1968 - 2554k Acta Pharmaceutica Sinica 2026, 61(6): 1968-1984

BEEY s FRBYTIHZRITHERFRMRER

F/\/g\ ﬁll#, —ﬂé_ﬁ ﬁ%l#, jﬁll—sﬁﬂjﬁ:— l, ??%:1, E:}ji\#);{k 1’ i%%l“-/—z*, EZ //ﬂE r
(1. FRM R EZETRINEE B 252 Bt VLIS JRM 215123; 2. ] K2 BERL 222208, ML 999078)

FEEE: PR AT YRR AH OG0 B AR 1 R R HE DA AR 1) S R R AR, B Dy LA UL 4E R TR AL
(amyotrophic lateral sclerosis, ALS). il /R K i BR i (Alzheimer's disease, AD)~ IH 4= #%J#i (Parkinson's disease, PD) Fl =
P (Huntington's disease, HD) 75 P f 1 2818 471 72058 35 [R] A0 AZ o0 BEARFAE 30T JUTHIF 975 38 W, 3 89073 (1) R T WL
-5 20 B P9 AR AR 43 B RN B SR D 0 S A UIARL R, SRR I B 25 e B Je il 2R AT MR AL I W] R IR B 3 2 —
AERIR AR AW o B S ) A EI B T R, e 5 AR A IR AT MR A G B 1 AR AR A S R AL, DL RS A
AP FLRAS T R SOR, vHe FIR I FRYE M & Ju D ReRR RS 5 A0 T I L, R E g E R AR ) 2R o TR T
THAR 23R4T PRI (1 IR T HEHE

SKSEIR): AH B AW B, MR IRAT YRR /N T AW IR X SRR

FE 525 R66 TRRFRINAED: A X EHRES: 0513-4870(2026)06-1968-17

Research progress on targeting biomolecular condensates for
intervention of neurodegenerative diseases
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Abstract: Abnormal aggregates with degradation-resistant properties are the core pathological hallmark of
neurodegenerative diseases, including amyotrophic lateral sclerosis (ALS), Alzheimer's disease (AD), Parkinson's
disease (PD), and Huntington's disease (HD). Emerging studies have revealed that the pathogenesis of these
diseases is closely linked to abnormalities in biomolecular condensates within cells. This review aims to
systematically outline the relevant physiological and pathological functions of biomolecular condensates,
summarize the regulatory mechanisms underlying phase separation of disease-related proteins and their
associations with biomolecular condensates under physiological and pathological conditions, reveal the roles of
these proteins in mediating neuronal dysfunction and death, and finally summarize the current therapeutic
strategies targeting biomolecular condensates for intervention in neurodegenerative diseases.
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Figure 1 The biomolecular interactions drive protein phase

separation and transitions. Biomolecular interactions-including
cation-anion, dipole-dipole, z-cation, and z-z interactions-drive
LLPS of disordered proteins, leading to the formation of liquid-
like condensates. These condensates can further undergo liquid-to-
solid transitions, evolving into gel-like condensates or amyloid
fibril-rich structures. LLPS: Liquid-liquid phase separation; LSTs:

Liquid-to-solid transitions

72, SG I 5 A8 g0 2R3 (A 48 o 32 i b =)
HH R T K RNA 35z BORi 20 Bl ey 2 L &, 7R AN )
HE W) G~ TR ) A A 3 (] 2H 43 B AR 4H 43 1) L
N, FEME RGH, SGTE BN AR A L —
P ORAF 1 L2, FH DAUSC M 380 3 5 37 1) mRINA X B 4440
S FIRBPs"'™ . SCHRER B, SG 14 2% 7T DLjs % 1 41 il
JiR RNA IR BRI’ TH iy (U0 2 A% 08 1 gt 3R i) T g R AR
fRIAS AT 0 RNA 8 45 1) RS 240K, ok B4 2%
A A A 2 A B A (R R O R AR R B, RNA AR 3
LA 2 b B S 2R AT R [0 L R L 2 4 ) 2= A
1t (amyotrophic lateral sclerosis, ALS)] & 2 il & J& (]
KEEIN R . IX LK ELAE RNA A2 AN 2 T (A gH
% P9 A e S ) AR ) R AR RN B ) B AR B o R R

RNA (¥ 5 32 A1 ) 1%) i@ﬁ%ﬁ%@?ﬂ E13E R,
SRS HIE T CUREAH RS 57 ML B 27 I e 22 R AT PR

KA R ILFRINLE . Rk, R ALS B 58 B EUR
PR ZHFERR, (HAE RV, M2 — &8 70 ALS & i
RNP $H Ko FoAth A= 4 43 1 ok 58 A 1 42 i 25 6L Pl 51 k2
(1), 3X % RNA AU 2 AN J7 T = AR 5 R, R4S
HM AL RS FISET .

2 ALS-#i iM% R (frontotemporal dementia, FTD)
HXNEREBRESEYMD FREYNXR

2.1 ALS-FTD Wl AR4FIER HSHEXHBHRERN

K&
ALSAE N —FhE iy i S IBAT MR, FE R K
KM E#EPR s Eit. RiEMHALS (5L



- 1970 - 22224 Acta Pharmaceutica Sinica 2026, 61(6): 1968-1984

Nuclear speckle i

RNA processing |

N

Paraspeckle
Transcription
regulation

Ribosomal

Cajal body

RNA processin, ©
and g (

| W N

splicing

Intracellular
transport

\j
N/ o /i :
\ o

synthesis o & O /‘J

Post-synaptic density|
Synaptic signalling

Germ granule

Germ cell specification,

storage of RNA and proteins

| L

<< body and U body|
RNA storage
and processing

RNA storage |
transcription and regulation

Synaptic vesicle
cluster
Vesicle clustering
| and storage
D

N\

Figure 2 Schematic overview of the cellular location and function of different biomolecular condensates in eukaryotic cells. Nuclear

condensates include the nucleolus, nuclear speckles, paraspeckles, and Cajal bodies, and cytoplasmic condensates comprise stress granules,

P bodies/U bodies, transport granules, SEC bodies, and germ granules, reflecting diverse roles in RNA metabolism and regulation. In

neurons, synaptic vesicle clusters and the post-synaptic density represent specialized condensates involved in vesicle organization and

synaptic signaling
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Table 1
Dipeptide repeat; SOD1: Superoxide dismutase 1; OPTN: Optineurin; PB1 domain: Phox1 and Bemlp domain; VCP: Valosin containing
protein; UBQLN2: Ubiquilin 2; PFN1: Profilin 1; MTBD: Microtubule-binding domain; FUS: Fused in sarcoma; TDP-43: TAR DNA
binding protein-43; LCD: Low-complexity domain; RRM1: RNA recognition motif 1; RRM2: RNA recognition motif 2; ALS: Amyotrophic

Neurodegenerative disease-associated proteins. RBD: RNA binding domain; UBA domain: Ubiquitin-associated domain; DPR:

lateral sclerosis; FTD: Frontotemporal dementia; SNCA: Alpha-synuclein; HTT: Huntingtin; PD: Parkinson's disease; HD: Huntington's
disease; N/A: Not applicable

Gene (protein) Chromosome LLPS-linked domain Associated disease Function

FUS (FUS) 16pl1.2 LCD, RBD ALS RNA processing

TARDBP (TDP-43) 1p36.2 LCD, RRM1, RRM2 ALS RNA processing

C90ORF?72 (DPR) 9q21-22 DPRs ALS, FTD RNA processing

SODI1 (SOD1) 21q22.1 Zn®" binding region ALS Antioxidation

HNRNPAI (hnRNPA1) 12ql3.1 LCD, RBD ALS RNA processing

OPTN (OPTN) 10p13 N/A ALS Mitophagy receptor

SOSTM1 (p62) 5q35 PBI1 domain, IDR, UBA domain  ALS Protein degeneration

VCP (VCP) 9pl13.3 N/A ALS Protein quality control

UBQLN2 (UBQLN2) Xpll.21 LCD, UBA domain ALS, FTD Protein degeneration

PFNI (PFN1) 17p13.2 N/A ALS Cytoskeleton

SIGMARI (Sigma-1) 9p13.3 N/A ALS, FTD Signal transduction

MAPT (Tau) 17q21.31 LCD, MTBD FTD, AD Regulation of the dynamic equilibrium of
microtubules

SNCA (a-synuclein) 4q22.1 Negative charge domain PD Regulation of synaptic functions and plasticity

HTT (huntingtin) 4p16.3 Polyglutamine repeat domain HD Multiple functions
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Figure 3 The degradation of misfolded proteins is mediated by the cellular protein quality control system. Soluble misfolded proteins are
primarily handled by the ubiquitin-proteasome system (UPS), in which ubiquitination and deubiquitination regulate substrate recognition
and proteasomal degradation. Misfolded proteins that undergo aggregation are preferentially sequestered into autophagosomes and
eliminated through autophagosome-lysosome fusion. Ub: Ubiquitin; E1: Ubiquitin-activating enzyme; E2: Ubiquitin-conjugating enzyme;

