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Abstract

Abnormal expansion of short tandem repeats (STRs) can lead to various hereditary diseases,
particularly neuromuscular disorders, collectively known as repeat expansion diseases. These
expanded STRs are highly polymorphic and can span over 10,000 bases, presenting significant
challenges for large-scale analysis. However, recent advances in sequencing and analytic technologies
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have facilitated the accurate, high-throughput identification of repeat sequences, leading to the
discovery of numerous novel repeat expansion diseases. Beyond hereditary conditions, expanded
STRs have emerged as significant genetic risk factors for sporadic diseases. The study of the
molecular pathomechanisms in repeat expansion diseases is also advancing. In noncoding repeat
expansion diseases, where mutations occur in untranslated regions of the causative genes, it was
previously thought that the loss-of-function of the genes or the transcribed mutant repeat RNA
primarily contribute to pathogenesis. However, it has been revealed that repeat RNA can be translated
into repeat polypeptides via noncanonical repeat-associated non-AUG translation (RAN translation),
playing critical roles in pathogenesis. This review outlines recent discoveries in the genetics and
molecular pathomechanisms of repeat expansion diseases, with a focus on our efforts to elucidate the
regulatory mechanisms of RAN translation and develop therapeutic strategies.

Key Words: Liquid-liquid phase separation, Repeat expansion disease, Repeat-associated non-AUG
translation (RAN translation), RNA chaperone, Missing heritability.

& C & (&

70 AR D) ¥ — MRS S EAAE
L, HTH 2~123FHD S W 5 A ELH A5
DL 723 % STR (Short Tandem Repeat)
LIS STROBEMEZR () ¥— Mk
ZEE) (X o THISKZ I NbEEMEREILY
E— MR ERFREI, FDE L D2 RE
Y. 1991 412 NEEY X BB O 5 K E 5
FEER Y LT, FMRI #EFHD CGG ) ¥ —
N ECH O EEAT R FE SIVCLARE, BIfEE T
IZHEIZ50 2 B2 AHEEDT) E— Mige Ll
EENTWAEY, &5|2, FHEDF ) Ly —
VT ONA KA T kT4 7 AR D
Bl ISEICHR, ) ¥ — MR BIIIRSEE
FEROBIEMER L L ORREICES 52 L8
S22 ) 228 ), [missing heritability
(IFEMERR B BT B HEE R RER & FERRIC
ENBER RN TR iR B R0 %) |
2PN RE R R & L TR ShTw
2?.

¥ — MEOGTREICHZMT A &, fEk
EBE T EIFGEE D) ¥ — MR R JFHN &
T5HI—FT4 7)) E— MR FHIZCAGY E—
MEFIOEEMEIZL LK) ZVvy 3 VfFkh
e LTHIESER SN TE . R 7y 3
VIR, BERBET S BEMER) Ly
IVEARETAERY DX EDRIREN, &
NS 2 RRER ) L ZE 2 5T BY.

TUREERRE  133(10), 2024.

—7, FERIERGEE D) ¥ — MR R L FK &
T4/ a=74 7)) E— MNETIE, fEL
7o) = MEFNLREIR SN2 W EZEZ BN
T&/c0, BEYE— MR 5HER
RNA (V) ¥'— bk RNA) O#MEIZRIT % fEHENT
WL THo7z, LALELREZEIZ )
E'— bk RNA IZB#E T K AUG 2K <120 B
b o9, IEHMAYZA ) ¥ — FEEIE AUG (RAN,
Repeat-associated non-AUG) FIFRIZ & > TV
Y— N_TF RPREAE SN, N %
B2 EASEAEHI L 72", RAN BIEROFE RIS
XoT, #U7FL~JV-RNA L)V THI A
RS C&lea—FTy 27/ va—7+4
Y7 E— MRIZOWT, RSN ) E— |
ANTF P X 2 OB TRIE SN T E
TWh. KETIE, ) E— MEIZOWTHElEE-
S TIREEDME A & Z DFi 72 B 2 A L7z
vy,

1) E— MRDERE

STR iz +%/ AHIZ# 150 J7 7 FTAEAE L,
T LDRI3 %R LT B, ZOREIDFEMR
A EENTEDS CRBIHTH 5205, —1RE
%4 #1C&H % SNP (Single nucleotide polymor-
phism) &H#E$ 5L, STRIZY ¥— MR
#) E— MECHIORE AR % Tdh B Z & DB
DTERMENE L, b MEEOBHMNEICHE ST
ZOTERWPEEZ LNTWEYY 1991
A\ MY X R & BB IE A A O JR



) ¥ — MEOBREE L 5 TIRE O IR 655

BInFARE LT, #NEFNFMRI EZTW
?D CGG ) ¥— MNEHI &7 > a3k
=T HNO CAG ) ¥— MEHI O EE AR
WS S, STRIZHRER A & RV D
N &Fo 72BH & LT L ATRREMD S FICHE
HEhT&2Y", Z2hbsk, Zo X9 7% STR
D) ¥— MEEZRZFK & § 5 @& mrhrE S
&, BAEE TH0 # B2 HEEHETRE SN,
ZDL L HRAEREEZ KL, ) E— MRk
whsnay,

) V= MRITEEAGEE T OFITRERAN A
LAha—FT1 7 ) ¥—Mik, IEEIERGEEN
CHELE va—54 7)) E— MRICKHIS
nb. REWNLRI—-T1 7V E-MRELT
X, CAG) ¥'— MEHIOBEMEZFHK &3
LR TIE I VIRBET BN, R OIRERE
VEf ZEfEAE LIYHC, Huntington ¥, 88/
LFRAE (SCA, Spinocerebellar ataxia) 1, 2, 3,
6, 17, 51 B, BRREIMZIREEOV A IRZEHRIE,

