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UTAE, W — AT E L IR 2 R ANEH 2 £, AL
e N TWAE. i — AL Z = ODHAEIRS ) &b
FUITHIGHET ABG O L5, B, HTF Ly
DUTHKEMIIAHET ABETHD. 0L ISR
SUIHWE DR & BB TRL I ENTELEELBSTH Y
W S PR LEO G TSSO SN T & ZL
THEAE, ZOBRPHMBATHRI >TWDE I E250D
SBFESELTHTRAIEEENSL L) I > TE7. Ml
NCHE 2 % B S Ty Sy 7 W B L2253 BT 12 B U B M4
B & X0 L C AR B & IS, BERRe 8 v o8 s e
EDEARGF DS & B O AW EET A BIR
THo. ZOEYFIHGHEE WIMRIZEoT, TET
BLHIGN TV S S REMBLDTHRRSN, 4FT
MHTE Do AEMBR A HFECE D L) Il T,
SO L) IEWFHSEE A - F oy V=L LTS
NFETOFHRLHERMSTELIBEOTED, 5H%L 0%
fRPGREANO BT SN D . ZUITRRED & F
NTHBY, INFETHIFTE LD 7RG OIIE A 7
S A NDEFNH S OB M2 S, HAIEHSODH
5. AR, WEAEIEMZRELEE (amyotrophic lateral sclerosis,
DN ALS EHBERD) 75 & O R U ISR E D & » /X
EDNEboTBY, FNSDY 3y B O — A EED
HIENCREIR D ETT I 0L FEEMEZER T2 2 &

WohoC&7 (Fig. 1). AR CILED S5 BE O
SRR O WSS 5.
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Fig. 1 Liquid-liquid phase separation (LLPS) and aggregation of proteins.
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Fig. 2 Functional domains of fused in sarcoma (FUS).

FUS has a low-complexity (LC) domain on the N-terminal side, residues 2 to 214. QGSY-rich: glutamine, glycine, serine, and tyrosine-rich,

RGG: arginine-glycine-glycine (RGG) repeat, RRM: RNA recognition motif, ZnF: zinc finger domain, NLS: nuclear localization signal.
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FRIIIHEEAEDZORHIZL > T, ¥ 287 O E
WK A EHSNIIRY, ¥ 2R EOREED S HEREZ JiHT
X2 L9 hoTnoiz. Z20O—), WENTOBEEHE
e EORIRERFHBOFIE IV 2 5o N Twik
IO RIS A S S AT SR SN C e B b
FREEBEER BT Aoz, Lo L, 1999 4E1C Wright
& Dyson |2 & > TRIREMESY v 37 BOFFO A arifEh I EE
HREBEDTIRE SN2 LT, RIREWSY VX HOEEME

A ENDL Lo, TNETIC hO&EY I3y
BOH CRBESI A 25 237 B3 30% D LS FEEY
HIEPFUISE® S FSELREBICHETLY Ny
BIIGTRIREW DS AONL LN E 5T
519

CNE TOWED SHEEES > /87 B35+ NI %
Fe7- e KB (low-complexity, AT LC & BEGRL) R X A
YEFL, TOLC FAA YHHHGHEZ BB T 5 2 & Ao
T&7220720 LC AL ¥ LI RBREMFEESORTHL 7)) &
v,k y, TNV Iy, Fulr i EORL N BREEO
T X I EESKE G 7 SO LRI N AL Y ThH L, BT,
fused in sarcoma (FUS) &K 526 &0 H L, KEF
2214 °LC R A A TH AW, N KD 165 ¥ 1L SYGQ-
rich KX A Y EFHENTBY, ), Farr, 7Yy,
TNV IUDEHO8HEEDTWE (Fig.2). & hOFo
ETCDY NI ED10%IZLC RAA Y AEENTEB )52,

ZD%{HIRNA R DNA G S Y /S0 HTH 520, LC A
AV &FO5 8B LT, FUS Ofblz TDP-43, hnRNP
Al, hnRNP A2/B1, hnRNP DL, TIA-1 & EAHISNT W 5.
INFETIZLC RAA Y RFOMGHEE Y » 37 HMD% {8
MR b B 2 LA T &7z (Table 1)29730,
% ORRERIRBTIRERE & 72 5 & 287 B HS g g~
BALL 2B EROBER/APRONDL 2 EDBMONT WA, TV
INAT=IRTIET I 04 KRy v OERD, ALS Tl
TDP-43 % SOD1 OHEEB RSN, T/, #EfatEE A%
77389 — (hereditary inclusion body myopathy) Tl hnRNPA1
X hnRNPA2 72 EOERES A SN L. FRIEWT I 014 N
LLTHBNAET IuA FBRIZZORENIEEIZEETH S
AWV 7 I 0 A FEEAETCH D LC KA A~ D cross-p AV
=R R ETH DL LT TET
(Fig. 3)33)34{
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THEES X EO—DTH Y, - ARG EERTIEIC BT 5
EFNY NG EHE LTERACHIES T T A, FUS X
GRAT T4 7, DNABE, MBEERREOSE ST
HBTHTHRELTBY, ZOMBHEENMED X o T2 B
ST ERBIEOTVDLEEZ LNTWA. FUS ZFEN ALS
DFRNBET & LTHIS NS0 HARTILSODI (2R TH
FEASTE D SEAEDRIFED S, FUS DA B Ayl 2 1
B EBRT B 2 EDMEA SN E o TET.
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Table 1 Human proteins with LC domain driving liquid-liquid phase separation.