E3: Ubiquitin ligase; DUBs: Deubiquitinating enzymes
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BIPE) AR EM ZIKEE H H, B4 poly-PR. poly-
GR.poly-PA.poly-GP.poly-GA. fEiX%EDPR H, & &
1 % R 1) poly-PR F poly-GR #x 5 T pl Pt #0017
ALS-FTD 2l 48 B v B 1 W 58, B 5 83 i 3 A48
P X3 1 DR Bk A R 1)1
2332 C9ORF2EFEREMHEXNW_MKEEERAME
TERESEMSFREBYNXR WIAKN, 5%
I3 AH G 1 RNA RIS 75 TG 8 F R A7 7E F 1S 3t REJE
i RNA-RNA # H.AF H & 4= LLPS & it 58 417, B %
W& G4C2 F E ¥ %1 i RNA 1] H % ik RNA foci.
RNA foci B 1F X B SCHE & mRNA 20 B>, 3
CL % UIF B W] 25 & RBP, T4 IE % RNP B0k 4H 3¢, 35
B SR PO B R A 2E T R R, poly-PR
poly-GR 5 £ # RBP ] LCD A& i 7- FH 2 741 H.1E
F < FL T — R AT AR B AR B & - MR LA S RS R R 4
Ak B 245 4, 55 TDP-43.FUS 1 hnRNP17%,
BNZANEY T ERY) (W SG.RNA %12 Jitki %
=R LE ) R, sk, BF 78 & 3 poly-PR Fil
poly-GR 7 1E 23 Wil 3 P AIGIX L8 RBP J¥ fl it 58 44 BT 75
() LLPS ¥4 FE B AH, - 2038 v 58 A (1 A B R 17757, X
#7271 poly-PR Al poly-GR i i #1544 1) 2h 25 J& 1
PRI AT B P 58 () AN AT B A I R W Oy TR Y
(7 A, B e AR B M A 0. R PR R IxX
S A T BRI IAEAE, TR /2TE ALS i BDIR S
W5 B 1 4% 2 R AR RNA BT Bz S
RNA % 12 JiURL 18 i 52 9531 S B 2 ) i P 51 98 £
BT IRTE 90 i BRI F D A% = BOR, TERE R A
2538 B AP 42 0 ST i AT S B A ) AR TR s s
H A [ poly-PREERIRTE . 7554 H RS poly-
PR ff §% 175 5 TDP-43 JE AR TE f, K B[R] % )33~
7E 41 B 5 AT B poly-PR R EE 1A, #ET % G SG ¥ B3t
% P K TDP-43 [ 25 3 SG, T ik 5 [l 4k 1 2E 90 4 1
EERY) . TR LA 75 A A, poly-PR 4t 2 £ it #% N TDP-
43 Iy fE % B A fE AL C9ORF72-ALS/FTD 5 3 i) 95 B
FAE,
234 SODI 54N FREREMMXAR
234.1 SODIERREFRFIEEM BAKYEN
B 1 (superoxide dismutase 1, SOD1) J& T Cu-Zn % 1L
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VI ACEE R I — 01, AE N — R E LA, 12
AR 9 BT A B R G 1 R B 4H A 4 . SODI 7R
YA Tz 2RIA, JU AR AN i 2H 21 R R A K
P . EAREE R, SODIE AW K 44 F & iR
Bt I CysS7 Fl Cys146 T o 1 N B, X 4 55
FASGM R EEY, W ECSEALS &
H s e Bl 185 B[R SOD1 84844, 7E 43Rk
FEl P, SOD1 %= R 5 i WL 1) 9878 /& D9OA, % 7 # 18
R B TT 4R 1) b & A ¥ 22 1% 30F e 1 e, - 1
I 1% e T e e A A5 Al B BDRE R TS, SRAE T SOD figh
12 ) PR E e AR BB 8 A7 41, R E AT 2R S
FFEE MR 25 DO RE AR U . ELMACR UL, 22481 SOD1 5 5
EARMS 5Ihaen®, @i w W EAEES RO
P ks A AN B T A R k= N ol P =t D E= R Yy A
W 2R AR ) e G K e i B 38 5E 55 — R R
N, AR SR B S, SOD T JE PR R /)N B3t I Ta) 3 7%
2 H B L P 2 A £ S TR R 28 b 1R SR A R 3, X 3 B
12 PE SOD1 il e R v Be P R = 5 i 2 . Rl
SOD1 AH% ALS 44 28 35 ¥4 1] BE /2 1) i e 2k 2 1
2 FL[F A 4 R0,

2342 SODIEHHENBERESEYMS FREEYN
k% SODIHE A KA EHIRE 5 HE e 4H
R T B R AE 2 A 5% . BFFE R IR, MR SOD1 £F 4
0 & NIty (3~55 &L FR) A1 C ity (86~153 &I
PRy I e X 4 7E AR 3 2% 4 TR 4EHF SOD1 I Fa e 45 44,
(RTEREE 55 T 2 KA G, BB A 7 5 0 s 2
(1) 27 4 T8 5™ A B FE 8 8 B R (Zn) TR
SOD1 AH 2 & W I R BEAE F, B2k £ 5 SOD1 A
IR DX 3 1) 45 4 25 L, T Ak % SOD (13 — ¥ AH 43 25 Al
TERFEEAREN . M, 74 8% %1 SODI
Bl ) ALS SEAR A 1113 T ¥ N AR s e, 7T DLES 52 2R
SER IR SODT [FIAH 73 B F1 SR AU A ™. S84k S
EFSODI M M REMNEERNR, X —dES
Cys111 Al Trp32 BRI % UIAH G . B AH 2 B IS A2 T B
SODI JE ¥ £ 58 4 44 0 #h 20 4 i 2L A7 B 6 0 75 1
F, 5 B0 10T A s ) 4% 2 T 75 5 40 B P 2 0 Ak T
AR IEEREFL . Mk, SOD1 B4 5 7T R i i i I
BEFEAE IR AL, TEA0 M A AL R, IR E B

FLENE S

3 HHERITHEREXNEARESEYSF
BEYIHXR

3.1 AD

AD 2 —Fh LU Y ek B B 3 DTRUE 2 A 3
I Taw 8 1 BERERR LT F e 20 Ji 21 4 2 245 09 T B
BURFAE, DLEAT PEIA R D BE T B AT Dy 0 5 9 % o i

PRI AR 2B AT PR . HoA, T E AN S E
EHRERNE R, WS 54W0 T EZY (10 SG)
FROZH e 2 5 ThRE I 3%

Tau 5 F I MAPT 5 K 9 15, MAPT % PR3 o 1% %
P B 42 0] 77 A2 6 B OMURE 1) Tau BY $2 5 44 44, A 0 7L 3R
BH, 3R AT 4R A4 4 W AH EL A0 7 1 25 4E AL, DRt AE
— 1 Tau 85 197 (tauopathies) H, 1X P il 7 4 4% (1) 2K 1y
AR 23 39 00 Tau 25 A M R MR EEOSEW L,
Tau 25 A& T 008 B 1 5T, B = WA I — R = 2%
SERCY . RN TICE AR DGR A SR I R IR, Tau 25 AL 2
N ¥iig 45 ¥ 38 L & & T 2R &5 M 3k (proline-rich domain,
PRD). 1l & 4 & 45 ¥ 38 (microtubule-binding domain,
MTBD) Fll C ¥t 5 #4358 . Tau 2 [ ff) MTBD 1]/ & 3
5 -8 &AM B-TE B R IR AR S IR Rk 4
AP TR 2 1 3 B T BT S SR A T G 2 R 3
EAFIRE N, Tau iR A4 FENME AR50 RN
YA, I — Ik AR 48 SRA K  A FRL PA A JE f  l
T AR A HEE . MTBD LR SwR L
WHEAEH, FEGUE 7 AR E D& Tau B 50
BRI B, EEBRE T, EARE SRR
17, i 25 Tau 25 A2 B3, ik — 0 (2 it B A B 1 1
Tau 55 A REMIE A $H 2 TR 1547 -

Tau 85 H FIR M)A B 55 BAT A2 2 MRS
B, AR 2 B OB SR Hodp
Tau & A 1B R L2 B 5T HT 78 i N 78 2 18 1 7 2K,
AR AEAE 80 AR SE IR Ik B, E A T/ PRD A
MTBD. % 546 H, £ AD Braak 43 # 5 11 B o] 46
W 2 7] 7 M p-Tau217 F1 p-Tau356 H4H 35054, X 3R B
Tau £ 1) 57 5 B R A0 AE 50 8 - 301 (8 2= IR tH AT
B ITEE & FEHW Y, AT 1 Tau 58 4R I8 1
5 S AL 7, IR AL AL i F5 F2 & p-Tau202/205 (AT8 &
By, 317 T AR € 1A 28 4F 4k JE 45 (neurofibrillary
tangles, NFTs)™. i i 1], NFTs f 0 b 5% 3z i I 175
R RAE, I 2 BT IR RN, HilCK
IR 22 ] 1% 24X, Tau B8 1 08 1 4% Tau 81 E 1 B IR
5 LR, 25 FR R R, aokE R
& B 38 (glycogen synthase kinase 3f) %% . Tau
) Thr231 1 Ser202 A7 B B 14, 5 Tau 2 1 51 5%
FACHH G, SO AR I fih iy A5 Ak J5 R A 1, 2 5 B0 fi
e B AS A A 2 e An™Y . AD FEAFY B, 55 BE % Tau
BEFE AR T AR A4 o, B 5 78 IR 2
PR X 380028 W O N B, B A AE B R 2 X IO B
Tau 42, $&75 NFTs B 2 My Bula 07, wt ot 12
H AR 16 Taw Jp3 2 0] 38 ik % 18 44 K A% 1, B8 I A ik
PP T 30 T R R A A 25 R) o X Tau 4 £ R /)N



RS A4 SR A7 TR T T 2R AT PR (AT 7 2k - 1975 -

B Y 5l N 15 3 2 BB T 40 AR (9 F A AR IE 5K, Tau B 1
AT AFAE T 0 R ™, I R 4RE JRC R 8% 77 4 22 0 (1) B
FRFLANIO, BRI R Tau 8 [ A 45 A R 2 B
& E A 2 R TR, 20 i@ st B ik e H
52 A 241 o 8 O, kN SZ R 4T B S 1) Tau B (A RTAE
NPT, T8I AR AR R R T YR Tau 25
BRI AT 440 58 B A, I8 T 40 4 P rp o AR TR
% i 1) Tau S AR AR, 400405 4 JE # 22 70 I 3F — 25 I Rl
PTG [ i JROO10010108 i s B vp 5 RNA JE A%
F) Tau % BAR LA AT vk, FLAT 76 15 h W AR R A 41 4
AU A 5 AR SR, A4 4 EE A4 (1) Tau &R AR 7E
RN HRERBAFES (thioflavin-S) FHE 1) £F
HEA TR Tau SEEEAR, DL I B Y Tau SREE 1) “Fp+7
T sk FE10