DFF10EEDIMSN TS (1), KU
5 3 VIRBE TR OIS EATE O MR E
RER7-L, WEEICIE R EHE LR 7
Wy I VR ELERY VNSNS, FEHIE
WICETET 22 L2 e 34, INOOKRR
TEfEFAIC b I L A A L CB Y, &
WHE CAG ) ¥ — MIOBESFEEATIZIT
H1L < (35~4500]), CAG ) ¥— M & i
DFFEF WP BEIE L ICHR VM 2 72D 5. F 72
JEIR & 72 2 Sl T AR R R R RE A B DI
BhnZ LR, S RN E RS BRF
BEVER ZEMREDAL) S s, BEMEL
CAG V) ¥'— b AR R E T OFRE & (34
BIRICHEMZ BT EE LN T WA,
Fooa—74 7Y E—MFE LT, RKY
75 =29 (GCN Y ¥ — NNyl o R MES
JRIR &3 BRERE) R EN 722 FE SR
)7 Y YR TdH D SCAL (ZFHX3 A%+ D
GGC ) ¥'— MELHIOEFMEIZ L D) H3%F

#1 a—-F4 7 )E— bR

. . U —hE$%
b/ BET BEHR  STRES " oy
WIT IWVEINR
F /N b S 1 ATXNI AD CAG 6-39 39-91
TR/ JFRE 2 A ATXN2 AD CAG 14-31 32-200
F /NI SR 3 ATXN3 AD CAG 1044 53-87
b/ NI IR 6 1Y CACNAIA AD CAG 4-19 20-33
/MM TAE 7 5 ATXN7 AD CAG 4-35 36-306
/I SR E 17 Y TBP AD CAG 25-44 45-63
T Bt/ Ik S FAE 5178 THAPII AD CAG 20-38 45-100
B RAZ AREZ 1 8 ROV A IR ZEHRE ATNI AD CAG 6-36 48-93
Huntington 73 HTT AD CAG 6-35 36-250
BRF BEVE R ZEAEIE AR XL CAG 9-36 38-62
RIT =R
ARAHEERL Y AR 7 ¢ — PABPNI AD/AR GCN 10 12-17
ARMRZLRE /I~ - BRI « 300 PN AR 1 3 R e (e B FOXL2 AD GCN 14 22-24
SHE BT AN RUNX2 AD GCN 17 27
Hand-foot-genital JEF#E HOXA13 AD GCN 18 24-27
A A ZIC2 AD GCN 15 25
e Ziztnd HOXDI3 AD GCN 10 22-29
FEARMEE T A AR = o — o —8 R PRDM12 AR GCN 7-14 18-19
S8 R A HX AR AU e PHOX2B AD GCN 20 25-33
FEEEMETADAIMAE ARX XL GCN 12-16 20-27
X Yo ARSI T TS RE(S T E SOX3 XL GCN 15 26
RYTYL 9/
F i/ NIK SR 4 Y ZFHX3 AD GGC 14-26 42-74
W& AD, i Yu o RBEME; AR, B Y ta RIEME; XL, X Yeta s givt
TFEREE 133(10), 2024.



656 O M =

5N (F D).

—J, /ra—=74 v 7)) ¥— MEIZIZER
DONe5s X FEBEREOMIZ, M5y X B E RS
SEfERE - SCAS, 10, 12, 27B, 31, 36, 37 7
) — NF A b BB JERIE 2 & DR IEER RN
BMAER, fmmEEY A bo 7 4 —1, 28 -
IRINEE AL 3 /% F— 1, 2, 3, 48l m
e, RIEMERABII A 70— X A CTADA
1, 2, 3 4, 6, 78 ZLTidEHEDE
o Z e LiE (ALS, Amyotrophic
lateral sclerosis)  Fif 5 {8 58 % 52 419 (FTD,
Frontotemporal dementia) T & % C0rf72 3#.
#i1% ALS/FTD (C9-ALS/FTD) 7% &, %Hk%
MREFEENEEND (2). KTV 3

I E IR, SRS DEBDERKE 2 5
) ¥ — MEAIRSIERE L 2 MR E— MK
TRBIEICLEET, ) E— MR EEFH - E
FERE & ORI DSHIRE Tl 22 WIS WY,

BLRZENE £12, 20 X9 ) ¥— MiEZ
FE, EEMREEOARL ST, IFEHREICE
WTHERRIFE T - 72 mIEFER & LTI
FEHENTWS, VE— MIEZEROR#E L
T, REEREFEBELENPFTLN, £ DY E—
METIXSSERE & 72 5 ) ¥ — UM
FEHEREHOT —N=F v THBOLND.
F72, ) ¥— MEREEPFERIIMICG 2 558
ZZHC, LIZLIER—#ZTo) ¥— Mk
LR LR ER RS kT (™

