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Short repeat RNA-mediated suppression of the aggregation and cytotoxicity of TDP-43 and its C-terminal
fragment TDP25
(TDP-43 N D A7 VAR 6 2 Kl i TDP25 DEHads KUV Ofiia il 28 < Y v —
N RNA DOHFE)

Rz IR IE (ALS) (X, Z v/ B OEMER) EE = = — o VR CER T 2 &
THER = = — 1 O - BIENB X, EERSEEO LG 1T U 0 O TR A 2T 5 ik
EHRETH D, EH—= =2 —n1 U NITER SIS TDP-43 BEE(AFS LUV D 25kDa /LR F oK
ST (TDP25;220-414 7 2/ [g) OEFEIL, ALS OJFIKTH D EEZ BT\ DH, TDP-43 1,
2 S0 RNA/DNA #kETF—7 (RRM1 & RRM2). BLOT 2 uA RO L0 ESHC R
SO RIRZEMERA (IDR; 274-414 7 X BB A3 5, ZOIDRIL, 7 IvA NEKICEET S
DF72 5T, o> RNA G2 37 B L O BAERSIK— 582 L= TDP-43 OHCS
AHIENCE 55 Z LN MBRTWD, —J7, TDP25 1Z7 0T 7 —BUlkric L AL, @V ke
Pea o Z LNV STV S, TDP25 1 Z RRM2 O N #2973 /ita /KL THBY . ZOKIE
FEIIZIZRNA 2385 720D TER T 2 JRINGEND Z &b IR 72 RNA fE A REE K\
TW5, LI LA G FTEAMFEE DS THIIED & RIERAE 23517 D RNA 7i#I2 L W TDP25
DEETEHIMEE SN D Z EDVRENT WD, ZDOZ LN, [if57)30 RNA 78 TDP25 DEHER
AR L TS Z ERFRINTW, LNLARRL ED X 572K RNA R DX H 7%
TDP25 OELEIHNAF < DONTEA B2 E 72> TUNRAyo 72, TDP-43 2338k 9% UG U B°— h RNA
1L TDP25 LFHEAERH L7222 &3> Tnb 78, UG U B — LSO U B — K RNA 23D
FEZH S TODDO TN EER LUTZ, % Z T ALS FUIRE(G T C9orf72 DOIEFHRR GBI & %
% GGGGCC U v'— MECHIICHE R L, Z4s TDP25 EAHANER LERERHI4 25 RNA ¥ Tl
RN EE 2T,

FIWE ORI AANER 2 N9 5 72012, B0 TR 2 B o A AR /s
(FCCS) % Mz, MRRAEE I dsW N T R L 72 GGGGCC MU[E] U B — | RNA (r(G4C2)s)
I% TDP-43 LAHHAEHT 5 Z E DR SNT-Z LT, TDP25S & BRI D Z ENHLNE 72
ST, FTIEAERL L7 AAAAUU PH[E] Y B — K RNA ((A4U2)) % TDP-43 3 KON TDP25 & A4H
HAEM U7z, WIC, WFLEMIIa 2 IV CI8EL - B3 L 72 TDP-43 3L O TDP25 &V TZith
RNA & O FCCS it #1772 & = A, TDP25 13> & /X7 B % X 9" RNA & EHFIE/ER T
52 EDRENTZ, KIZ, TDP-43/TDP25 & RNA MDAV FHM EA MR EZ D 7-DI2, &
T AAEH A2 BRET2 mHRE T & 59V B MAE AAER 28535 1,6-Hexandiol /77E I C, TDP-
43 £7-1X TDP25 & RNA & OFRAAEFTRE %2 FCCS ittt L7= & Z A, TDP-43 @ RNA fHAVEFEE
RUTBOKAAEEAER X 0SB EER OFG23E O OIZkT L, TDP25 ¢ RNA FHAVERRERIT
EBROM HAER X 0 BUKBR AR OFGNENZ EDVRIB S NTZ, & 512 TDP25 & RNA OFF
HAFMEIE A TS 72012, TDP25 ORIZE TR T H 55%(F RRM2 (220-263 amino acids) 35 X O}
IDR # W\ 2 & Z A, r(G4C2 3 LN 1(A4U2)s & IFFHANER Le< 72072 Z & TDP25 2K
ARV E TH D Z LRI NI,

Z U5 @ RNA 73 TDP25 OEEE A M3 DHRE 2 FF O MRET 572, ~ o A s
Neuro2a (277 A X K DNA ZH A L, 1(G4C2)s 3 LY r(A4U2), ZRBLI W= & T A, 1(G4C2)u 5
L O (A4U2), FEEL S 7 MIaRE Tl TDP25S OAIRERHER L AT DHlaDEIG N B L, 7o
TDP25 FBUZ LV Z > TWoMlasE S Ml &85 2 & bho 7, WIT, r(G4C2u B LY



1(A4U2)s FLFI DAL RNA Z i ~EEEEA L7z & 12, TDP25 OB EER A AT 5l
DEEIHE T Lz, 612, kiR —r o —2 W 8T 027 U7 h— A 24T o7 &
Z A, 1(GAC2)s 3 L N r(A4U2)s Z BT DAIREIZIN T, I oy a7 84 LNy B kR
PR A A3 BB OBAR R BFHEI MRS S e o 7o, RIT, ((G4C2) 18 LT r(A4U2), 3
2 TDP-43 OREHEERE L OEUC X DHIISEEIH] TE 2 DER L5720, b NGRS
Jabk HEK293 |2 1(G4C2)s £ 721 r(A4U2), RIS T & 2 A, TDP-43 OMIEESEREHT 5
R OEIE N L, F72 TDP-43 FBHUZ L VL Z > TR B I &85 2 L b7z,
SRR — o —Z W2 N T A7 U T — AEFTORERIZ X VD | TDP25 FBIRE & [A]
BR, X 2R EHENIRIh R A AT DR OG- ORBEFEIIMER SN o T2,

