L CHE SN HME T (KRR T) O—HTh 545, OB T 5 & I B4 TDP-43
DERTAEEURMELFET S 2 LG s Tnd, MIEET (RERT) &4 vy
HOMBEECOMBETRT b O TRERKREY (BRSO, BES UV E52 AL 2 EHE
ELT, POMBENZELAERELT, PAr—FoLEE THROVWTRIZL b o
TWAHEERZOLNLDWY YRy EOREER Y AT LAOWHETH L WER). Ky 7y
IVERLOLETL Y Ny HOBREKSHIANO 77T v - AiEETHET AL, 2
CFERF T rT7 Iy —aRRA— 77 V- ROBENS VXV BOBRICEETHH L
VHETNVR ) v 770 b ADBER R ERLRENTWDE (KK 5 0F). 524
THHMEEMETIE, 2OBENL VEFCHELLIONL L,

SYNOROWERRORMERE

By N BOEROREE L MEMROZREOMIZIE, FIAHRLIEH 2 b 00, WRHE
BRI 2 GBS R E N TWw D (RIUDOTR). & v 87 BEoBEE{bic & 5 il o 2
BT E, FREBHINTORVES S H 5%, oMo 7o 57y — 2GR0 EE
2, BWEIH, MBREREOBELR LS FSELERD, Hld 5 WIIEANICHEELS
s, HIRFBEOKRICOWTIET RV ATH A7 08—V ATH R, FhHEEELRS
FEAZHT R TNy I v OMBEF NV TRESNRTYE Y, FEERTSTHICOWTIE, #
AL DL LAF) I —0FRNBVE V) OWEEOMBTHEH, FU I
T —HEROERVBRTH DERODLE A TH L. F) I — PR D on-pathway
DFREETH 2 D%, e B ITRR 2R E L - TBR Sz off-pathway D
W7 DDBREIC L TR WIFRE S £,

bbb IUdiil, FAFRERAEE WL Z 2Lk oTa Y X7 LA ¥ (asyn) OREELL
RRBEIOMHTAZ LWL, asynid PDR LY —/MERBEERICERT 2 1407 3
JBNO B YT ETH AN, HREMEE L 5% v natively unfolded protein ®—7F#
EENTWE, LIANINE asynDNEKELS CRIBET, WIOTIJBILo~RTF
R & PURIZ U CER L 72 ERALF BPURE W T 5 & CRIEO BRI { BT % DI
L, NRmRHIIBic 3 2RO UG %85 O —F, BMbL 7 asynid Eodifkd
BRI ER L (M2) 9 ZORBEIE asyn2NBRPTHhLIBREOREL & -
TBY, BT A2 LI D ZOBENKE (BT AL 2RT. X612, BEMREDN
Re BT HETFIEYZRMT 5 EIEWEFE LT ) =R ZBRAEIERSINE D S
2, ETNHIZE/ v — DD & ) RIS R L (K2) 9. Z OFRIIES T
BEMEEIHEELL asyn T/ v — R Z2MBITBHEL KD on-pathway OHFHAETH D, H
ERIIEERL L2 ) ~ =R 2 FIER L ORERR 20635 2 L 2R3 56 ~8),

5N EPGRET HGE, TORSEESLLTCORR DL, BERWEITRY B M
PR ENDEZLWHb, REEPDICHERLEIN: ASOPERZEA L7z asynid, ¥FAER ¢
syn & EMEPERBMALL LT WML T 2 9. BTt B e T b iR L 2
Vv, BERIEWZ LI, 20 A30PKHE R SFBLICEPAER) o syn R MRMELT A L, BAERMTRR
{, AOPHOMWHEZE T LIRS NL P, WIZEAR o syn HikE% HHEUC A30P a syn
AL LT, ASOPHMEOBE L ME AT 2SR ENSY. WEOHEEDE N
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A) Q@ VRO UA OB EAFR U B RIVFORRMEIZRY. B) BRLRUIVEST Y hasynE/
Y—=PVDFEIC Ry hUfth, §2/(WWERES (CBB) SEMIBFRNETRIELEZ. C) fMtLizU Ve
¥ b asynE PVDFRRIC Ry bUTtl, 5V TEREEBABRIGTRILUL. D) a VXU LAY ERRMHE
BRBEAWEREA VFaR— U, LAUMEALEE/Y—Z2SUIBBTHRL, BURRAGTIRIEURE
) IRMERELAM BB Y FaN— PUTHRS N, (LBUNREE L a YR I Y BHES LikB
THEL, BURRAGETREULZ. REEEANMES L asynT/ Y~ TBHRE, T/ Y—SREOHREN
IBRIGETRY (XHR6 & D)