£2 /ra—F4r7)E¥— M

N N Y —hEEK
KR BI5T STR fir {# #EHR  STRES) 5 e
TR/ Ik T 8 L ATXNSOS 3-UTR AD CTG 15-50 71-1,300
T NI R FRAE 10 8L ATXNI0 EN=NY AD ATTCT 1029 280-4,500
F B/ NP TIE 12 82 PPP2R2B 5'-UTR AD CAG 7-45 51-78
T B/ N R FE 27B B FGF14 EN=NY AD GAA 8-250 250> 700
FrAli/ VI R FRAE 31 7Y BEANI A b AD TGGAA 0 500-760
T B NI R FAE 36 L NOPS56 EN=NY AD GGCCTG 3-14 650-2,500
F BN TIE 37 L DABI 5-UTR AD ATTTC 0 31-75
LG A S MR SR R LS "”
Corf72 %f%ﬁ%ﬁ?ﬁ% LA/ C90rf72 j/[]f?/ AD GGGGCC 223 700-1,600
Huntington J %7 & 2 1 JPH3 3-UTR AD CTG 6-28 41-58
RE M AR E T r—1 A DMPK 3'-UTR AD CTG 5-37 50> 2,000
THBREE D AN —1 5 ZNF9 EN=NY AD CCTG 11-26 75-11,000
CAREa PN NOTCH2NLC 5'-UTR AD CGG 5-39 66-517
AR IS G TR A ST —1 LRPI2 5-UTR AD CGG 2-49 76-630
AR ARSI L /X F—2 Bl GIPC 5'-UTR AD CGG 4-29 73-164
AR (TR A ST —3 NOTCH2NLC 5-UTR AD CGG 5-39 128-198
AR P S 7 T —4 T RILPLI 5'-UTR AD CGG 9-16 139-197
AR WA g i (R A/ T —5 TR ABCD3 5-UTR AD CGG 3-44 118-694
B NE 2 19 AR A SRR A S — ﬁgg%ﬁﬂ; Jva—Fyn s AD CGG 3-16 N/A*
LRP12 S SRV ZE M I SR L LRPI2 5'-UTR AD CGG 2-49 64-100
LRP12 SR A =2 — /35— LRPI2 5'-UTR AD CGG 2-49 50-152
FIHEVERR AT A 70— X AT A A 1B SAMDI2 EN=>Y AD TTTCA 0 105-3,680%*
FRAERR AT A 70— AT A A 25 STARD7 EdN=Ng AD TTTCA 0 150-460
FIHAERNRRA 70— XA T A 3 MARCH6 EAN=>Y AD TTTCA 0 660-2,800%*
FHEMERR NI A 70— XA T Ad A 47 YEATS2 EOAN=Y AD TTTCA 0 1,000-1,600%*
FHAERNRIA 70— XA TADA 67 TNRC64 A by AD TTTCA 0 ~1,100
FIRAERRNTIIA 70— AT AN A TR RAPGEF?2 A b AD TTTCA 0 ~2200
Fuchs f 5 Ahm > ¢—3 TCF4 EEAN=N4 AD CTG <40 >50
SN B A B = 1 ST — - BT S R B RFCI FaN=4 AR AAGGG 11 400-2,000
Friedreich & JFE FXN EEAN=>4 AR GAA 5-33 66-1300
i M‘i‘?fifi’%}t;ﬁ“ﬂ GLS 5.UTR AR GCA 526 >90
Baratela-Scott JiE {FHE XYLTI TaE—H— AR CGG 9-20 100-830
Unverricht-Lundborg 57 CSTB TaE—H— AR (é((:j%CG((ijCG_ 2-3 30-125
WESS X JERERE FMRI 5-UTR XL CGG 5-40 >200
JHE35 X BER S FRAE FMRI 5'-UTR XL CGG 5-40 55-200
Mess XE REMERE FMR2 5'-UTR XL CCG 6-35 >200

AR ZE EVED T I E N #E **TTTCA & TTTTA Ve — A7k

W&: AD, & Y (o REME; AR, & Y RTEME; XL, X Yt fio g

TUFE R 133(10), 2024.



) ¥ — MEOBREE L 5 TIRE O IR 657

1A). #1212, SCA8 D JE K Ta 5 ATXNS ik
¥ CAG V) ¥'— MEHNE, FHUINNZEIE
DAMCISEEALS D) A7 HTFicd ey, &
SIEEHNTHRESNEY. 20X 2l
WaiEibE, VE— MIELRIZEIZX VT
IVIBRIEIR DR & 7 A2 b, IRFEHEREE DN
AVAZLTNY T PELTHIELT, 20
D BIRAZE R RPERBE SR & il L CHBISAE
REHRNCHFGT AR H S (K 1B). )
Y — MEZERIZENZ 10,000 FEEEDLEIZ R OY
PERDY a— ") — Ko —7 % — DOl
)= NEEZENPIGEZDLZ LD, RGO
KB L BRE BT I EECH o 72 Lol
WA, OV 7)) = Ry =7 =N F A~
T AT AT ADEMERNAE, SER TR
2> TN A)v—"TF» M2 STR AL - 255
IENTIIREE 22 1), FEBIC HPARER® ALS, (Lol
SEZ EOIFEMIRETY ¥ — MIEZEROBS-
DS ) DDdH M

) E— MROZFRRE

S T L — 7 A — MR LT, )
V— MROFFREBF L HEA TS, I—F 1 &

A. B.
ORELRBEK =
sEgEE
i
i
.
JE— MK K
QERROS M
JE-MERER

N ¥

1) ¥— MEREROMBZHR

A

7)) E— MEIZOWTIE, ZBERY 7B
EENLEEMELHE—T7 I /HH () E—
FRTF NEH) 12 & BIREEA UL & L CFgEDS
ERHENTE, RYZIVY I UFETIE, ZR
ZUNTENIZEENAMER) Vs 3 V8
FADI AT 5 —=VT 1 7 - f— Mg
DEEHETBEEL, ZORET IO ME
MR OB ZTERK L CHIBEN TH AR L LT
EAEL, MEASRERE)E U D L HES LT
Y —HRE) T I IRICOWTIE, KES
HYNBIISSHEDERIEEETH Y, TNE DI
PR A PR /AN AR S =8 A0 AN S Ay TRCATN S
aA—F3562¢, H—#BEZfFOIALIRS
7 L= LY 7 MEEPFERROFER T K9 2 L
5, BT ORERETELAH L 22 JHEE T d
LEEZLNTWE, ZOMEE LTIE, HIZ
TRV VO T DAL 5T, fHERY)
T IR GUERY VN ENIER Y 2ox
7B OEE - R HETLE W) FIF U b
AHTT A4 TREPER SN TBY, RiEHY
Y — b RTF ML AV OFEATRIZ ST
2 17).