A WEFL R, Tau B 7 A 5N i 25 14 3k
A C oy 5 #3855 7 1E FL e I & 25 R ¥ PRD, — i
PR T Taw £ 1R Ff AL A AN KRR R PE o SX Al RRPE
Xf Tau 5 FHoAth 8 A AVAZ R 7 T WO AH FLVE 28 Ok L 22
Z5EAHESNITS 5 BERE. F—ICRA DR
1 2 )5 VR I WE 58 R B, (E SH-SYSY 4 i, 4= Tau
B (INAR SRR TE6 75T 1 T R4 B o (1) 4% 5%
W LG R M, T TE 55 75 (10 B2 2 AR 2 0, T 4% 5 W 5 3]
X Tau BERAR M R R H0 IR [R) ' HE ) 6% 2R JUkaL
KZ BA A, A4 K e Bk & % IR 5 Tau it R
PRRRL 2 1R E RN 5 R . WF AL 1 R I, Tau 25
FHaEEWheSHE N-F R FHF RNA (N-
methyladenosine RNA, m°A) 4 5% [ RBP (hnRNPA2B1)
MU i . T, ERUM TuEA S
hnRNPA2B1 A& m°A JE 5 1) 5 & ¥ vl 4% RNA 82 5
REXE R Sy, 1233 SG TR . X — KIS Tau A
Joa 1) BRI PR LG T 7R OCER, URTE AD AL, 5
5B AL Tau 2 [ 45 4 11 m°*A-hnRNPA2B1 & & ¥ /K
B ZETHE"T, BT hnRNPA2B1 2 4h, tH4 0F 70 i i
7 Tau™""" 5 B R /N SR 423 DA & 17 5 G i A R 0 4
R R G S ARG A IR R AL 40, Tau i S7H
RESEY Y TEEY SG KR B R FEYIMEL. £
WAL 456 B T 4 B H P iR -1 (T-cell inhibitory
antigen-1, TIA-1) f¢ 45 & W R L Tau R 1, H il R ik
TIA-1 A] 5 5 % 5% & 5 B8 4L Tau 25 (1 10 B IA, (23
Tau B A RIT S IR LB . WA AR
] Tau GRS 5 TIA-1 BH M SG $L 52 47, (HBE & 7%
9 HEFE ) RSB IR T 5 Tau BIRR R A . X S8 B %
B, SG I A ml 6 2 {2 2 Tau &5 (1 (1 95 22 4 2
FRUS e A #Z BT (nuclear speckle) S IE i & 0t N 5
5 A& mRNA B 82 (144 5 T &R, 1 Tau 58 514k

SR 5EIE" . Tau REREZH E
X — R R AL N R EY T ER G R 5
Tau W REM MR, KRR AT A8 @ T S %
N mRNA N T #2225 AD JoAH R 4B 1T 1
P I B AL -
3.2 PD

PD # A A S K WL & 1R AT PR,
BIET AR R, AR ER” . X EE
975 11 S [5955 BE bR 2 2 a-syn (H1 SNCA FE K] 4 ) 76 F
28 T A28 TR P48 T 200 . R 5 fik T R A 1) e O
U T PD 1, a-syn LELIRAR T R4, TR 5
INRRES B2 58, B G RRON R By BN, B A
F W, WY o-syn AE LT LLPS FE i, X — b f
PR G A H X S B 58 v T H - 2 TR A B A
ORZNMT, I e TTRE A a-syn AR SRR S 1) 5 975 A
KEERE AR R =Y. BEE N HER, W2
R AW - T AR AR, B 2T A B o 5 5R R RD 4 4 1
BERRE A RO B S AR B A T a-syn IAH 2 5
VR4 U S129 W B2 Ak 23 T a-syn [ AH 43 85 J HUE#
FE B AR 6 e, N i £ T A 2 3 s B 1 OV AR S
LR o-syn FIAH M B . MBAL, 55 R iR i (1 45 & 2 12
HE a-syn #78 BCHE BEE R R, a3k T 5 BOAR 4 PRI R
R 23 85 R AN R4 a-syn 1 5585 A1 40 28 J Fove by
FERGAZ OO A 2 B R AR I R R 3, (R dE 1y
Ja ML A B . AR IR, AR AT, W)
T4 R TE 1 AT 8 52 21 24 ML) 0 = A U 485 A I, FE 5
Gy RAE I PR BT, B 5 AR A I SO T e A A AT g
1) 5 AR 43 25, 2R T 5 80E B R AR R B R AR

AT FT BN I, 41 B 52 SRR a-syn S5 4F4E B TR
RARIKGL 5, Parkin 85 H 7K-F- 22 BRAK, [A] I A Bl 2ok 14
R AR, a-syn SRR AR 25 S AL RO T
T AL, 5 8 Parkin & A2 VR 5 A8 A0, 32001 3 % AR
H 7z 2 A AT U2 I Rl 2R R AR B 4% . S SR AT A
B, Parkin ¥ 2% 3% BE ) g B 05 1T BEAN L5210 5 g, 34
2 S EURE WA 43 B H AT R s B
JoR SRR IR B Wk e e 1) L 4R R R
3.3 HD

HD J& — Fh i Je ik 5 M 1A% 1 4 22 3R AT 14 507
HHTT IR AR5 1 XN CAG = H R ERE T
FI g 5 . TR N () CAG HE P
B B3 BT £ 151 2K [ (huntingtin, HTT) N i 2 B AR
[k f% (polyglutamine, polyQ) /7> ¥ ZE K Bt . 1ij polyQ )
T3 AR 8 A R 2 3R A9 HD 46 i B M ) D R
Mo X—RAESFHWGHTT I 7w K. EH
NBEH, HTT R 1) CAG B RBGEE KT 35 1%, 1M
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M E S RHE IS 37 IR, 5 ECHD I R RN
HD 1 8 815 PR 3% 0B 46 A B 2 0 SR AL B AE %N
DIRETRIE FIRE AT N 8 =KL, s 2T
b, WELERIF G 15~20 N SFEUEHE LT, R
= 3E 5 25 1 (mutant HTT, mHTT) ) 205 1L H) 32 258
ORISR S ThRE3R1S (gain-of-function) F1 1) fig
2k (loss-of-function)™" . 7EINHESRTF J5 T, mHTT 1)
e R TR R AR, TR0 M N 2 Fh AR B A,
BLFEE A UAR A RGE A RAR D RE e s i 4 F 2R s
HaE 2B wE R, mHTT A 5 50 #h & A i A
A A AR R, SRELAE MR IR ThRe . fEDIREE R TT
I, mHTT T 8UE % HTT & 3 B0 & R Dh Re 2 3t .
AR HTTEM A TG B B0 IS i % fil 4% 8 F1 %
SO A R AR, T mHTT U e 2 1 AR N
SRR EHLE T HPOX LR DI RE . IR ALK
B, AR 2 B AE mHTT 5 45 Ik 2 Fl bk 48 35 1 R 3 il
FHRBAER . 4 polyQ K B2 iy 2 I H (2936 M4
SRR L) I, HA G R GE MR 2 1, SE R TR
FR AT B-4T & IR 5T XM AR R £
WA BAR AL T2 M mT Be 1k, 115 mHTT 7 1 fe
% 38 i polyQ DX 380AH L2 28, T i % 42 (1) A2 B Y 4%, 1%
g M A IE 58 T mHTT 207 81 A B AE H, 18 613k
T VR FE R Y R 45 R Bkt
34 HEMEAEBRYMEREMERYNFITEES

W o R AE A B SR EDIRES TR AR X
A, HoAz O 22 RAE T AP AT I 4R Bliak Ok o

EABARE T, K€ A5 &R E i IDR,
LCD.RBD L Z 4 Al ¥ 77 20k 4B A0 BLAE H R 4208
FCEE ), B TRV R I N B A5 0T Ak, FOTE L 4
R 50 3R 2 2 57 1 AR VB S5 A2 16 B RNA 256 551
il R 2R . EATE AT REVERS =, i X RNA AR
A DG B AR A RS EAT A A B AR, XA o iE
INEZS R AT

TEAR IR AT PRI IRAS ', TDP-43 .\ a-syn % & [
Al RAR B o SRR My TR N, AR E R R
2, RAEATH R -FEAAL” . X FEER N
R T VA B 73 D ] A 2 T g o R SR R . X
A 1 8 SR A Ik 0 Th e M B R RN i A T
Ae k™, Hamad Y BoRE M IR AR TP 4 M AR S L H
I e B8 % SH SIS I 200 e 1) £ R, AT SR A5 B 4 40 P 4
B 4 BON IR B 22 Fhoph 2 AR AT MR LA B A O

F1F,
4 BEEMSTREBYTHHSRITHEERBNEGTT
SRR

FRE A AW 0y TR R AR IR 9T NG, Rk 4

IBAT MBI AL S 2 — o ERSRER 2 R IE R
B, VF 2 00 22 R AT 1 0 A ¢ B (W1 a-syn. Tau,
SODI1.HTT) K& C9ORF72 L ¥ 4 ff] RNA F=¥) & &
B R SR AR, 5 B0 I R A IR 5 A 48 T T RE B
figlsd sl PRI, 06T Bk SR AR TR 1 S 4E RIS R 1 43 7 F
T, A HE 27 B0 A 1 20 58 AT 1 5 0 E R I SR B R
& (El4).
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Figure 4 The schematic model of therapeutic strategies targeting
biomolecular condensates for neurodegenerative diseases. Disease-
associated proteins and RNAs form aberrant biomolecular
condensates, leading to disrupted condensate dynamics and
cellular homeostasis. Therapeutic interventions, including small-
molecule compounds and antisense oligonucleotides, may promote

restoration of condensate dynamics and cellular homeostasis

4.1 BEETHHEIBEMENS TEBYNNSTH
YIRTT F B
4.1.1 HEEZEAWREST FEZNEEERASIMITE
Yo FEEDRIEE

B 1) AR ) 43 B SR AR IR YR T SR T 3 T TR 43
5 0K 50 1) R 5 B ot R Sk BEL BT BE R B A 1) T, /N
oy P R B R NI R FF R B AR TR T B . A
PD N, a-syn JE BCRT 30 14 A2 ) 4y 1 8 SR A4 s T gk —
WA RN AT YR ER . Ny T4
minzasolmin (UCB0599) 7] Jf i £ & a-syn (14 FE 47 &
A5, EL W7 V0 A5 458 SR A 1) £ A0 SR B MR I % 7R /D 0
PR RER AR TE BT, O T90 BV S SR AR AR AL 1 AT
AT IR HEWE