Bk O AR RIEO S0 BV R 7 a7 7 — BN Y FoEWE LTRSS 9.
73IOA FERHEOUEDENZZFNEBET A5 vy BOEE L BELBZRESHY, T
EWABHEBOLREL R, JRRE Lo THEN LT RN EZ ONS,

CDEHIT, L OWMBEMERIIBED Y vy BOEELE RS L, BEofEBo
AN ER T 2 THRAERO 7T 3 F—=3Y 2] Lwid, 7Iud FOEMIT
VO PHELFOERBICE-TL 08NS [RAK] , Ta77—E¥RKkAT7 74—
PR T MR Y, SFSFoWRILEWERICNT 2 [HERetk] cdads, £
TR LT D OTE R, TVAVITRESINL L), THREEZHRCERS 77
IuA NEIGTFICEBRLUCHETAME] 28 L Tw5, BUEBITHRIRL ICH#ITTT 5
WRTHLY, LIFITHEINLT I 0L FOTD, 808 2B X 912
BANIED - THRAVETT AHREENZELZONAE. TOBRTT IO F—Y AR [V
NWIEDODWAL EVZEhb gy, BHREBEOFELERSY V78, WERTHS
Mepold, ThoEDF V7 BOBERLLERIPHT 2808, Hrvidv s F U5
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TRHE R 4R R DA

Cellular Pathology of Neurodegenerative Diseases

Bfrh [, $HEHE, REIIBRA

Takashi Nonaka, Tetsuaki Arai, Masato Hasegawa

% < DWMEZTHERBICBVT, BEM - BHESUOWBRIENIC IEXF VBEORAFHIHIRT 2. TNSOHAKDS
lF, REEMICZOEREEFHOTDII—H—THD, HARERBRTIEELY VINTEF, TORBORELTREIC
BELTLWREEZIBND. Tau, a-synuclein, TDP-43 &L\ o84 DHIBIASAKDER S VIO EE, LWFNE@
HIEEEY VINIBETH DD, @ASHORBICIODTBUEEEEBL, MIRNTEREZHKT S, INSOBBICKDEL
HHREEENE D, BENICEMSMEENFEESINRECEDLEZOSNTLDY, MIENEECHREEEOREME
HECDVWTIEWERICRBZEANZL. TNHSOMMIASAGRZ N vitro THBIRL, ZOBBREECERIREMEL L

ZRRIRT S T LIIFRICEELRETHD.

key words Fi

[FU&IC

TN YNA 735 (AD) IZ BT 2 REENERO1OTH
bR O ERB RS YNV HE LT, BANER
Gy Ry BETHLTaudRAESN, T8 —F Y ViF
(PD) iz BT B REM LB EY TH 5 Lewy /MED B,
a -synuclein € D EBEHRET & LTRE S iz, T4,
My v BO—HTH5TDP-43 (TAR-DNA binding
protein of 43 kDa) %%, RISEHMIBHIEEMIE (frontotemporal
lobar degeneration ; FTLD) 3 X U' 5 25 i 15 B 5% WAL IE
(amyotrophic lateral sclerosis : ALS) {25 521 FF »
HHABABAGOFEELRBR Y N7 BE LTRZ S,
FHEBUOTWS, ABETR, 2ho0RBISRN 2RI
B L FORELERSY VAV BIZOWTEETAEED
iZ, FIZTDP-431220T, #E L ORI OMARR LR,
FOREOHROBRIZOVTHNT S,

.....................................................................................

.....................................................................................

AD BERICHBT 2 MRNF AKTH 5 RREE{L
(B1) i, PHF (paired helical filaments) & FHI 1L 2 45582
BT OBEY TH Y, FOEEREBR S V3V HELT,

#ifaT Vol.28 No.5 2009

AV XF VB XUEEIY YL S 1l Tau® (PHF Tau)
HMEE S .