—J5, S rva—FT4 v 7 ) ¥— MEIZOWT

v Missing heritabilityZ4EOERD1D
vUE-MERZEMEHE

RESSErEN)

MRER

[ RESS5ENEENEC |-
SR MEVVE R

RRFSEMEN |
BHEOZE

o

i &
FUIVEERE

(A) ) E— MPRERIE, OFREELREREZRL, QOF—OERTYSHRMER - W L2 RS
Clpn, MOBER - BEEE LG L CRERE - RBENEET L E2 N5, (B) Y E- MER

R, Wiz A Y TIVEZIRO R & 7 5 AR,
missing heritability % #4531 F 3 2 T REIED S 5 .

MBEHEREEDONA Y A7 L TN Ty bE LTHREL,

TUREERGE  133(10), 2024.



658 O M =

&, 320X N ZALPEINTVRE, 1D
Hix) ¥ — MIEZRIZ X 2 FE @S T ORGE
FEAC, Bl ZAXNES XEREHER 7Y - NI A4
SEBYSRIE 72 &S O A R TR R T,
) = MERZEDIMIFERE T O I Atk v
ABEPFEEINTNLEZ DD, FETORE
Gt snsg. —h, £ OBEEREERE
TIXFENEEREO X 2 XA ESH, FD
R E LT, BEEmELZY) E— MY
HFGENICHEAET A2 &, HERIZETY
Y — Mgh = &) ¥ — b+ RNA 25REED %
B EEZONTE, EBIZ2OHDO XA
= ZAnk LT, VJE— b RNAIZRNA foci &
LChE - B, ZOBRE4 % RNAKEG Y
VONTE R EEZRAATINGS OWREET % K+
ZEARENTVD, SHIZ3DOHDA N =X
AL LT, V) E— b RNAGIEFIRGE T
fllGa N AUG 2R ICH b 69, FEhl
A7 RAN BIFRIC L > T ¥ — M RTF K5
AN, TR E RS 2 EAHL DI
o TE7VY,

RAN #FRIZHHM & 72 5 RNA |21 ¥ — MY
BEEINHEIC, BB N Thsb AUG I F
VIFKAFN RIS T L, ) E— P RTF R

RSN LB TH L (M2A). FRITET
DFHAHET Y Y A - T v F & v A
T4 5720, 1HHD1) E— b RNA 25 HH
DY) ¥— b RTTF RHPRELE SN, B
WZ B2, ISR b L ZISEIRRBR AR
TelF2 D) Y LZ AL CTF v /37 HOFIR
RIS 5 (A A ML RIRE) 75,
RAN #IFRIZ L L ATLET 2 2 LN TE
0, WA R &3 B A iR 2
5.4 2% 2011 4E12 SCA8 K U il 1tk & A
b a7 — 1 BB ERE T RAN #IERIC & - T
HENT) E— b R_TF RPFREEN-ZE %
Y101z, C9-ALS/FTD, Mggs X BAERIE S5
SEfREE, fsREMEY A bo 7 4 — 21 SCA3L,
36 72 &, D) ¥ — T RAN B HERR &
T2 {5 213 C9-ALS/FTD T, C90rf72
BHLTOA ¥ ba YIFET S GGGGCC )
U— MRS EFEMET 52T, ) E— T RNA
MHENENT L —ADRL LEF5 MDY~
7F K1) ¥— % 327 % (DPR, Dipeptide
repeat protein) 2SEEE S, FEBRIZHEER -
B IcBs s b (M 2B) ™Y, 612 ¥—
FRNAHB LD B LAZINSLD) E— X
TF R EEICEHEG T 5 2 k4

A. B.
Y- MRTFR
Pgen, ey I
%~ [SATFRE-bIVIE |
fijzlx_jij%/\Jav EATH Gly Arg Gly Arg Gly GR
&\'\“I"j | Gly Pro Gly Pro Gly GP
URY—L  UE—FRNA Gly Ala Gly Ala Gly Ala GA
5’ — GGGGCCGGGGCCGGGGCC — 3’
RAN#ZIER 3’ — CCCCGGCCCCGGCCCCGG —5’
v BT RS AUGE RSB LA GP "Pro "Gly Pro Gly Pro Gly
v RTOBIREHRTELS

v AN RSB ECTEIE L
vUE-MRNADBS RIBENEE

2 RAN BlIFROMEE

(A) RAN FHERIZAEW M S H - 2 FIER E L C oMM /R L, WA AUG IRAETERIER & (3 F 7 2 HIi
(B) C9-ALS/FID Tix, MiEL/-t v A - 7 v F+t » ZA KD GGGGCC/CCCCGG Y
6 ODELLFAMRETHSEHO)E—FRTFF (VRTFFRF)E— ¥ 237 H)

BHEARIZ SN,
¥ — b RNA 5,
S RAN FIFRIC L o T S5,

TUREERRE  133(10), 2024.