AMFZRZ L0 | 1(GAC2) BB LTV (A4U2)s 12, TDP25 35 L 1N TDP-43 [ZEHEASE & LEER L O
FEZ R 5 RNA BB CTHDH Z LAVRESNTZ, ZIVE TH v ~u O X ) IZhiEae
FFo & LR EITFN BTV, RNA W B PIEHMEKRED B 5 Z L AVRSNT-Z Enh | flilai
IZBWT RNA v Xa b LTUEIK 28 T T A X U AOHERHIE 59 5 alReMEN
EZEzbib,

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease that begins with the loss of motor function
and eventually leads to respiratory failure, caused by the accumulation of protein aggregates that specifically
accumulate in motor neurons, resulting in the degeneration and loss of motor neurons. The accumulation of TDP-43
aggregates and its 25 kDa carboxy-terminal fragment (TDP25; 220-414 amino acids) in motor neurons is thought to
be the cause of ALS. TDP-43 has two RNA/DNA recognition motifs (RRM1 and RRM2) and a C-terminal
intrinsically disordered region (IDR; 274-414 amino acids) that may be the core of amyloid formation. This IDR is
known to be involved in amyloid formation, as well as contributing to the interaction with other RNA-binding proteins
and the regulation of TDP-43 self-aggregation via liquid-liquid phase separation. On the other hand, TDP25 is known
to be generated by protease cleavage and to have high aggregation properties. TDP25 lacks the N-terminal 29 amino
acids of RRM2, and since this deletion region includes the critical amino acids for RNA recognition, it lacks typical
RNA binding ability. However, previous research in our laboratory has shown that RNA degradation in cell lysates
promotes TDP25 aggregation. From this, it was predicted that some kind of RNA would inhibit the formation of
TDP25 aggregates. However, it was not clear what kind of RNA sequence would inhibit the aggregation of TDP25
in this way. Since it is known that the UG repeat RNA recognized by TDP-43 does not interact with TDP25, we had
the idea that repeat RNA other than UG repeats might be playing this role. We then focused on the GGGGCC repeat
sequence observed in the untranslated region of an ALS causative gene C9rf72, and thought that this might be an
RNA sequence that interacts with TDP25 and suppresses its aggregation.

To analyze the molecular interactions between the two proteins, we used fluorescence cross-correlation
spectroscopy (FCCS), which detects the interaction with a single molecule sensitivity. In cell lysates, it was confirmed
that the fluorescently labeled GGGGCC tetra-repeat RNA (r(G4C2)4) interacts with TDP-43, and it was also found
that it binds to TDP25. In addition, fluorescently labeled AAAAUU tetra-repeat RNA (r(A4U2),) also interacted with
TDP-43 and TDP25. Next, we performed FCCS analysis of these RNAs using purified TDP-43 and TDP25 from
mammalian cells. It was shown that TDP25 interacts directly with RNA without the involvement of other cellular
proteins. Next, to investigate the biochemical interaction mechanism between TDP-43/TDP25 and RNA, we
performed FCCS analysis of the interaction strength between TDP-43 or TDP25 and RNA were analyzed by FCCS,
it was suggested that the RNA interaction of TDP-43 has a higher contribution from electrostatic interactions than
from hydrophobic interactions, whereas the RNA interaction mode of TDP25 has a higher contribution from
hydrophobic interactions than from electrostatic interactions. Furthermore, to investigate the interaction region
between TDP25 and RNA, we used the remaining RRM2 (220263 amino acids) and IDR, which are defective
mutants of TDP25, and found that they no longer interact with (G4C2)s and r(A4U2)s, suggesting that the entire
TDP25 is necessary for the interaction.



To demonstrate whether these RNAs have a function that inhibits the aggregation of TDP25, we
introduced plasmid DNA into mouse neuroblastoma Neuro2a cells to express 1(G4C2)4 and r(A4U2)4, the
proportion of cells with cytoplasmic aggregates of TDP25 decreased in the cell groups expressing r(G4C2)4
and 1(A4U2), and cell death caused by TDP25 expression was suppressed by these RNA expression. Next,
the directly introduced synthetic 1(G4C2)s and r(A4U2)s sequences decreased the proportion of cells with
cytoplasmic aggregates of TDP25. Furthermore, transcriptome analysis using next-generation sequencing
revealed that there was no induction of known genes that have a protein aggregation inhibitory effect, such as
molecular chaperones, in the cell groups expressing r(G4C2)4 and 1(A4U2)4. Next, to investigate whether
1(G4C2)4 and r(A4U2)4 can inhibit the formation of aggregates of full-length TDP-43 and the cell death caused
by its aggregates, we expressed r(G4C2)4 or r(A4U2)4 in human embryonic kidney 293 (HEK293) cells. The
proportion of cells with cytoplasmic TDP-43 aggregates decreased, and cell death caused by TDP-43
expression was suppressed by these RNA expressions. Furthermore, as a result of transcriptome analysis using
next-generation sequencing, it was confirmed that there was no induction of expression of known genes with
a protein aggregation inhibitory effect, as was the case with TDP25 expression.

This study shows that r(G4C2)4 and r(A4U2)4 are RNA sequences that directly bind to TDP25 and TDP-
43, suppressing aggregation and cell death. Although proteins with anti-aggregation functions, such as
molecular chaperones, have been known, the fact that RNA also has anti-aggregation functions suggests that

RNA may act as a molecular chaperone in the cell and contribute to the maintenance of proteostasis.