WNEREE Y v EE LTHS RS Tauid MM IC
BEIERLTB), MAEIIRAL TREM TR
BT A, HFESS~62kDanE)XTF FThH Y, ERY
AT G4V TIZE Y BEDT 4V 7 — APHEREL T
3 (1),

AD BEROAESER BT L Y, PHF Tauid, 658§
RCDTA V74— bEREN, F28FICY VBRIL
ENRNTWE B LE BEMFREZHVAS Y
N BACERNRBRIC LD, R200F0 ) Y BRACEALAR
FEEN, T0E I CEBMICMET 2 ¥ — MEF (Bb
BREAGER) ZHROIICEBEIRTWA I & HLRE
o™, PHF Tauz iy YBT3 &, OM/NESR
ARAEET S Eh0, BEY VEMLAS, PHF TauD#
RETORETHLLEZOLND.

TauBER T AMEEREBE T 7 A F—LHEINT
BY, FEHOY 7437 — & LT, E17HROMITEHFHL
5 JE M B 55 0 58 %) 22 40 (frontotemporal dementia and
parkinsonism linked to chromosome 17 ; FTDP-17) A1
LNTWD, 1998412, WBOFRIC TauB AT OERD
%H SN, TauBFTDP-17TOBREBEFTH 5 Z L HE
<79 BT T, AN LOERSEEINTHY,
FRIE, Tau DI AEEE LS TRUNER G REEE(LS
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Tau
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..} 3562 3RON

71381 B3RIN

1410 3R2N

383 4RON

{412 4RIN

441  AR2N

BR1 #ERRHELE Tau D—RIEE

Y- RESI
(VA )

A I T—HRORMIEERE. HTaudid (H150) (CE2HE. KHIFBRFEREELERY.

OFEANOERICK > TOIEEDT VI —LDEREND.

HoHHh, HHWE, Tau mRNADAT 54 ¥ v Fili8%
B2T#DTAV 74— AOFBRLELZELIELD, LD
SOOWBIERINTVE, IRLOERPRICLY, M
BRI B THEEEIL L7 Tau, &5 WIEHE &% - 72 Tau
HY VBLEZTERL TOHRREERELEEL, o
MM ERSIERENIAILLDPEZLND,

.....................................................................................

.....................................................................................

ADICOWTREROBWPD ONERN IHEREMN 2098
LT, PRBEOMEHBROBE (M) B X U Lewy/h
R IHEN B HMBBRE AL (H2A) OMBPETOhE. &
BALER LB LD, Lewy/MEEBR T2 FE L5 V37
B & LT a-synucleinFREEND D, S 6122 hb0MR
CERBMTAEIEERRERLL LT, FEEPD OREY
BIRAT L Y 2 OREEETF £ LC g -synucleinBSFES 1,
53BHOT VA VF S VICBRT LI ALV AER
BEOREELEETAIEPHLPE 2o 72Y . BETT
WRIECEMETHIA LY AEREIAFFMLhTWS (K
2B).

a -synucleint3 1407 I/ MP SR HWENES v 37 &
THhH, FONFEHEMIZRKTKEGV 2 &R E LAY E—

PRSI L, 5F PR i i3 Bk ATE VW IR AL E
LTws, BICBBREBRL WSS V37 ET, 2TH
Wy v BD005%% HOARBEBLEEINTND
B, FOBBETPELESLE N Sy o T v I AORK
WED, F—23 VHREES YT T AMMLT — VORE
WCHES T LIRBENTY, 2O AHELRREYE
BRLNL TR W,

FUFNF—ZREFLRZT, a-synucleinHEH/T H MW
BERRBE VR LA I NRF = BHEINTHE. ¥R
2 VAN F—BERICE, BRI RS 5,
a -synuclein SRR NI A RO L E R BRET & L CHEE
LTWwWh, YRX7 LA NRF—BEBOEAFBLIUTS Y
27 BALERENT & b, MRS ER Lz o -synuclein®
T RTOHFIZHECT, 129BEHDO LY V37 V8
fLENTWwBZE, BIUF—HoaFRIEFF MEER
FCTwaZEBRHELNE oD (M2B). ThbDY
VEMEB LU FF b E o RRIREEHI, EEL
WM o -synucleiniCidiZ L A ERBO ST, BERICE
BMLADFICRREZENTHS. LR LA-BHERICERL
ZzTaull b T o OBHPBREINE T L5, Tauk
a -synuclein 2L N TER§ 5 B 3@ S o k@El
A 5 A REEATRE S, JEICHERE N,
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BE2 Lewy/IMk& a -synuclein O—xigs

6 1012 2123 3234 KTKEGV
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61012 2123

a-synuclein®— &g

U - BMEER
1140

X F AL

B 1 T4

A Lewy IVAREERAVEDOHMEBE. YU VBt o -synucleinFIC K DHE. KT, Lewy/MAZERTY.
B: a-synucleinO—R#&E. NRIGRICKTKEGY ZEALT D5 D0UE— MEIIB KU LEFF EEMUNEEL, CHREBRNC 1 HFROU VEEERRIA
BEELTWD. RESEMTLIZERELT, A30P, E46K, AS3TO3IEEN, IREFTICHESNTWVS.