PA Ala Pro Ala Pro Ala

PR

Pro Arg Pro Arg

| — FYFEIABE



) ¥ — MEOBREE L 5 TIRE O IR 659

i, - B T IVIC & o TORE S, RAN FIER
WEEE ) A= 7= MEOF -k 7
LEERE L E 2 STV B,

RAN HFROFERIC L »C, a—F1 7/
J v aA—=T4 v 7) ¥— MEOMHE B ORTE
Hefgl ¢, Y E— FRTTF FIC X BEEATR
WS, BFIS, SIS AVERRRY 2 — WA
gz EETLMEESEHS N5, -
—AHATEE & L 2 DOWARTRE ) b T2
M BET 2 B NFMBIRTHY, 75K
Ly v THIK EXMOIIZ 5 BES A BISA A —
JLRTWY AL NV TIE, RNAR Y ~
IXT B g EOHEARE AN — WA X o
T MLO (Membraneless organelles, £ 72>
FNHT R T) EIHEN B e & T L
Mg - XE{LE NS Z & T, RNARHR A b
L AINE % Rk A R BRI ST 5. 20
T IRESNIEIEED 7 3/ B HRER &
NDEMEIE R AL VR EHTH S 8 BIg,
W — WA EEZ 2 L3 <, MLO OBjREER
HERBICEETH L EEZONTWAEY, K
TERAL v EEZONDL)E— MRTF L F
72— WA B X o T 2 TR 5 A,
A—=FT4 v7)E— MRICB A EEME L
RNV TNE I VHERR) T I = VR EUER
FURgERe, ) va—T4 7 E— MREIC
B1F % DPR 7 & RAN #IEREW L, AR
el — AR BEEYRE 2 Blhe S, KBRSl L
AL T MLO DfilfiASs & ik % kg V1722

RAN FERHIENC L
JoaA—F4 2 FVE—MRD
AEEBTREEELT

RAN #EROIFHEIZ 31T B EEMEA S 2212
7 %—JC, BHERHIERE ORI ARFEHO
FITHAH FxiE, RAN FROGI#EED
fERE - WEFEERSE T Hfg L, N AV—Tv b
imvivo A7) —= U@Lz ar Y
N EBGR % IV CORENIZE S B L Tw»
5. FEIZ, BEENSL {, RAN BIEROMKEZ
HERENOE G2 L CHIS T W5 CI-ALS/
FID #x% & LC, EET VI a v Yay

INT &ML BEEME L7 GGGGCC Y
V— MG 2> awya v NI Sk
25, BHE VARV B E 4 R0,
B L RSB I GGGGCC 1) E— b RNA
12 & % RNA foci & RAN #lIFRIZ X o TlEAE X
N7 GRS D DPR @i s -2,

w2, GGGGCC Y ¥— I RNA %) 42
RNAKEE Y V37 HIZHFEHL, IH 05T
A% in vivo T RAN FHERR A MERREIZ 5 2 A 154
BENZDOWT, M7 L7 C9-ALS/FID £ 7V
NIZHEHWTAZ ) == 7 L7 ZORE,
ALS/FTD g3 ¥ > 77 & FUS %° RAN &R %
PRI L, A EE L CUESE L 2 L2
ELTZ, FOANZANELT, MRt
ARG N IVIBHT RO S SR Gk 2 i A B b
#5ZET, FUSIZRNAY vy~ ¥ & LT
GGGGCC V E— F RNADSIEH T2 77 =~
PUZESERE S % % X 13 <972 & T RAN #ER % i
T2, L)z Emm Lz (03)%,
F72, FARRIREBNZZ W8 m A 7 1) —
= > 712& > T, hnRNPA3, hnRNPR, IGF2BP1
EVo o—BED RNAKE &Y /87 Ens, 8l
L 7% GGGGCC V) ¥ — I RNA 0%l # %%
TEEHZ LT, RANFIFREDEZ RS L
CO-ALS/FTD |2 BF A2 sS85 2
EEWHSMILZ (03P, AT, Ko
FEHE T RAN IR & 4 % 5 2 9l o
THEEFEEL, WEZDRA N =X L& HET
Thh.

X 512 CO-ALS/FTD & k12, FA7-H i
RAN Bl IR & MR A ED BT RER / ~ O —
T4 v 7) ¥ MROBENTE TV E B
S, BRI 2 R RE I EIARE O MR IH % S A
TWwh, BIZIZSCA1ET IV ardarn
T|ZHBWT, TDP-43 % FUS 12 UGGAA ) ¥ —
b RNAIZHEA L, 130D RNA Y vy &
L CRNA mkiEEZ2LsE5 2 LT, /Y
RN & A E A IR 5 2 L 2SI L
Tb\ézﬁ).

# 7

LAED T MFHTEAT O - 3 2 MU

TUREERGE  133(10), 2024.



660 EOE M

FUSRE (RNASYAOY)

RANERERITE!
at

o

oy S P

IRFFRIE-MIVINE

hnRNPA3RE

UE—PRNADY 7= NEE% A=
3 RAN EIFROHI K

UE—MRNADFRZHL

C9-ALS/FID I2B W, FUS &I Lo &35 RNAKEE Y » /37 81E, 1) E— b RNA OB k%%
ZALEESHRNA Y v R0 & LCHERE L, RAN 83 & 0912 HI 9 % . Mo RAN FERBIEHEE L,
SCA1 e DA B ) v a—F 4 7)) ¥— METOIEH SN, BEE W MERIC BT 238 L7
HEEEcH L EEZ NS, F72, CI-ALS/FTD I2B\T, hnRNPA3 7 Rl O FGi%E o RNA #5457
VRTEIE, HEIE 25 E— b RNADOFEHEX KT &85 28T, B#HEMIZ RAN FIFREHIHT 5.

