holehouse AS, Pappu RV. FUS zigzags its way to
cross beta. Cell, 2017, 171(3): 499-500.e16.

Kilic S, Lezaja A, Gatti M, et al. Phase separation of
53BP1 determines liquid-like behavior of DNA
repair compartments. EMBO J, 2019, 38(16):
e101379.

Lin Y, Protter DS, Rosen MK, et al. Formation and
maturation of phase-separated liquid droplets by
RNA-binding proteins. Mol Cell, 2015, 60(2):
208-219.

Qamar S, Wang GZ, Randle SJ, et al. FUS phase
separation is modulated by a molecular chaperone
and methylation of arginine cation-n interactions.
Cell, 2018, 173(3): 720-734.e15.

Hofweber M, Hutten S, Bourgeois B, et al. Phase
separation of FUS is suppressed by its nuclear
import receptor and arginine methylation. Cell, 2018,
173(3): 706-719.e13.

Larson AG, Elnatan D, Keenen MM, et al. Liquid
droplet formation by HP1a suggests a role for phase
separation in heterochromatin. Nature, 2017,
547(7662): 236-240.

Guo L, Kim HJ, Wang HJ, et al. Nuclear-import
receptors reverse aberrant phase transitions of
rna-binding proteins with prion-like domains. Cell,
2018, 173(3): 677-692.€20.

Yoshizawa T, Ali R, Jiou J, et al. Nuclear import
receptor inhibits phase separation of FUS through
binding to multiple sites. Cell, 2018, 173(3):
693-705.e22.

Murray DT, Kato M, Lin Y, et al. Structure of FUS
protein fibrils and its relevance to self-assembly and
phase separation of low-complexity domains. Cell,
2017, 171(3): 615-627.

Elbaum-Garfinkle S, Brangwynne CP. Liquids,
Fibers, and Gels: The many phases of
neurodegeneration. Dev Cell, 2015, 35(5): 531-532.
Boeynaems S, Tompa P, van den Bosch L. Phasing
in on the cell cycle. Cell Div, 2018, 13: 1.

Larson AG, Narlikar GJ. The role of phase
separation in heterochromatin formation, function,
and regulation. Biochemistry, 2018, 57(17):
2540-2548.

Jiang H, Wang SS, Huang Y/, et al. Phase transition
of spindle-associated protein regulate spindle

010-64807509

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

(31]

(32]

(33]

[34]

apparatus assembly. Cell, 2015, 163(1): 108-122.
Hnisz D, Shrinivas K, Young RA, et al. A phase
separation model for transcriptional control. Cell,
2017, 169(1): 13-23.

Brangwynne CP, Mitchison TJ, Hyman AA. Active
liquid-like behavior of nucleoli determines their size
and shape in Xenopus laevis oocytes. Proc Natl
Acad Sci USA, 2011, 108(11): 4334-4339.

Zhu L, Brangwynne CP. Nuclear bodies: the
emerging biophysics of nucleoplasmic phases. Curr
Opin Cell Biol, 2015, 34: 23-30.

Ryu HH, Jun MH, Min KJ, et al. Autophagy
regulates amyotrophic lateral sclerosis-linked fused
in sarcoma-positive stress granules in neurons.
Neurobiol Aging, 2014, 35(12): 2822-2831.

Ederle H, Dormann D. TDP-43 and FUS en route
from the nucleus to the cytoplasm. FEBS Lett, 2017,
591(11): 1489-1507.

Enenkel C. The paradox of proteasome granules.
Curr Genet, 2018, 64(1): 137-140.

Riback JA, Katanski CD, Kear-Scott JL, et al.
Stress-Triggered phase separation is an adaptive,
evolutionarily tuned response. Cell, 2017, 168(6):
1028-1040.e19.

Petrovska I, Niske E, Munder MC, et al. Filament
formation by metabolic enzymes is a specific
adaptation to an advanced state of cellular starvation.
Elife, 2014, 3: e02409.

Munder MC, Midtvedt D, Franzmann T, et al. A
pH-driven transition of the cytoplasm from a fluid-
to a solid-like state promotes entry into dormancy.
Elife, 2016, 5: e09347.

Boke E, Ruer M, Wihr M, et al. Amyloid-like
self-assembly of a cellular compartment. Cell, 20186,
166(3): 637—650.

Hubstenberger A, Noble SL, Cameron C, et al.
Translation repressors, an RNA helicase, and
developmental cues control RNP phase transitions
during early development. Dev Cell, 2013, 27(2):
161-173.

Alberti S, Hyman AA. Are aberrant phase transitions
a driver of cellular aging? Bioessays, 2016, 38(10):
959-968.