.....................................................................................

.....................................................................................

FTLD &, RIBHRER MR ICERITHEOER 2 BT 5305
BHBRERKRET HEHTEADCRVTHEN SV
ALSH, BB —uyOEBRIZL Y HAOERLHIK
TaRRL, ZOFESBERI~SETHRHMEIZL DI
TTR2LVWIHRTHL. NOHOEBIZE, 255V
HOMBNE AE (F3A) PRENICHBT A Z 2 PFab6h
TV, ZOEEBR S V7 BREVERHETH - 7.
20064, ¥ 5"E X U'Neumann 5 1%, 2hbDFEELR
Wy 82 EE LTTDP-43 % FE L7z, 200841213
RENB LUMEEALSICBWT, TDP-438ZFDI A
Y AERFHKRCCHRE SN (H3B), TDP-430RKE &
WIREROERENZBRPIHELPE R o T,

TDP-431d, 4147 I JBr LR ERYRTFFTHY, 2
20 RNA #7885 (RNA-recognition motif ; RRM) B L ¥
CHRMEICZ Y v VIZEOHEBEAT 5 (M30). BICRHET
LA —HW) B S /%7 H (heterogeneous nuclear
ribonucleoprotein ; hanRNP) ®—FETH N, A 774 7
RIS TAEEZONTYA. Fl2IE TDP4313, &
AT O R BERF Ch BRI REEEERRGEHE T
(cystic fibrosis transmembrane conductance regulator ;
CFTR) DLV ¥ 9% AF v 738, AT 54 2 7iffilR
FELTEAT Y.

5 51%, BETau® a -synuclein ®EE - ¥ V32 &

LRATICREBE L TEBY, 210 OFIF T o - RE-P m
b e, BERICERTATDP4A30BITIZERL:. B
BRI & R U FEERARESEE SO 5 7oy
MEN QR S, Jik > Tau® a -synuclein & FHZ, B
PHUCERE L2 TDP-43%b 372, @EI) VELEhTwaZ
ERTEEN. FIC, 0 vEMELEMERE T AEW
T, TDP-437 3/ BEWICHEET A2 VALt = VR
HE)VBILLAARTF FEPEE LT, BRI VB
NTF FPREZER L. 2095, CEEWOSer379,
Ser389, Ser393, Serd(03/404, Serd09/4107% LD Bk
NTF P AP, BEBICHET ST VB
OEFAEEREBL, 22 TH409B8 L 410BEBOLY &
FEDIWTY VBALLAENTF FH 5B 5 NPk (anti-
pS409/410) B DM EISHEEHE LT, L0
HIZXBBERDAL L 70y VRS, BEMICIE
Ser409 3 & U Serd 10258 HF 12 ) Y ER{L S 722 ETDP-43
BIUOCEKBBHPEBLTCWAZ LB L i, &
ETDP-43& D b 2D CHRFEM A OFEEVEFNICE L,
U MR R ALY, REABCBWTEELRBRE 2R L
TWwhHLEZLNS,

F 72, BB X 5122008 4F 2R TS S - I
BIURBREALSEE» LERSNAZTDP430 I 2k ¥
AEERY, 122 BCTTRTHEFFOCKKEM (=r v v 6
PICERLTWS (H3). ZoOHERIE, 7FY Y 2B b
BTHLALDORRERUMEELRBRE LI W ElELD
N, ZOMITBITS I AL v AEEIITDP-43 037 6%
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A FTLD-UD BB EnkE

FHAROMBRER AL R4 B AG

PLR 2o n

B TDP-430)— ki

1 105 169 193 257 274

NLS

AGICR B RIZTHRESE V. /2, CoCKMERS
LT, MOhRNPLEHEETHZ LI REIh TS, &
PN OSFRMEERICHEZ LITTI L LRSI
Wcexs,

.....................................................................................