LoT, #irz) E—= MEPFELRES TS
D, JE—- MIEZRIIHEESNTWD LI
BAa RIFREICHES LT 2 EghoTE
7o, WRIEAEIE, JERD SNP & HL.L & L 72
W ClEFEENEETdH - 72 [missing heritability |
RTINS A ER & LT ¥ — MERZE
BAPFHEINTEBY, V) E— MFEOSTRED
IR BB O AL b TR B OTE
fEBH BB SIS A 9 5 Z LSRR S L.

F7-, 2011 fRIC[HE S 17z RAN #HERIE, 24
ROEWFORREEST L) REETHY, 4
NIESN R T DH o725 972, BETIX
Feate /) va—F4 7)) E— MROIEAEE 7

X

1) Fujino Y, Nagai Y. The molecular pathogenesis of
repeat expansion diseases. Biochem Soc Trans, 50:
119-134, 2022.

TUREERRE  133(10), 2024.

LEECH L ZENHS PR TEIZ LT
DoT, FOR A 7 =X LOMHIE, b
DRI A HFEEREERS O IR S 55 %
IR END.

E512, RANFFROSERISZSEL T, 20
BAFANAFAET HIEAUG T R 295 OFR
) E— FEEEIRAK 4 & [EE S,
L7255 TV ¥— MEOSTIRENRIE, ES
{ARBH T B STR OAFRy 2 Hhe 22 & AW
D72 A OBRIZ D 72 3 B W FeME & Fh oD
TW5.

FHZR T~ S TR AR SURTE I 20,

(73

2) Kremer EJ, Pritchard M, Lynch M, Yu S, Holman
K, Baker E, Warren ST, Schlessinger D, Sutherland
GR, Richards RI. Mapping of DNA instability at the



) ¥ — MEOBREE L 5 TIRE O IR 661

fragile X to a trinucleotide repeat sequence p(CCG)n.
Science, 252: 1711-1714, 1991.

3) Hannan AJ. Tandem repeats mediating genetic
plasticity in health and disease. Nat Rev Genet, 19:
286-298, 2018.

4) Takeuchi T, Nagai Y. Protein Misfolding and Ag-
gregation as a Therapeutic Target for Polyglutamine
Diseases. Brain Sci, 7: 128, 2017.

5) Zu T, Gibbens B, Doty NS, Gomes-Pereira M,
Huguet A, Stone MD, Margolis J, Peterson M,
Markowski TW, Ingram MA, Nan Z, Forster C, Low
WC, Schoser B, Somia NV, Clark HB, Schmechel S,
Bitterman PB, Gourdon G, Swanson MS, Moseley M,
Ranum LP. Non-ATG-initiated translation directed by
microsatellite expansions. Proc Natl Acad Sci USA,
108: 260-265, 2011.

6) Margoliash J, Fuchs S, Li Y, Zhang X, Massarat A,
Goren A, Gymrek M. Polymorphic short tandem re-
peats make widespread contributions to blood and
serum traits. Cell Genom, 3: 100458, 2023.

7) La Spada AR, Wilson EM, Lubahn DB, Harding
AE, Fischbeck KH. Androgen receptor gene muta-
tions in X-linked spinal and bulbar muscular atrophy.
Nature, 352: 77-79, 1991.

8) Tan D, Wei C, Chen Z, Huang Y, Deng J, LiJ, Liu Y,
Bao X, Xu J, Hu Z, Wang S, Fan Y, Jiang Y, Wu Y, Wu
Y, Wang S, Liu P, Zhang Y, Yang Z, Jiang Y, Zhang H,
Hong D, Zhong N, Jiang H, Xiong H. CAG Repeat Ex-
pansion in THAP11 Is Associated with a Novel Spino-
cerebellar Ataxia. Mov Disord, 38: 1282-1293, 2023.

9) Figueroa KP, Gross C, Buena-Atienza E, Paul S,
Gandelman M, Kakar N, Sturm M, Casadei N,
Admard J, Park J, Ziihlke C, Hellenbroich Y, Pozo-
jevic J, Balachandran S, Hindler K, Zittel S, Timmann
D, Erdlenbruch F, Herrmann L, Feindt T, Zenker M,
Klopstock T, Dufke C, Scoles DR, Koeppen A,
Spielmann M, Riess O, Ossowski S, Haack TB, Pulst
SM. A GGC-repeat expansion in ZFHX3 encoding
polyglycine causes spinocerebellar ataxia type 4 and
impairs autophagy. Nat Genet, 56: 1080-1089, 2024.

10) Hirano M, Samukawa M, Isono C, Saigoh K, Naka-
mura Y, Kusunoki S. Noncoding repeat expansions
for ALS in Japan are associated with the ATXN8OS
gene. Neurol Genet, 4: €252, 2018.

11) Tanudisastro HA, Deveson IW, Dashnow H,
MacArthur DG. Sequencing and characterizing short
tandem repeats in the human genome. Nat Rev Gen-
et, 25: 460-475, 2024.