TE/ING ¥ 25 W 50 ) R 7 B A B SR R, ) —
AP S A T 58 A BB N TR RE IR Bl (1) M3k B



RS A4 SR A7 TR T T 2R AT PR (AT 7 2k - 1977 -

H& iR (de novo protein design technology) &
TSR AN 145 & 504 TDP-43 FAEMY, 245 &7 0] &
3Ry I 4 5 1 45 A TDP-43 LCD REM O, Fa e
TDP-43 [f) o BRTE A R, 75 44 SN A4 A5 AL 3y S Bl 1
X TDP-43 Jp HE 4 5 8 1) 1 R ], D9t £ 3R AT M9 0
)RR ) R IT PR AL T 4 B KBS o R B, Dewpoint
Therapeutics (4 BR 5 ZKX W FoAH 70 B AR EW 7
TR 5 50 Z B 28 R R AR 5 HiA
=32 25 A\ A AETT K I TDP-43 B[] /N 7y 7k A
W 75 1) c-mod, W] 6 £ 1% 73 B TDP-43 Jf ¥k 2 H A% €
Bz, CAE BB e W BE B0 A 48 o Ag BE S ALS AH
KAEDFEY . 2024 5 12 A, Dewpoint Therapeutics
BT O A =35 ) 24 24 W) Ak ik mE B AT A AR B,
X754 3[R HE 3E /S 5 Sk ZE A 15 771 e-mod FY Il PR T
R, A7 R A THI M T A S8R PR 5 ) BB R A B

A SCHER AR TE X T Tau & H &R A, W R
(methylene blue) 1@ i 52 1 Tau &t 56 74 1R A& @ M, T
PARH 1F: Tau &t 544 [m) AS 0] 390 1) 21 440 B AR AR R e, I
1M 987> Tau (1) 5 5 KA. 1€ Tau™"" e 5L K /N B o,
P PP b B 2 BRI S Tau AR 2R, 98 Tau A 06
A E Y X BRI, N T A A R
Fa 8 B M BT 0 R ) R SR AR, 3 BE AE 9 LR
SRR B A% B AR A, AT SEBL0S #2218 47
P95 BEFEFE ) LA il

NG T PN AT DAE I 5 B R B e 5
A, 34 B T T T U SR AR PN A B A R T T B A
SRR IITE . LAZNGr - ISRIB R4, 1% /N 53 A LA
AR R T T B R AL 1Y SG 414 B I B R UG R T 2a
(eukaryotic translation initiation factor 2a, elF2a) 5 H
¥ 2 45 Al T 2B (eukaryotic translation initiation factor
2B, elF2B) I &5 &, il i 1 4% Bt R 4k N 3 elF2a 5
elF2B #H B 1E F M 4%, BH T SG T fl - (e 3F F i 5, A
MK 2 8 B BB R R B S AR i T gel . I ph ok
I AN R8T T 2 B A s B B 1, T A o TR SR AR
WIS EIA AR R, SEIL D Re K S . I F A FUIRE, B
3 Tk Jiie B FLAT AR M S Bd o R B 5 RER IR B 1Y
PSRN B A BRI, R A B SR K A, AN
TR T SG B IE i R 1, B DR 58 51 A 5 4 - o)
AN b, B MR R 7E SG ¥ S 3 5 FUS
(¥ SG WA J& 1, HAR I FUS A & 7E &% A (1 1E % 43
Hio SEUGSE AR TE ALS SR | o Ik Ji 2 25
MU SG IR, IE & JTIEA, JHIKE H FUS M
TDP-43 RAR & ik 5] 2 (112 B sk B, 1X 8 7R HoiE
T 1R T S SR AR A BECR A R P AR HL VR B SR T TR ALS
AH ISR L (1938 77

412 FEBARANMIFEIMGED S FRERIH
s

NG AR I RIS O B T T
PR B SRARTE o /Ny T4 & ) trimethylamine N-
oxide (TMAO) 1] EA/E A —Fh“HH 717, @i b 4 25 1)
HVRLE 5y T 8 1 48w AW o0 7 0O UK B, AT 5%
i 2§ [ 1) LCDs 5% IDRs 1) 37 & A1 h s>, —J7 1,
TMAO ] 4 5% TDP-43 %5 RBP & il (I 2E W) 4> T W)
A B IE . 5 —J7 1, TMAO i i HE e AR A28 T
Pt TDP-43 T J7 [X 48 4, 40 il I 45 4 7% fie, A B 1k
ALS-FTD 74 B IR & T 7 £ TDP-43 5 4 & 1) &
R X — B, NS AN R TR 45
RARG) S5, 3 P IE UR SRR, T S
PR RN T
4.1.3 #E[ERNA 5 DNA SCIIXT 4499 TR B H80EE

NG F T TR AT B R A R AR R A S
ST TR SR A, 8 RERE 5 PR B ) RNA 5 DNA — 2%
SEFRE R R B R AR . G-DUBE1E (G-quadruplex) 45
BN T BRI BRI UL COORF 72 HE R AH 5% 1) G4C2
HEF AR RNA — 450, T HAE N SG 1 —
Jok B 42 B 1 R SRR M. L b, X Ny
I 3 A2 52 5 2 4F G-quadruplex #4 %, U/ RNA foci JE
AR, AT A K E R AR AR RO G R E .
FEAR AN B BT FT COORF72 i B R /N B, 3X 2R/
TREZM T RNA foci TE - —IKE S H AR K
FH UG 5 S 1) 4 22 0 T 35 3 AT BB, o s
T ] RN 435 ) 18 42 L 14 o SR AR 11 8 PR VR 97 SRS
4.2 #0[E RNA MR X B%EBRTT %

RNA 2 i) - 70 5 s 38 o A 5 Sk U)W 88093 5 1 1)
FEAE, B A A% BE W e SR AR T B B SR SRR AR . X
BITVEAB R T M EIBAT R R 28
PE, WAARKTF R Z 85 AT FE AL R 2 W B e T 1%
SeHE Rl . 3T R, HE T RNA B R X5 TR
(antisense oligonucleotide, ASO) J7 ¥2: 4l ¥ A M I Sk T
T B U SR AR TV i ) O B SR ST ASO JE i 5 HE
mRNA J7 51 B AN, 175 F mRNA [ fig 55 5H Wr & 1 60
B, M AR S 8 B0 5 R IA K o X R LTI AN
AXCAT 9500 5 SRR T U 75 B R B 4y 1, IR RE K A4 RF
N EARS. HAT ASO KWL Ffp£iBAT
PRI RS B i R IR B v 3 R B T Ak, R
[ 2B 53 T B SRR M B BB YT T M2 —

AW FL AR IE, $E 7] Tau & 1 mRNA [1] ASO 254
BIIB08O, 7E Ib # Il PR 72 H 7, %of 46 44 52 FE i RAE
) AD £ 3 25 F AN [F) 77 2 1) BIIBOSO 2k 22 /&1 7], v A&
FI| BIIBOSO 71) 2 < i 4 Hh Jok /D> Taw 75 1o 5 ¥ H A &,
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FTE AR 2% N W42 21 K83 10 w0 58 1) Tau 28 46 4% 11 sk
o X RNA S [7) 5 i 38 3ok 4% 1) 28 (1 A R Sk, R
5 RUAE 2% Tau MO R AR TR IR, 9 AD RS HEVR T
FAE I BT, H AT BIIBOSO T 347 21 11 A AR WF
FUBY B, TUE K T 2026 S IS0 B s FE Ao — 25 .
X2 A7 1, H AT IR 5 7 BIIBO8O #x i WL
AN RN A2 Sk I T 9 VU R 0 A 27 o ) 25 B A
AF AL, HTA A R NN A 2R e,
S 14 SOD1 & [ ) ASO 25 ¥ tofersen 18 iT 5
SOD1 ) mRNA 5§ = ¥ 25 & 375 T H P A, AT i 2
FRCRA A WA B . Tofersen /E N H A 4= BRIME——
ANERXT ALS 95 RVR IT I 259, 162023 4F 4 H 3k A5 £
i 2 I EE R (FDA) kil BT, £ 2024410 A
RAEREEF LW RAUAE EH . 06K R % E Y,
tofersen 7] & XJ 9 A, % 2% ALS 55 3 112 30 Ih g 1B
0, {H A tofersen tHAF1E — & I B M AT 2R
il . HF 7% BN, tofersen MY E BN K S B 3G kI i
PR T I AN B8] . F T tofersen #E 4] fR A AN J2
SODI FE [F 52 48 B ALS (IX Pl R B iy o8 R 5 43
ALS H 1 2%), % 9 995 - 1 A~ 700 L o 973 13 A2 AH
GBI B E A R IUB I IR T AR . B TS i,
tofersen #B & $E [7] 4= 4 43 7 58 SR AR M G 1) RNA T 7l 5
WS T I PR 7 Ak o 1R e 23645 . HTTRx /E N ASO 2454
fR)—Folr, AT 3 I PG HTT ) mRNA 7K 20 9828 8 A
A R, 765 HD 82 1 RS, HTTRx A DL 2
FEAR D BV HTT 7P, B H G 22 A 28 3R A7 P R
i dEFE I 70, B B R BIIG IR B 7. fER 1L
C9ORF72 3[R H5 4 450 > G4C2 & 7 51| 1) 4% 3 [H]
AN, — URPE TR SR T 51 RNA 1) ASO,
45 Uk /> RNA foci A1 ik B 5 2 (A TR, 3F B ik
3 tH COORF72 K 8 & 7 51) 5| kS 1 £5 i AT R AT A1
I RE P HS 54T R ES), TDP-43 Bk 2k £ fih & STMN2
55 A pre-mRNA [ B PE BT $2, A 17 93 21> il 5 7 A= i o4
F RIS R E B (stathmin-2, STMN2) /K. 4t
Xof STMN2 F K] B2 1 B 422 07 55 10 ASO RE 1% 4101 1] 5 % BY
eV STMN2 & [ ik, T i3 TDP-43 6l 2K [ A
I F & T 1) 5l R A OB BRI TR . Bk AL,
BF 5030 S s AE #5140 N 28 STMN2 bk 87 35/ % I e 4k
J 31 (1) 255 R G 2 /0BRSS RY o, K ASO 7 N i ¥ T 4
IE AT & mRNA BN T, & STMN2 /KR X
— S 3 1L 7 TDP-43 AH ¢ RNA ¥ 5 14 1) 95 21 2%
ML, ARBL T ASO A B - R A FLAE H IR E M &
IHREMIIE 77, 2 HE m) Bk R AR YA TT I B 2 T 1A)
43 EFHERITSBEERESHR/N S FRETFE
BT U ST N v I8 R R IE 1A BN TR TR