Hubstenberger A, Cameron C, Noble SL, et al.
Modifiers of solid RNP granules control normal

. cjb@im.ac.cn



1268 ISSN 1000-3061 CN 11-1998/Q E:# 1.#22%4k ChinJ Biotech

(35]

(36]

[37]

(38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

RNP dynamics and mRNA activity in early
development. J Cell Biol, 2015, 211(3): 703-716.
Piccinno R, Minneker V, Roukos V. 53BP1-DNA
repair enters a new liquid phase. EMBO J, 2019,
38(16): €102871.

Schwarz-Romond T, Merrifield C, Nichols BJ, et al.
The Wnt signalling effector Dishevelled forms
dynamic protein assemblies rather than stable
associations with cytoplasmic vesicles. J Cell Sci,
2005, 118(22): 5269-5277.

Miller JR, Rowning BA, Larabell CA, et al.
Establishment of the dorsal-ventral axis in Xenopus
embryos coincides with the dorsal enrichment of
dishevelled that is dependent on cortical rotation. J
Cell Biol, 1999, 146(2): 427-438.

Grakoui A, Bromley SK, Sumen C, et al. The
immunological synapse: a molecular machine
controlling T cell activation. Science, 1999,
285(5425): 221-227.

Phair RD, Misteli T. High mobility of proteins in the
mammalian cell nucleus. Nature, 2000, 404(6778):
604-609.

Harrison AF, Shorter J. RNA-binding proteins with
prion-like domains in health and disease. Biochem J,
2017, 474(8): 1417-1438.

Patel A, Lee HO, Jawerth L, et al. A liquid-to-solid
phase transition of the ALS protein FUS accelerated
by disease mutation. Cell, 2015, 162(5): 1066-1077.
Molliex A, Temirov J, Lee J, et al. Phase separation
by low complexity domains promotes stress granule
assembly and drives pathological fibrillization. Cell,
2015, 163(1): 123-133.

Liu C, Fang YS. New insights of poly(ADP-
ribosylation) in neurodegenerative diseases: a focus
on protein phase separation and pathologic
aggregation. Biochem Pharmacol, 2019, 167: 58-63.
Pedersen JT, Sigurdsson EM. Tau immunotherapy
for Alzheimer’s disease. Trends Mol Med, 2015,
21(6): 394-402.

Wegmann S, Eftekharzadeh B, Tepper K, et al. Tau
protein liquid-liquid phase separation can initiate

http://journals.im.ac.cn/cjbcn

[46]

[47]

(48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

tau aggregation. EMBO J, 2018, 37(7): e98049.
Walker FO. Huntington’s disease. Lancet, 2007,
369(9557): 218-228.

Ramdzan YM, Trubetskov MM, Ormsby AR, et al.
Huntingtin inclusions trigger cellular quiescence,
deactivate apoptosis, and lead to delayed necrosis.
Cell Rep, 2017, 19(5): 919-927.

Posey AE, Holehouse AS, Pappu RV. Phase
separation of intrinsically disordered proteins.
Methods Enzymol, 2018, 611: 1-30.

Boulay G, Sandoval GJ, Riggi N, et al
Cancer-specific retargeting of baf complexes by a
prion-like domain. Cell, 2017, 171(1): 163-178.e19.
Schwartz JC, Wang XY, Podell ER, et al. RNA seeds
higher-order assembly of FUS protein. Cell Rep,
2013, 5(4): 918-925.

Shin Y, Berry J, Pannucci N, et al. Spatiotemporal
control of intracellular phase transitions using
light-activated optoDroplets. Cell, 2017, 168(1/2):
159-171.e14

Martin N. Dynamic synthetic cells based on
liquid-liquid phase separation. Chembiochem, 2019,
20(20): 2553-2568.

Wilding KM, Schinn SM, Long EA, et al. The
emerging impact of cell-free chemical biosynthesis.
Curr Opin Biotechnol, 2018, 53: 115-121.
Schmid-Dannert C, Lépez-Gallego F. Advances and
opportunities for the design of self-sufficient and
spatially organized cell-free bio-catalytic systems.
Curr Opin Chem Biol, 2019, 49: 97-104.

Gao YF, Li PL. “Liquid-liquid” phase separation of
biological macromolecules: current situation and
prospects. Chin J Cell Biol, 2019, 41(2): 185-191
(in Chinese).

K, AT, AR TR RS BUIRY
JEEL. HhIE iAo, 2019, 41(2): 185-191.
Wu RB, Li PL. Liquid-liquid phase separation and
biomolecular condensates. Chin Sci Bull, 2019, (22):
2285-2291 (in Chinese).

R, B W B S o T BEE IR
Bl2EiE 42, 2019, (22): 2285-2291.

(R3CTT% A7)