12) Trost B, Engchuan W, Nguyen CM,
Thiruvahindrapuram B, Dolzhenko E, Backstrom I,
Mirceta M, Mojarad BA, Yin Y, Dov A,
Chandrakumar I, Prasolava T, Shum N, Hamdan O,
Pellecchia G, Howe JL, Whitney J, Klee EW, Baheti S,
Amaral DG, Anagnostou E, Elsabbagh M, Fernandez
BA, Hoang N, Lewis MES, Liu X, Sjaarda C, Smith
IM, Szatmari P, Zwaigenbaum L, Glazer D, Hartley D,
Stewart AK, Eberle MA, Sato N, Pearson CE, Scherer
SW, Yuen RKC. Genome-wide detection of tandem
DNA repeats that are expanded in autism. Nature,
586: 80-86, 2020.

13) Mitra I, Huang B, Mousavi N, Ma N, Lamkin M,
Yanicky R, Shleizer-Burko S, Lohmueller KE,
Gymrek M. Patterns of de novo tandem repeat muta-
tions and their role in autism. Nature, 589: 246-250,
2021.

14) Henden L, Fearnley LG, Grima N, McCann EP,
Dobson-Stone C, Fitzpatrick L, Friend K, Hobson L,
Chan Moi Fat S, Rowe DB, D’Silva S, Kwok JB,
Halliday GM, Kiernan MC, Mazumder S, Timmins
HC, Zoing M, Pamphlett R, Adams L, Bahlo M, Blair
IP, Williams KL. Short tandem repeat expansions in
sporadic amyotrophic lateral sclerosis and frontotem-
poral dementia. Sci Adv, 9: eade2044, 2023.

15) Mitina A, Khan M, Lesurf R, Yin Y, Engchuan W,
Hamdan O, Pellecchia G, Trost B, Backstrom I, Guo
K, Pallotto LM, Lam Doong PH, Wang Z,
Nalpathamkalam T, Thiruvahindrapuram B, Papaz T,
Pearson CE, Ragoussis J, Subbarao P, Azad MB,
Turvey SE, Mandhane P, Moraes TJ, Simons E,
Scherer SW, Lougheed J, Mondal T, Smythe ],
Altamirano-Diaz L, Oechslin E, Mital S, Yuen RKC.
Genome-wide enhancer-associated tandem repeats
are expanded in cardiomyopathy. EBioMedicine, 101:
105027, 2024.

16) Nagai Y, Inui T, Popiel HA, Fujikake N, Hasegawa
K, Urade Y, Goto Y, Naiki H, Toda T. A toxic mono-
meric conformer of the polyglutamine protein. Nat
Struct Mol Biol, 14: 332-340, 2007.

17) Antén R, Treviiio MA, Pantoja-Uceda D, Félix S,
Babu M, Cabrita EJ, Zweckstetter M, Tinnefeld P,
Vera AM, Oroz J. Alternative low-populated confor-
mations prompt phase transitions in polyalanine re-
peat expansions. Nat Commun, 15: 1925, 2024.

18) Fujino Y, Mori K, Nagai Y. Repeat-associated non-
AUG translation in neuromuscular diseases: mecha-
nisms and therapeutic insights. ] Biochem, 173: 273-

TUREERGE  133(10), 2024.



662 EOE M

281, 2023.

19) Mori K, Weng SM, Arzberger T, May S, Rentzsch
K, Kremmer E, Schmid B, Kretzschmar HA, Cruts M,
Van Broeckhoven C, Haass C, Edbauer D. The
C9orf72 GGGGCC repeat is translated into aggregat-
ing dipeptide-repeat proteins in FTLD/ALS. Science,
339: 1335-1338, 2013.

20) Mizielinska S, Gronke S, Niccoli T, Ridle r CE,
Clayton EL, Devoy A, Moens T, Norona FE,
Woollacott I0C, Pietrzyk J, Cleverley K, Nicoll AJ,
Pickering-Brown S, Dols J, Cabecinha M, Hendrich
O, Fratta P, Fisher EMC, Partridge L, Isaacs AM.
C9orf72 repeat expansions cause neurodegeneration
in Drosophila through arginine-rich proteins. Sci-
ence, 345: 1192-1194, 2014.

21) Gomes E, Shorter J. The molecular language of
membraneless organelles. ] Biol Chem, 294: 7115-
7127, 2019.

22) Peskett TR, Rau F, O'Driscoll J, Patani R, Lowe AR,
Saibil HR. A Liquid to Solid Phase Transition Under-
lying Pathological Huntingtin Exonl Aggregation.
Mol Cell, 70: 588-601, 2018.

23) Lee KH, Zhang P, Kim HJ, Mitrea DM, Sarkar M,
Freibaum BD, Cika J, Coughlin M, Messing ],
Molliex A, Maxwell BA, Kim NC, Temirov J, Moore ],
Kolaitis RM, Shaw TI, Bai B, Peng J, Kriwacki RW,
Taylor JP. C9orf72 Dipeptide Repeats Impair the As-
sembly, Dynamics, and Function of Membrane-Less
Organelles. Cell, 167: 774-788, 2016.

24) Fujino Y, Ueyama M, Ishiguro T, Ozawa D, Ito H,
Sugiki T, Murata A, Ishiguro A, Gendron T, Mori K,

TUREERRE  133(10), 2024.

Tokuda E, Taminato T, Konno T, Koyama A, Kawabe
Y, Takeuchi T, Furukawa Y, Fujiwara T, Ikeda M,
Mizuno T, Mochizuki H, Mizusawa H, Wada K,
Ishikawa K, Onodera O, Nakatani K, Petrucelli L,
Taguchi H, Nagai Y. FUS regulates RAN translation
through modulating the G-quadruplex structure of
GGGGCC repeat RNA in C9orf72-linked ALS/FTD.
eLife, 12: RP84338, 2023.