s FRE IRAEARAR AL TSR . AT A W R ITe
H 3 3 T N R0 e Ak A 1 2 W R R DR G R
&, I Wb M Ak A R ARV G 2 O VR I TR i
R T ;5 E R HD BUR & A/ T EY . 1%
HIBN R BT — /Ny TR Uy T 9t &9,
ATTECQ), A& B L M & A 1 K polyQ [ HTT Jf 242 2
W LC3 5 HRG7E— 2, ¥ B0 & A A A e /ME
HEAT BE MR 7R BT RS R AR AN B3R 3
Rl Ak A T LA o i 57 B, -l ok A R M e s 2
A 2 B AR HD /N BRI 2 2 B 80K AR 1 mHTT K
-, B P A O R R Y, S HD TR B S 245 4 R AT
RIEMEYI N S o AT F 1 CIORF72 # 2% [#) ALS-
FTD, W50 N 53 2 1 5 6 AR B S 4 B8 11 G- DU S5 4 )
file SLEG TR L T 138 M AL AW, RIL T 44 FhRE S $E =
CYORF72 ') RNA 5 5 J7 71 g fift I B 46 & 417,
W3 RR 2K JF BK M AT ZE 4 (DB1246. DB1247 il
DB1273) AJ LA 7- 3 B 45 € RNA 4544, w2k fl /) 25
A RNA, B Z WD EHFET LT 40 (induced
pluripotent stem cells, iPSC) >k i [¥] iz 2] #f 2 76 H 1)
RNA foci, tH f F#% — Ik 5 5 85 FUKF, 78 R A
R AR A RIS W R TR, R S AR R
e B ROE T 1 2 DR A BN 7 TR S D R B
Zn*' 5 5 1) Tau 85 1 BERAK, 8 BLAL Zn B KAE R 7
m S - A A AR T B S R YT Tau R
RO, TSR, I R I U B TR i O R R I
NGy TR M ) Tau 28 11565 M MRS 1) £F 4 25 11
Ak, I HLICHDH 4 F B A R BE AR A mT g e, R g
7E O BR Tau-Zn 0 1 2618 R AR A 2. (E 15
— RS2, b SCHE B HE ) TDP-43 [ 55 1 1 45 45 7
() FF R A e T B SN Ay T T, e )
B AR I8 B8 4IF 6 5 5 TDP-43 AR H] . X 2o gh
F W, T H SR TR Tk 0 A N TR
PRI B ) 4 TR A ) 3 B PR RN K, T T R TR AR
AT AL HT S
5 REBES5RE

AR FR G AR AT R TP S A TR
RV BURMLE] R T RN . SCR R HBRRIRS
N H 5 R 43 S K B 1 — ] A AR BT T B AT 4 AL
TR O AR A 1) B R A, & 2 R IR AT
PRI 3L R BEAZ o o TS IR T SR 5 AL B 1)
L R [ A K TR A X 4% e TR A AR 1 )
PR, FHARIC 2 A RAEDD 2 5 GOKE AR S22 R
A S, FF IR RERE A% SR AR T B B R . R
WL FT O AE S 1a) 57 A 20 29 R Bl A R 4R 1
REAE 280N VR A B /KT L IE 22 5 3R R, 1EL I PR



Wi B A 45 SE R 229 937 SR T R 2R AT MRS I AT STt Jre

1979

F AL RORE AT A 12 AT T W ) SGBEE H . 5, e
FE ST AT EE (5 AR 2 B A AR AL 1 ) E AR S 2
Wk 2%, ] A AR P PR 33 326 R 90 R X I B AR P 4
fe 2k, SRS 4 7 02 R Je T, 02 ROk £
R IR ) AL 25, R 2R 1 B SR AR AN DR T R A 1
TEAEIR T #0AR, AOUA B T T P 22 3R AT PR B 1
KA, I T RE Sl 2% AR T B R

(= SN ENA i N I SN N
PSRN AR 5 R, £ T T2 RS, £
AR TR AAE IR L IR L L AE 5B R SR SRS B

FIZEASE: JTA 1 & 75 WA SO A A AR TR 25 o R

References

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

[2] LinY, Protter DS, Rosen MK, et al. Formation and maturation of
phase-separated liquid droplets by RNA-binding proteins [J].
Mol Cell, 2015, 60: 208-219.

[3] Molliex A, Temirov J, Lee J, et al. Phase separation by low
complexity domains promotes stress granule assembly and
drives pathological fibrillization [J]. Cell, 2015, 163: 123-133.

[4] Murakami T, Qamar S, Lin JQ, et al. ALS/FTD mutation-
induced phase transition of FUS liquid droplets and reversible
hydrogels into irreversible hydrogels impairs RNP granule
function [J]. Neuron, 2015, 88: 678-690.

[5] Patel A, Lee HO, Jawerth L, et al. A liquid-to-solid phase
transition of the ALS protein FUS accelerated by disease
mutation [J]. Cell, 2015, 162: 1066-1077.

[6] Eberle AP, Castafieda-Priego R, Kim JM, et al. Dynamical arrest,
percolation, gelation, and glass formation in model nanoparticle
dispersions with thermoreversible adhesive interactions [J].
Langmuir, 2012, 28: 1866-1878.

[7] Dalla Costa I, Buchanan CN, Zdradzinski MD, et al. The
functional mRNA
translation [J]. Nat Rev Neurosci, 2021, 22: 77-91.

[8] Fallini C, Bassell GJ, Rossoll W. The ALS disease protein TDP-

organization of axonal transport and

43 is actively transported in motor neuron axons and regulates
axon outgrowth [J]. Hum Mol Genet, 2012, 21: 3703-3718.

[91 Liao YC, Fernandopulle MS, Wang GZ, et al. RNA granules
hitchhike on lysosomes for long-distance transport, using
Annexin A1l as a molecular tether [J]. Cell, 2019, 179: 147-164.

[10] Jain S, Wheeler JR, Walters RW, et al. ATPase-modulated stress
granules contain a diverse proteome and substructure [J]. Cell,
2016, 164: 487-498.

[11] Sahoo PK, Lee SJ, Jaiswal PB, et al. Axonal G3BPI1 stress

granule protein limits axonal mRNA translation and nerve

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

(21]

[22]

(23]

[24]

[25]

[26]

[27]

regeneration [J]. Nat Commun, 2018, 9: 3358.
Guillén-Boixet J, Kopach A, Holehouse AS, et al. RNA-induced
conformational switching and clustering of G3BP drive stress
granule assembly by condensation [J]. Cell, 2020, 181: 346-361.
el7.

Hutton M, Lendon CL, Rizzu P, et al. Association of missense
and 5'-splice-site mutations in tau with the inherited dementia
FTDP-17 [J]. Nature, 1998, 393: 702-705.

Baker M, Mackenzie IR, Pickering-Brown SM, et al. Mutations
in progranulin cause tau-negative frontotemporal dementia
linked to chromosome 17 [J]. Nature, 2006, 442: 916-919.

Van Langenhove T, Van Der Zee J, Van Broeckhoven C. The
molecular basis of the frontotemporal lobar degeneration-
amyotrophic lateral sclerosis spectrum [J]. Ann Med, 2012, 44:
817-828.

Ling SC, Polymenidou M, Cleveland DW. Converging
mechanisms in ALS and FTD: Disrupted RNA and protein
homeostasis [J]. Neuron, 2013, 79: 416-438.

Arai T, Hasegawa M, Akiyama H, et al. TDP-43 is a component
of ubiquitin-positive tau-negative inclusions in frontotemporal
lateral

lobar degeneration and amyotrophic

Biochem Biophys Res Commun, 2006, 351: 602-611.

sclerosis  [J].

Neumann M, Sampathu DM, Kwong LK, et al. Ubiquitinated
TDP-43 in frontotemporal lobar degeneration and amyotrophic
lateral sclerosis [J]. Science, 2006, 314: 130-133.

Kwiatkowski TJ Jr, Bosco DA, Leclerc AL, et al. Mutations in
the FUS/TLS gene on
amyotrophic lateral sclerosis [J]. Science, 2009, 323: 1205-1208.
Rosen DR, Siddique T, Patterson D, et al. Mutations in Cu/Zn

chromosome 16 cause familial

superoxide dismutase gene are associated with familial
amyotrophic lateral sclerosis [J]. Nature, 1993, 362: 59-62.

Choi AM, Ryter SW, Levine B. Autophagy in human health and
disease [J]. N Engl J Med, 2013, 368: 651-662.

Farrawell NE, Mcalary L, Lum JS, et al. Ubiquitin homeostasis
is disrupted in TDP-43 and FUS cell models of ALS [J].
iScience, 2020, 23: 101700.

Hara T, Nakamura K, Matsui M, et al. Suppression of basal
autophagy in neural cells causes neurodegenerative disease in
mice [J]. Nature, 2006, 441: 885-889.

Mizushima N. The role of the Atgl/ULK1 complex in autophagy
regulation [J]. Curr Opin Cell Biol, 2010, 22: 132-139.

Tai HC, Serrano-Pozo A, Hashimoto T, et al. The synaptic
accumulation of hyperphosphorylated tau oligomers in Alzheimer
disease is
proteasome system [J]. Am J Pathol, 2012, 181: 1426-1435.
Tydlacka S, Wang CE, Wang X, et al. Differential activities of

associated with dysfunction of the ubiquitin-

the ubiquitin-proteasome system in neurons versus glia may
account for the preferential accumulation of misfolded proteins
in neurons [J]. J Neurosci, 2008, 28: 13285-13295.