TS INOEDin vitro BIEETILD
&
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i~ ORISR BICED O 15 MRS A Ao MBI
&, MEMBOBERMIC LIELIZHBXER SN L Z E 2D,
MlaPE ARO MBI, MERRAEOFERLREICHS T4
LEZ BT, BB L7z Tay, a -synuclein % TDP-43 13,
KRTHEWED S VXTETHEY, MoEhOEIIC L ) BE
TABHTESL MANTERETBBT AL TES RS, v
PR L THRATHAEE BB T L2002 Z 054+ 55
THITE, BEARR SRRz in vito DRBN Y Vs r &
ERETNVOMESVLETH L. BE £EL 280 HRT
TINLOMENS 3 B2 BEEMRRTER S, B%
W ERD BN A MRNE AR T in viro THEL & 5 HadT
b Ty, BFREORVERVE LN TWE & v ) #if
AW, EE G, BT, TDP43% v b R34k SH-
SYSYHTERIELROMBIIEIL, BERTAELNS
MPaPE AR E X S Wzinvitro e F VRS L 721D .

TDPA3RBBICHFERET B Y VSV ETH H0, BEMNICE

ALSOESETAICE T S

D169G —»
G2878 —»
G290A —»
G294A —
G2988 —»

BE3 TOP-43B MM A Ak &
TDP-43 D—RiEns

A AEFEF VBMEAGEES NEAEEE

HAE (FTLD-U) O S ik B MB(C 515 5

WREH A (D) BLUHEHMARELE

(ALS) DEBRIAICBIT B X7 1 Y (RS F)

HAZK(®). WENHRY VEILTOP-43#k
3¥8 (pS409/410) IC & BRE. FEILRBZINTL
209 DONEENH AR TEB.
o414 B : TDP-430—Rigis. NREBEAID S, BB
S HFIb (NLS), 20 RNAERSES] (RRM) &
KU T YV ICECHEE (Gly-rich) D& RA Y
MEET 3. BHEFT, 20 HFOERIEEIN
THD, BFOEREREMALS &b BLEEN
fe. IRTISMEALS & D RO S NEERTHS.
1DEBVT, ZOBOBRETRTHFDCEK
HACER LTS,

WTIHMBREICDERT 2. L > T, Z0MBRBED
BALPTHARER L EETLINEIPICOWTRE L. #
BV PME, —BECERE7 I VBIRETESITH S
ZERHBLNTHEY, SV40 (simian virus 40) Large THIR
ZBWTHE, PKKKRKVORFIPHFES R TWES, FIT,
TDP-4307 3 JBEH #ME L& 25, PKDNKRK (78
~84%5%#) B X U'PLRSRK (187~ 1925%3) OEFI AR\
ZENT ThOoOBBERBECLERFEERL, SH-
SYSYH#fgic —BEICRBE e b 2 A, 78~ 84 % K48
SEHE (A78-84) 1013, #OFFITMREIZED LN, &
DEBAPEBGT V7TV E LTHIEELTWS I ERHBETX
7z =7, 187-192F%# % RIB & & 722 B8 (A 187-192) %
HBPIEDH L, TORBUIIRD bRizgs, BAER &3R4
DFy MROBB S — U FBEISNLY . L Lkadss,
CNODREEREL MR S22 Tk, BERIC
FRIIZRD SN A MBRE ARIIBR & ko 72,

K2, TDP-43RBERFBORBMBIZH T L7057
Y — AREH (MG132) OFRICOWTHE L7z, LE2f
BORBEREEZ RIS MBI MGL32 8% T 72 &
ZAH, AT8-B4FEBIMIL CIIMAE I, A 187-192 KMk
KB TEBANLBERSED N (H4). chbogse
FawFnd, BEEFSNI0 umBETH ), BERCESRL
BEAMFOREEL I KL BT nbBVTRD,
B OAWER L2280~ ML TDP-43 B85k (pS409/410)
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A78-84

+MG-132

BX4 EEmiaERAWCTOP-43HIRAZBETIL

b NREFHISH-SYSYIC, #BT VI FIEREVEERK(AT8-84), SHAWNVIRBTYIFIL
EEBICI87-102BRERRIBEELERA (A 78-848187-192) ZRIEE, JOF7V—LHEE
BAIMG132 DFEFET (B) BLUFET (£) THELL. #HRFERLER, RYB{ETOP-434iF
(anti-pS409/410), MIAEFFUHik (anti-Ub), BRUTO-PRO-3 (BEE) TREL, OV T 7 —

WL —T—-BRHER TRE L.
Nonaka T, et al: FEBS Lett (2009) 583: 394-400 KD 2¥{Z.