25) Taminato T, Takeuchi T, Ueyama M, Mori K, Ikeda
M, Mochizuki H, Nagai Y. Therapeutic reduction of
GGGGCC repeat RNA levels by hnRNPA3 suppress-
es neurodegeneration in Drosophila models of
CY9orf72-linked ALS/FTD. Hum Mol Genet, 32: 1673-
1682, 2023.

26) Ishiguro T, Sato N, Ueyama M, Fujikake N, Sellier
C, Kanegami A, Tokuda E, Zamiri B, Gall-Duncan T,
Mirceta M, Furukawa Y, Yokota T, Wada K, Taylor JP,
Pearson CE, Charlet-Berguerand N, Mizusawa H,
Nagai Y, Ishikawa K. Regulatory Role of RNA Chap-
erone TDP-43 for RNA Misfolding and Repeat-Associ-
ated Translation in SCA31. Neuron, 94: 108-124, 2017.

27) Chen J, Brunner AD, Cogan JZ, Nuilez JK, Fields
AP, Adamson B, Itzhak DN, Li JY, Mann M, Leonetti
MD, Weissman JS. Pervasive functional translation of
noncanonical human open reading frames. Science,
367: 1140-1146, 2020.

28) Al-Turki TM, Griffith JD. Mammalian telomeric
RNA(TERRA) can be translated to produce valine-ar-
ginine and glycine-leucine dipeptide repeat proteins.
Proc Natl Acad Sci U S A, 120: 2221529120, 2023.



) ¥ — MEOBREE L 5 TIRE O IR 663

— ZF&E7O0714-)L

%= Yuzo Fujino

SRk R R AN AR R - TR R (H ARATIREAS IR R (PD))
TR IF AL AR R R BE LR 2 Fe R N AL - HME B

Mg B 2014 4F 3 BURBHTSZIE R R BE FEERIE R A

2014 FF 4 H MEmALER Y ¥ — R Rwkbe WIS E

2016 “F 4 7 FURAFZER RSB REE AR EE

2018 “F 4 7 MSTRLAIEEE  MphkeNAl  SE

2019 4108 HUHEBRAAGC &b Bifiie Rl BXE

2020 £ 4 H AR LEERVR PR PR E SRR (REERFEY,

HRENFL)
2024 4 4 H ~3iTk

i3
Hr g

BEE - AN, R MR

E72%4% - 1. Kasai T, Shinomoto M, Kitani-Morii F, Ohmichi T, Fujino Y, Kondo M, Terada N, Tatebe H,
Tokuda T, Mizuno T. [Social maturity scores in adults with Down syndrome. Characteristics at the
onset of Alzheimer's disease and changes by age group]. Rinsho Shinkeigaku, 64: 550-556, 2024.

2. Ueda T, Takeuchi T, Fujikake N, Suzuki M, Minakawa EN, Ueyama M, Fujino Y, Kimura N,
Nagano S, Yokoseki A, Onodera O, Mochizuki H, Mizuno T, Wada K, Nagai Y. Dysregulation of
stress granule dynamics by DCTN1 deficiency exacerbates TDP-43 pathology in Drosophila models
of ALS/FTD. Acta Neuropathol Commun, 12: 20, 2024.

3. Gotoh S, Mori K, Fujino Y, Kawabe Y, Yamashita T, Omi T, Nagata K, Tagami S, Nagai Y, Ikeda M.
elF5 stimulates the CUG initiation of RAN translation of poly-GA dipeptide repeat protein (DPR)
in C9orf72 FTLD/ALS. J Biol Chem, 300: 105703, 2024.

4. Fujino Y, Ueyama M, Ishiguro T, Ozawa D, Ito H, Sugiki T, Murata A, Ishiguro A, Gendron T,
Mori K, Tokuda E, Taminato T, Konno T, Koyama A, Kawabe Y, Takeuchi T, Furukawa Y, Fujiwara
T, Ikeda M, Mizuno T, Mochizuki H, Mizusawa H, Wada K, Ishikawa K, Onodera O, Nakatani K,
Petrucelli L, Taguchi H, Nagai Y. FUS regulates RAN translation through modulating the
G-quadruplex structure of GGGGCC repeat RNA in C907/72-linked ALS/FTD. eLife, 12: RP84338,
2023.

5. Ohmichi T, Kasai T, Shinomoto M, Kitani-Morii F, Fujino Y, Menjo K, Mizuno T. Serum leucine-
rich a2 glycoprotein as a potential biomarker for systemic inflammation in Parkinson's disease.
PLoS One, 18: €0282153, 2023.

6. Fujino Y, Kasai T, Kitani-Morii F, Ohmichi T, Shinomoto M, Menjo K, Mizuno T. Impaired age-
dependent increases in phosphoglycerate kinase activity in red blood cells of Parkinson's disease
patients. Parkinsonism Relat Disord, 91: 128-134, 2021.

7. Kitani-Morii F, Kasai T, Horiguchi G, Teramukai S, Ohmichi T, Shinomoto M, Fujino Y, Mizuno T.
Risk factors for neuropsychiatric symptoms in patients with Parkinson's disease during COVID-19
pandemic in Japan. PLoS One, 16: €0245864, 2021.

8. Shinomoto M, Kasai T, Tatebe H, Kitani-Morii F, Ohmichi T, Fujino Y, Allsop D, Mizuno T, Tokuda
T. Cerebral spinal fluid biomarker profiles in CNS infection associated with HSV and VZV mimic
patterns in Alzheimer's disease. Transl Neurodegener, 10: 2, 2021.

TUREERGE  133(10), 2024.