Colla E. Linking the endoplasmic reticulum to Parkinson's



Az,

1980 - 252 %4} Acta Pharmaceutica Sinica 2026, 61(6): 1968-1984

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

disease and alpha-synucleinopathy [J]. Front Neurosci, 2019,
13: 560.

Lee S, Sato Y, Nixon RA. Lysosomal proteolysis inhibition
selectively disrupts axonal transport of degradative organelles
and causes an Alzheimer's-like axonal dystrophy [J]. J Neurosci,
2011, 31: 7817-7830.

Hollenbeck PJ. Products of endocytosis and autophagy are
retrieved from axons by regulated retrograde organelle transport
[J]. J Cell Biol, 1993, 121: 305-315.

Larsen KE, Sulzer D. Autophagy in neurons: A review [J]. Histol
Histopathol, 2002, 17: 897-908.

Ding M, Xu W, Pei G, et al. Long way up: Rethink diseases in
light of phase separation and phase transition [J]. Protein Cell,
2024, 15: 475-492.

Dobson CM. Protein folding and misfolding [J]. Nature, 2003,
426: 884-890.

Li D, Liu K, Li D, et al. a-Synuclein condensation in synaptic
vesicle function and synucleinopathies [J]. Trends Cell Biol,
2026, 36: 57-70.

Wang C, Duan Y, Duan G, et al. Stress induces dynamic,
cytotoxicity-antagonizing TDP-43 nuclear bodies via paraspeckle
LncRNA NEATI1-mediated liquid-liquid phase separation [J].
Mol Cell, 2020, 79: 443-458.¢7.

Baughn MW, Melamed Z, Lopez-Erauskin J, et al. Mechanism
of STMN2 cryptic splice-polyadenylation and its correction for
TDP-43 proteinopathies [J]. Science, 2023, 379: 1140-1149.

Sun X, Song J, Huang H, et al. Modeling hallmark pathology
using motor neurons derived from the family and sporadic
amyotrophic lateral sclerosis patient-specific iPS cells [J]. Stem
Cell Res Ther, 2018, 9: 315.

Tziortzouda P, Van Den Bosch L, Hirth F. Triad of TDP43
control in neurodegeneration: Autoregulation, localization and
aggregation [J]. Nat Rev Neurosci, 2021, 22: 197-208.

Nelson PT, Dickson DW, Trojanowski JQ, et al. Limbic-
predominant age-related TDP-43 encephalopathy (LATE):
Consensus working group report [J]. Brain, 2019, 142: 1503-
1527.

Zhu L, Li S, Li XIJ, et al. Pathological insights from amyotrophic
lateral sclerosis animal models: Comparisons, limitations, and
challenges [J]. Transl Neurodegener, 2023, 12: 46.

Guenther EL, Cao Q, Trinh H, et al. Atomic structures of TDP-
43 LCD segments and insights into reversible or pathogenic
aggregation [J]. Nat Struct Mol Biol, 2018, 25: 463-471.

Li Q, Babinchak WM, Surewicz WK. Cryo-EM structure of
amyloid fibrils formed by the entire low complexity domain of
TDP-43 [J]. Nat Commun, 2021, 12: 1620.

Arseni D, Chen R, Murzin AG, et al. TDP-43 forms amyloid
filaments with a distinct fold in type A FTLD-TDP [J]. Nature,
2023, 620: 898-903.

Kumar ST, Nazarov S, Porta S, et al. Seeding the aggregation of

[44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

TDP-43 requires post-fibrillization proteolytic cleavage [J]. Nat
Neurosci, 2023, 26: 983-996.

Lin Y, Zhou X, Kato M, et al. Redox-mediated regulation of an
evolutionarily conserved cross-/ structure formed by the TDP43
low complexity domain [J]. Proc Natl Acad Sci U S A, 2020,
117: 28727-28734.

Lu S, Hu J, Arogundade OA, et al. Heat-shock chaperone
HSPBI1 regulates cytoplasmic TDP-43 phase separation and
liquid-to-gel transition [J]. Nat Cell Biol, 2022, 24: 1378-1393.
Honda H, Hamasaki H, Wakamiya T, et al. Loss of hnRNPA1 in
ALS spinal cord motor neurons with TDP-43-positive inclusions
[J]. Neuropathology, 2015, 35: 37-43.

Koyama A, Sugai A, Kato T, et al. Increased cytoplasmic
TARDBP mRNA in affected spinal motor neurons in ALS
caused by: Autoregulation of TDP-43 [J]. Nucleic Acids Res,
2016, 44: 5820-5836.

Zhang P, Fan B, Yang P, et al. Chronic optogenetic induction of
stress granules is cytotoxic and reveals the evolution of ALS-
FTD pathology [J]. Elife, 2019, 8: €39578.

Wang JY, Ma GM, Tang XQ, et al. Brain region-specific
synaptic function of FUS underlies the FTLD-linked behavioural
disinhibition [J]. Brain, 2023, 146: 2107-2119.

Rummens J, Da Cruz S. RNA-binding proteins in ALS and FTD:
From pathogenic mechanisms to therapeutic insights [J]. Mol
Neurodegener, 2025, 20: 64.

Guo L, Kim HJ, Wang H, et al. Nuclear-import receptors reverse
aberrant phase transitions of RNA-binding proteins with prion-
like domains [J]. Cell, 2018, 173: 677-692.¢20.

Yoshizawa T, Ali R, Jiou J, et al. Nuclear import receptor inhibits
phase separation of FUS through binding to multiple sites [J].
Cell, 2018, 173: 693-705.¢22.

Sun Y, Zhang S, Hu J, et al. Molecular structure of an amyloid
fibril formed by FUS low-complexity domain [J]. iScience,
2022,25:103701.

Wake N, Weng SL, Zheng T, et al. Expanding the molecular
grammar of polar residues and arginine in FUS phase separation
[J]. Nat Chem Biol, 2025, 21: 1076-1088.

Liu Z, Zhang S, Gu J, et al. Hsp27 chaperones FUS phase
separation  under the modulation of stress-induced
phosphorylation [J]. Nat Struct Mol Biol, 2020, 27: 363-372.
Adekunle DA, Hubstenberger A. The multiscale and multiphase
organization of the transcriptome [J]. Emerg Top Life Sci, 2020,
4:265-280.

Nedelsky NB, Taylor JP. Pathological phase transitions in ALS-
FTD impair dynamic RNA-protein granules [J]. RNA, 2022, 28:
97-113.

Dejesus-Hernandez M, Mackenzie IR, Boeve BF, et al.
Expanded GGGGCC hexanucleotide repeat in noncoding region
of C9ORF72 causes chromosome 9p-linked FTD and ALS [J].

Neuron, 2011, 72: 245-256.



Wi B A 45 SE R 229 937 SR T R 2R AT MRS I AT STt Jre

1981

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

Renton AE, Majounie E, Waite A, et al. A hexanucleotide repeat
expansion in C9ORF72 is the cause of chromosome 9p21-linked
ALS-FTD [J]. Neuron, 2011, 72: 257-268.

Saberi S, Stauffer JE, Jiang J, et al. Sense-encoded poly-GR
dipeptide repeat proteins correlate to neurodegeneration and
uniquely co-localize with TDP-43 in dendrites of repeat-
expanded CO9orf72 amyotrophic lateral Acta
Neuropathol, 2018, 135: 459-474.

Sakae N, Bieniek KF, Zhang YJ, et al. Poly-GR dipeptide repeat

sclerosis  [J].

polymers correlate with neurodegeneration and clinicopathological
subtypes in C9ORF72-related brain disease [J].
Neuropathol Commun, 2018, 6: 63.

Choi SY, Lopez-Gonzalez R, Krishnan G, et al. COORF72-ALS/
FTD-associated poly(GR) binds Atp5al

Acta

and compromises
mitochondrial function in vivo [J]. Nat Neurosci, 2019, 22:
851-862.

Cook CN, Wu Y, Odeh HM, et al. C9orf72 poly(GR) aggregation
induces TDP-43 proteinopathy [J]. Sci Transl Med, 2020, 12:
eabb3774.

Freibaum BD, Lu Y, Lopez-Gonzalez R, et al. GGGGCC repeat
expansion in C9orf72 compromises nucleocytoplasmic transport
[J]. Nature, 2015, 525: 129-133.

Mizielinska S, Gronke S, Niccoli T, et al. C9orf72 repeat
expansions cause neurodegeneration in Drosophila through
arginine-rich proteins [J]. Science, 2014, 345: 1192-1194.
Vatsavayai SC, Yoon SJ, Gardner RC, et al. Timing and
significance of pathological features in C9orf72 expansion-
associated frontotemporal dementia [J]. Brain, 2016, 139: 3202-
3216.

Jain A, Vale RD. RNA phase transitions in repeat expansion
disorders [J]. Nature, 2017, 546: 243-247.

Gendron TF, Bieniek KF, Zhang YJ, et al. Antisense transcripts
of the expanded COORF72 hexanucleotide repeat form nuclear
RNA foci and undergo repeat-associated non-ATG translation in
c9FTD/ALS [J]. Acta Neuropathol, 2013, 126: 829-844.
Mizielinska S, Lashley T, Norona FE, et al. C9orf72
frontotemporal lobar degeneration is characterised by frequent
neuronal sense and antisense RNA foci [J]. Acta Neuropathol,
2013, 126: 845-857.

Donnelly CJ, Zhang PW, Pham JT, et al. RNA toxicity from the
ALS/FTD C90ORF72 expansion is mitigated by antisense
intervention [J]. Neuron, 2013, 80: 415-428.

Sareen D, O'rourke JG, Meera P, et al. Targeting RNA foci in
iPSC-derived motor with a
CI90ORF72 repeat expansion [J]. Sci Transl Med, 2013, 5:
208ral49.

neurons from ALS patients

Lee KH, Zhang P, Kim HJ, et al. C9orf72 dipeptide repeats
impair the assembly, dynamics, and function of membrane-less
organelles [J]. Cell, 2016, 167: 774-788.e17.