Protein name* Gene symbol UniProt ID** Related diseases™**
FUS FUS P35637 ALS/FTD
hnRNPA2/B1 HNRNPA2B1 P22626 MSP
Matrin-3 MATR3 P43243 ALS
p62 SQSTM1I Q13501 PDB, FTD/ALS
Tau MAPT P10636 FTD, PSP, PD, AD
TDP-43 TARDBP Q13148 ALS/FTD
TIAL TIAI P31483 WDM, ALS/FTD
UBQLN2 UBQLNZ2 Q9UHD9 ALS/FTD

FUS: fused in sarcoma, ALS: amyotrophic lateral sclerosis, FTD: frontotemporal dementia, MSP: multisystem proteinopathy, PDB: Paget’s
disease of bone, PSP: progressive supranuclear palsy, PD: Parkinson disease, AD: Alzheimer disease, WDM: Welander distal myopathy.
*PhaSePro (https://phasepro.elte.hu/). **UniProt (https://www.uniprot.org/). ***OMIM (https://www.omim.org/).
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Fig. 3 Three dimensional structures of amyloid fibrils.
LC domain (2-214) of FUS (PDB ID: 5W3N, left panel) and amyloid § (1-42) (PDB ID: 2BEG, right panel) are shown as ribbon diagrams.
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F 72, MRS T & 38 & % 3 50 BERE R T
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F K& GRARYRTF FigshwilifadttEs o, CoRRE
LC, PR/GR R RTF FEFIPFEDIEEMO T IV F = 98
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54D,
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Fig. 4 Regulation of phase separation and its disruption.
Binding of Kapp2 to the nuclear localization signal (NLS) of FUS inhibits the phase separation of FUS. Binding of PR polypeptide (PRn) to
Kapp2 leads to the disruption of the regulation of phase separation and formation of FUS droplets.

NO Y EREETHIETEOMGHHM ARSI ELZ LD
o CT&7z. PRARYRTF FIIEHNESRZ AR LS ET
% Z LT, TDP-43 L OFFEEHH &N Z EPMSNT W
%499 IR NG Z AR D — DO THIGHEY v 1 v T
L&D Kapp2 12k L, PRERYXRTF F0G-2 582N =
A LOFIFICHEY) L7220, £, WHBlEL e Farivigs
FEERIZ X 5 T PR AR Y RTF % Kapp2 DA BERI % [HE
THZE, TNF T VERIZE > THEENIZPR R RTF
KA Kapp2 AT HZ L EZHONII L. SHIZPRAY
NT7F Fid Kapp2 & 1:1 THEA L, ZO#EA 1L FUS L ofEd
FOHBMNZ L EFEIIED. INSOHENS, PRAKY
~NR7F RS Kapp2 & EIEINIHE AT 5 2 & T Kapp2 D5
Dy NRuarELTCOREREMNET LI EVHLENE R o7
¥/, HEALEE: (NMR) 12X > T, PRAEYRTF R
Kapp2 O#%F2473 7 )V (nuclear localization signal, DL NLS
CUESD) FEAMM AL E LTWAZ e R EEID. HF
B SR L AT E TNy v ER R A A DT
PR R RTF F& Kapp2 & DAL FUS-NLS & KapB2 & @
WAEEBATAZERZHLMI L A INSDMEDN
5, HMIHEY ¥ <1 Y TH D Kapp2 1 FUS 7 & NLS |25
& L CHIZ B % #9575, PR AR Y RTF K77 Kapp2 ® NLS
TR A ISR & 45 2 & TE ORI Z e S5 2
EERBIBLTWS (Fig. 4).
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induced pluripotent stem cell, LAF hiPSC B&7E) 3 MN @
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2 AR O TR 53 I 0> T 7 PET K T %% Fos-B T 5 T & H%HH
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BRE) 425 LC FAA »TldawZ &hs, 2o FUS ZRSE
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AASALS IZB1F 5 MN OFEJRY A 7 = X A O—bi %41
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n5.
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Abstract
Biological phase separation in neuromuscular diseases

Noriyoshi Isozumi, Ph.D.”, Kazuma Sugie, M.D., Ph.D.? and Eiichiro Mori, M.D., Ph.D."

U Department of Future Basic Medicine, Nara Medical University
2 Department of Neurology, Nara Medical University

Biological phase separation refers to the liquid-liquid phase separation of biomolecules such as proteins in cells.
Phase separation is driven by low-complexity domains of phase-separating proteins and strictly controlled by regulatory
factors. Phase separation has also been found to be disrupted by genetic abnormalities. Abnormal aggregates of causative
proteins accumulate in many neuromuscular diseases. In recent years, it has become clear that phase separating proteins
are associated with neuromuscular diseases, and that abnormalities in the regulation of phase separation leads to the
formation of aggregates. Gains in our knowledge of biological phase separation is gradually elucidating the pathogenesis
of neuromuscular diseases.

(Rinsho Shinkeigaku (Clin Neurol) 2023;63:799-805)
Key words: biological phase separation, low-complexity domain, neuromuscular disease