Shi KY, Mori E, Nizami ZF, et al. Toxic PR(n) poly-dipeptides

[74]

[75]

[76]

[77]

(78]

[79]

[80]

(81]

(82]

[83]

[84]

(85]

(86]

(87]

[88]

encoded by the C9orf72 repeat expansion block nuclear import
and export [J]. Proc Natl Acad Sci U S A, 2017, 114: El111-
EI117.

Wen X, Tan W, Westergard T, et al. Antisense proline-arginine
RAN dipeptides linked to COORF72-ALS/FTD form toxic
nuclear aggregates that initiate in vitro and in vivo neuronal
death [J]. Neuron, 2014, 84: 1213-1225.

Zhang YJ, Gendron TF, Ebbert MTW, et al. Poly(GR) impairs
protein translation and stress granule dynamics in C9orf72-
associated frontotemporal dementia and amyotrophic lateral
sclerosis [J]. Nat Med, 2018, 24: 1136-1142.

Boeynaems S, Bogaert E, Kovacs D, et al. Phase separation of
C9orf72 dipeptide repeats perturbs stress granule dynamics [J].
Mol Cell, 2017, 65: 1044-1055.¢5.

Haeusler AR, Donnelly CJ, Periz G, et al. C9orf72 nucleotide
repeat structures initiate molecular cascades of disease [J].
Nature, 2014, 507: 195-200.

Kwon I, Xiang S, Kato M, et al. Poly-dipeptides encoded by the
C90rf72 repeats bind nucleoli, impede RNA biogenesis, and kill
cells [J]. Science, 2014, 345: 1139-1145.

White MR, Mitrea DM, Zhang P, et al. C9orf72 poly(PR)
dipeptide repeats disturb biomolecular phase separation and
disrupt nucleolar function [J]. Mol Cell, 2019, 74: 713-728.¢6.
Jovici¢ A, Mertens J, Boeynaems S, et al. Modifiers of C9orf72
dipeptide repeat toxicity connect nucleocytoplasmic transport
defects to FTD/ALS [J]. Nat Neurosci, 2015, 18: 1226-1229.
Prudencio M, Belzil VV, Batra R, et al. Distinct brain
transcriptome profiles in C9orf72-associated and sporadic ALS
[J]. Nat Neurosci, 2015, 18: 1175-1182.

Burguete AS, Almeida S, Gao FB, et al. GGGGCC microsatellite
RNA is neuritically localized, induces branching defects, and
perturbs transport granule function [J]. Elife, 2015, 4: ¢08881.
Kanekura K, Yagi T, Cammack AJ, et al. Poly-dipeptides
encoded by the CO9OREF72 repeats
translation [J]. Hum Mol Genet, 2016, 25: 1803-1813.

Hodgson RE, Rayment JA, Huang WP, et al. C9orf72 poly-PR

block global protein

forms anisotropic condensates causative of nuclear TDP-43
pathology [J]. iScience, 2024, 27: 110937.

Song M, Han J, Cao Q. Cryo-EM structure of amyloid fibrils
formed by full-length human aA-crystallin with pathogenic
mutation R116C [J]. Commun Chem, 2025, 8: 233.

Cookson MR, Shaw PJ. Oxidative stress and motor neurone
disease [J]. Brain Pathol, 1999, 9: 165-186.

Matus S, Lisbona F, Torres M, et al. The stress rheostat: An
interplay between the unfolded protein response (UPR) and
autophagy in neurodegeneration [J]. Curr Mol Med, 2008, 8:
157-172.

Gu S, Xu M, Chen L, et al. A liquid-to-solid phase transition of
Cu/Zn superoxide dismutase 1 initiated by oxidation and disease

mutation [J]. J Biol Chem, 2023, 299: 102857.



1982 - 252 %4} Acta Pharmaceutica Sinica 2026, 61(6): 1968-1984

[89] Peng C, Trojanowski JQ, Lee VMY. Protein transmission in
neurodegenerative disease [J]. Nat Rev Neurol, 2020, 16:
199-212.

[90] Boyko S, Surewicz K, Surewicz WK. Regulatory mechanisms of
tau protein fibrillation under the conditions of liquid-liquid phase
separation [J]. Proc Natl Acad Sci U S A, 2020, 117: 31882-
31890.

[91] Baul U, Chakraborty D, Mugnai ML, et al. Sequence effects on
size, shape, and structural heterogeneity in intrinsically
disordered proteins [J]. J Phys Chem B, 2019, 123: 3462-3474.

[92] Kadavath H, Hofele RV, Biernat J, et al. Tau stabilizes
microtubules by binding at the interface between tubulin
heterodimers [J]. Proc Natl Acad Sci U S A, 2015, 112: 7501-
7506.

[93] Wesseling H, Mair W, Kumar M, et al. Tau PTM profiles
identify patient heterogeneity and stages of Alzheimer's disease
[J]. Cell, 2020, 183: 1699-1713.e13.

[94] Islam T, Hill E, Abrahamson EE, et al. Phospho-tau serine-262
and serine-356 as biomarkers of pre-tangle soluble tau
assemblies in Alzheimer's disease [J]. Nat Med, 2025, 31:
574-588.

[95] Berron D, Vogel JW, Insel PS, et al. Early stages of tau
pathology and its associations with functional connectivity,
atrophy and memory [J]. Brain, 2021, 144: 2771-2783.

[96] Clavaguera F, Bolmont T, Crowther RA, et al. Transmission and
spreading of tauopathy in transgenic mouse brain [J]. Nat Cell
Biol, 2009, 11: 909-913.

[97] Fernandopulle MS, Lippincott-Schwartz J, Ward ME. RNA
transport and local translation in neurodevelopmental and
neurodegenerative disease [J]. Nat Neurosci, 2021, 24: 622-632.

[98] Asai H, Ikezu S, Tsunoda S, et al. Depletion of microglia and
inhibition of exosome synthesis halt tau propagation [J]. Nat
Neurosci, 2015, 18: 1584-1593.

[99] Kurz A, Riemenschneider M, Buch K, et al. Tau protein in
cerebrospinal fluid is significantly increased at the earliest
clinical stage of Alzheimer disease [J]. Alzheimer Dis Assoc
Disord, 1998, 12: 372-377.

[100] Wu JW, Hussaini SA, Bastille IM, et al. Neuronal activity
enhances tau propagation and tau pathology [J]. Nat Neurosci,
2016, 19: 1085-1092.

[101] Holmes B, Devos S, Kfoury N, et al. Heparan sulfate
proteoglycans mediate internalization and propagation of
specific proteopathic seeds [J].Proc Natl Acad Sci U S A, 2013,
110: E3138-E3147.

[102] Guo JL, Lee VMY. Seeding of normal tau by pathological tau
conformers drives pathogenesis of Alzheimer-like tangles [J]. J
Biol Chem, 2011, 286: 15317-15331.

[103] Holmes BB, Furman JL, Mahan TE, et al. Proteopathic tau
seeding predicts tauopathy in vivo [J]. Proc Natl Acad Sci U S A,
2014, 111: E4376-E4385.

[104] Hinze L, Schreek S, Zeug A, et al. Supramolecular assembly of
GSK3a as a cellular response to amino acid starvation [J]. Mol
Cell, 2022, 82: 2858-2870.e8.

[105] Kosik KS, Han S. Tau condensates [J]. Adv Exp Med Biol, 2019,
1184:327-339.

[106] Wegmann S, Eftekharzadeh B, Tepper K, et al. Tau protein
liquid-liquid phase separation can initiate tau aggregation [J].
EMBO J, 2018, 37: €98049.

[107] Jiang L, Lin W, Zhang C, et al. Interaction of tau with
HNRNPA2B1 and N‘methyladenosine RNA mediates the
progression of tauopathy [J]. Mol Cell, 2021, 81: 4209-4227.e12.

[108] Vanderweyde T, Yu H, Varnum M, et al. Contrasting pathology
of the stress granule proteins TIA-1 and G3BP in tauopathies [J].
J Neurosci, 2012, 32: 8270-8283.

[109] Lester E, Ooi FK, Bakkar N, et al. Tau aggregates are RNA-
protein assemblies that mislocalize multiple nuclear speckle
components [J]. Neuron, 2021, 109: 1675-1691.e9.

[110] Du XY, Xie XX, Liu RT. The role of a-synuclein oligomers in
Parkinson's disease [J]. Int J Mol Sci, 2020, 21: 8645.

[111] Serratos IN, Hernandez-Pérez E, Campos C, et al. An update on
the critical role of a-synuclein in Parkinson's disease and other
synucleinopathies: From tissue to cellular and molecular levels
[J]. Mol Neurobiol, 2022, 59: 620-642.

[112] Kramer ML, Schulz-Schaeffer WJ. Presynaptic alpha-synuclein
aggregates, not Lewy bodies, cause neurodegeneration in
dementia with Lewy bodies [J]. J Neurosci, 2007, 27: 1405-1410.

[113] Spillantini MG, Schmidt ML, Lee VM, et al. Alpha-synuclein in
Lewy bodies [J]. Nature, 1997, 388: 839-840.

[114] Goedert M, Jakes R, Spillantini MG. The synucleinopathies:
Twenty years on [J]. J Parkinsons Dis, 2017, 7: S51-S69.

[115] Killinger BA, Marshall LL, Chatterjee D, et al. /n situ proximity
labeling identifies Lewy pathology molecular interactions in the
human brain [J]. Proc Natl Acad Sci U S A, 2022, 119:
€2114405119.

[116] Mukherjee S, Sakunthala A, Gadhe L, et al. Liquid-liquid phase
separation of a -synuclein: A new mechanistic insight for
o -synuclein aggregation associated with Parkinson's disease
pathogenesis [J]. J Mol Biol, 2023, 435: 167713.

[117] Ray S, Singh N, Kumar R, et al. a -Synuclein aggregation
nucleates through liquid-liquid phase separation [J]. Nat Chem,
2020, 12: 705-716.

[118] Ziaunys M, Sulskis D, Veiveris D, et al. Liquid-liquid phase
separation of alpha-synuclein increases the structural variability
of fibrils formed during amyloid aggregation [J]. FEBS J, 2024,
291: 4522-4538.

[119] Hou K, Liu T, Li J, et al. Liquid-liquid phase separation regulates
alpha-synuclein aggregate and mitophagy in Parkinson's disease
[J]. Front Neurosci, 2023, 17: 1250532.

[120] Fusco G, Chen SW, Williamson PTEF, et al. Structural basis of

membrane disruption and cellular toxicity by a-synuclein oligo-



RS A4 SR A7 TR T T 2R AT PR (AT 7 2k - 1983

mers [J]. Science, 2017, 358: 1440-1443.

[121] Wilkaniec A, Lenkiewicz AM, Babiec L, et al. Exogenous alpha-
synuclein evoked Parkin downregulation promotes mitochondrial
dysfunction in neuronal cells. Implications for Parkinson's
disease pathology [J]. Front Aging Neurosci, 2021, 13: 591475.

[122] Wilkaniec A, Lenkiewicz AM, Czapski GA, et al. Extracellular
alpha-synuclein oligomers induce Parkin S-nitrosylation:
Relevance to sporadic Parkinson's disease etiopathology [J]. Mol
Neurobiol, 2019, 56: 125-140.

[123] Yao D, Gu Z, Nakamura T, et al. Nitrosative stress linked to
sporadic Parkinson's disease: S-nitrosylation of parkin regulates
its E3 ubiquitin ligase activity [J]. Proc Natl Acad Sci U S A,
2004, 101: 10810-10814.

[124] Brahmachari S, Lee S, Kim S, et al. Parkin interacting substrate
zinc finger protein 746 is a pathological mediator in Parkinson's
disease [J]. Brain, 2019, 142: 2380-2401.

[125] Kang H, Park S, Jo A, et al. PARIS undergoes liquid-liquid
phase separation and poly(ADP-ribose) -mediated solidification
[J]. EMBO Rep, 2023, 24: ¢56166.

[126] Zhang H. The genetics of autophagy in multicellular organisms
[J]. Annu Rev Genet, 2022, 56: 17-39.

[127] Tellone E, Galtieri A, Ficarra S. Reviewing biochemical
implications of normal and mutated huntingtin in Huntington's
disease [J]. Curr Med Chem, 2020, 27: 5137-5158.

[128] MacDonald ME, Ambrose CM, Duyao MP, et al. A novel gene
containing a trinucleotide repeat that is expanded and unstable
on Huntington's disease chromosomes. The Huntington's disease
collaborative research group [J]. Cell, 1993, 72: 971-983.

[129] Gusella JE, Macdonald ME. Huntington's disease: Seeing the
pathogenic process through a genetic lens [J]. Trends Biochem
Sci, 2006, 31: 533-540.

[130] Gotmanova NN, Bobik TV, Kriachkov VA, et al. The HEK293T
cells manage overload by the overexpressed full-length Htt
variants via proteasome activation [J]. Biochimie, 2025, 240:
59-75.

[131] Takahashi T, Katada S, Onodera O. Polyglutamine diseases:
Where does toxicity come from? What is toxicity? Where are we
going? [J]. ] Mol Cell Biol, 2010, 2: 180-191.

[132] Gutekunst CA, Li SH, Yi H, et al. Nuclear and neuropil
aggregates in Huntington's disease: Relationship to neuropathology
[J]. T Neurosci, 1999, 19: 2522-2534.

[133] Arrasate M, Finkbeiner S. Protein aggregates in Huntington's
disease [J]. Exp Neurol, 2012, 238: 1-11.

[134] Kochman U, Sitka H, KuzZniar J, et al. Neuronal death and
biomolecular condensates: Are there any new treatment options
for Alzheimer's disease? [J]. Cells, 2025, 14: 1356.

[135] Visser BS, Lipinski WP, Spruijt E. The role of biomolecular
condensates in protein aggregation [J]. Nat Rev Chem, 2024, 8:
686-700.

[136] De La Cruz N, Pradhan P, Veettil RT, et al. Disorder-mediated

interactions target proteins to specific condensates [J]. Mol Cell,
2024, 84:3497-3512.¢9.

[137] Price DL, Khan A, Angers R, et al. In vivo effects of the alpha-
synuclein misfolding inhibitor minzasolmin supports clinical
development in Parkinson's disease [J]. NPJ Parkinsons Dis,
2023, 9: 114.

[138] Sun G, Li X, Hu J, et al. De novo design of protein binders to
stabilize monomeric TDP-43 and inhibit its pathological
aggregation [J]. Proc Natl Acad Sci U S A, 2025, 122: €2505320122.

[139] Huang Y, Wen J, Ramirez LM, et al. Methylene blue accelerates
liquid-to-gel transition of tau condensates impacting tau function
and pathology [J]. Nat Commun, 2023, 14: 5444.

[140] Hosokawa M, Arai T, Masuda-Suzukake M, et al. Methylene
blue reduced abnormal tau accumulation in P301L tau transgenic
mice [J]. PLoS One, 2012, 7: €52389.

[141] Zyryanova AF, Kashiwagi K, Rato C, et al. ISRIB blunts the
integrated stress response by allosterically antagonising the
inhibitory effect of phosphorylated eIF2 on eIF2B [J]. Mol Cell,
2021, 81: 88-103.¢6.

[142] Zyryanova AF, Weis F, Faille A, et al. Binding of ISRIB reveals
a regulatory site in the nucleotide exchange factor eIF2B [J].
Science, 2018, 359: 1533-1536.

[143] Lechner S, Steimbach RR, Wang L, et al. Chemoproteomic
target deconvolution reveals histone deacetylases as targets of
(R)-lipoic acid [J]. Nat Commun, 2023, 14: 3548.

[144] Uechi H, Sridharan S, Nijssen J, et al. Small-molecule
dissolution of stress granules by redox modulation benefits ALS
models [J]. Nat Chem Biol, 2025, 21: 1577-1588.

[145] Babinchak WM, Haider R, Dumm BK, et al. The role of liquid-
liquid phase separation in aggregation of the TDP-43 low-
complexity domain [J]. J Biol Chem, 2019, 294: 6306-6317.

[146] Malagrino F, Pennacchietti V, Santorelli D, et al. On the effects
of disordered tails, supertertiary structure and quinary
interactions on the folding and function of protein domains [J].
Biomolecules, 2022, 12: 209.

[147] Gao M, Held C, Patra S, et al. Crowders and cosolvents-major
contributors to the cellular milieu and efficient means to
counteract environmental stresses [J]. Chemphyschem, 2017, 18:
2951-2972.

[148] Choi KIJ, Tsoi PS, Moosa MM, et al. A chemical chaperone
decouples TDP-43 disordered domain phase separation from
fibrillation [J]. Biochemistry, 2018, 57: 6822-6826.

[149] Simone R, Balendra R, Moens TG, et al. G-quadruplex-binding
small molecules ameliorate C9orf72 FTD/ALS pathology in
vitro and in vivo [J]. EMBO Mol Med, 2018, 10: 22-31.

[150] Bush JA, Aikawa H, Fuerst R, et al. Ribonuclease recruitment
using a small molecule reduced c9ALS/FTD 1(G,C,) repeat
expansion in vitro and in vivo ALS models [J]. Sci Transl Med,
2021, 13: eabd5991.

[151] Han TW, Portz B, Young RA, et al. RNA and condensates:



1984 - 22224 Acta Pharmaceutica Sinica 2026, 61(6): 1968-1984

Disease implications and therapeutic opportunities [J]. Cell
Chem Biol, 2024, 31: 1593-1609.

[152] Edwards AL, Collins JA, Junge C, et al. Exploratory tau
biomarker results from a multiple ascending-dose study of
BIIB080 in Alzheimer disease: A randomized clinical trial [J].
JAMA Neurol, 2023, 80: 1344-1352.

[153] Miller T, Cudkowicz M, Shaw PJ, et al. Phase 1-2 trial of
antisense oligonucleotide tofersen for SOD1 ALS [J]. N Engl J
Med, 2020, 383: 109-119.

[154] Tabrizi SJ, Leavitt BR, Landwehrmeyer GB, et al. Targeting
huntingtin expression in patients with Huntington's disease [J]. N
Engl J Med, 2019, 380: 2307-2316.

[155] Jiang J, Zhu Q, Gendron TF, et al. Gain of toxicity from ALS/
FTD-linked repeat expansions in CO9ORF72 is alleviated by
antisense oligonucleotides targeting GGGGCC-containing RNAs
[J]. Neuron, 2016, 90: 535-550.

[156] Li Z, Wang C, Wang Z, et al. Allele-selective lowering of mutant
HTT protein by HTT-LC3 linker compounds [J]. Nature, 2019,
575:203-209.

[157] Grigg JC, Shumayrikh N, Sen D. G-quadruplex structures
formed by expanded hexanucleotide repeat RNA and DNA from
the neurodegenerative disease-linked CO9orf72 gene efficiently
sequester and activate heme [J]. PLoS One, 2014, 9: €106449.

[158] Frenkel-Pinter M, Tal S, Scherzer-Attali R, et al.
Naphthoquinone-tryptophan hybrid inhibits aggregation of the
tau-derived peptide PHF6 and reduces neurotoxicity [J]. J
Alzheimers Dis, 2016, 51: 165-178.

[159] Wilson KA, Kung RW, D'souza S, et al. Anatomy of noncovalent
interactions between the nucleobases or ribose and z-containing
amino acids in RNA-protein complexes [J]. Nucleic Acids Res,
2021, 49: 2213-2225.

[160] Aoyagi T, Higa JK, Aoyagi H, et al. Cardiac mTOR rescues the
detrimental effects of diet-induced obesity in the heart after
ischemia-reperfusion [J]. Am J Physiol Heart Circ Physiol, 2015,
308: H1530-H1539.

[161] Ramesh M, Balachandra C, Baruah P, et al. Cyclic dipeptide-
based small molecules modulate zinc-mediated liquid-liquid

phase separation of tau [J]. J Pept Sci, 2023, 29: e3465.