BLUWEORLIEXF Y HFICBETH o7 BAERL <
— I 8T\ 5 ProteinTech DL TDP-43 K1) ~
O —F AHAETIE, ZhoOEERISBRHICEIREINE
ol Fi, WENEREBSELERK(LATSE4E
187-192) # B &€ 5 &, MGI3208 A LT, U VBt
TDP-43B L1 ¥+ F B MR EREEES UL/
(M4), DrofBRlh, #5013 BEARCES MR
ATDP-438 Atk & HEFFHEM L 2 TDP-43 DS EA TR
BB ERT A LT LAY,

ERLAEHI, EELHEE LY VBLTDP-43 54
HFic X I L ), BEMICIZERTDP43X ) 5 CXK
BRI INELERLTVE I LML, 22T,
EE L DL CREBEROIZ) PHBANTERLRTVWI L
BNEZONDLD, THEZD2WTRE L Erolikh %
GFP (green fluorescent protein) & D& S Y737 HE L
THEL, il —BEcRE S 28R FTEES
D, CREBHHEEEL ) OEEFTERLS TS, 22
OBRERTY VBB IR F L2 R T TVWE I &
BHEHLPE R FL-HONKBHRFOREHRIZL ST
b, TV FF LI NAHRNEREOBESRD LN
(xR,

B3, Winton b i, $EMRZ B2 TDP-43 %K E 7

A78-84 & 187-192
TO-PRO-3 -

—MG-132

NERELLY. HobBERMCS
75 TDP-43 OHIBLNRIEEDOEILIZE
HL, BBV /7T VORELTY
(82~98%&#), FOERF T HAZ
HHI LIV EREREGOME
RREFL7-. LA L, ProteinTech#t
ORARIC X BRI D720, BEREKNzE
BoRshTB6T, $72) YBRILZ
YOBMFIBEHICOWT S FFAICH
HEhTwiw, W FEL, EBAT
VI FVEREORETIC I ) MRE
BEAPERERDL & &I, R
TDP-43 D% SR E~OBITHE
CarzeamELTBY, TDP43D
M- AREREREDNNT VY ADEER
MlENgEEkoOBRICEHET LI L
PRBLTWS, L2LEMFL, R
SEEA TS MBS AR
ZowTiFiE S Twivy,

F7 BREPHEVLHETICOWT,
Johnson b 2 X W HE 2 s h 72", #5113, GFP#%
TDP-43DCRBMICHA LZBE S V7 BE BT,
HADRAL VORBERBRZERL, TheBERICERS
&, TDP-43 0 & OFEMAHANER S X HsEEICES
FTEHEMNCOWTHRE L. Z0#E MIBRNERSL L UHSE
LB R ERIE, RRMO—8B L OCEKRHEB (7 I /8
83181 ~414) Th o7, TORECLHBRABRELDOT
DRV ENTELT, Y vk xF LIZEL
T o2 BEENTWi WA, CRIBRIEH oMY
O FEMEATR SN Z &L, FEEICHEBRRE Y,

BHOHIC

ADIZB) 5 Tau, PDIZB} 5 a -synucleiniZK CHE=
ORBRER S v 27 HEE LT, TDP-3HEE S AT
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Amyotrophic lateral sclerosis (ALS) and frontotemporal lobar degeneration with ubiquitinated
inclusions (FTLD-U) are major neurodegenerative diseases with TDP-43 pathology. Here we investi-
gated the effects of methylene blue (MB) and dimebon, two compounds that have been reported to
be beneficial in phase II clinical trials of Alzheimer's disease (AD), on the formation of TDP-43 aggre-
gates in SH-SY5Y cells. Following treatment with 0.05 pM MB or 5 pM dimebon, the number of TDP-
43 aggregates was reduced by 50% and 45%, respectively. The combined use of MB and dimebon

resulted in a 80% reduction in the number. These findings were confirmed by immunoblot analysis.
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The results indicate that MB and dimebon may be useful for the treatment of ALS, FTLD-U and other

© 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.

1. Introduction

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative dis-
ease that is characterized by progressive weakness and muscle
wasting, and for which no effective therapies exist. Frontotemporal
lobar degeneration (FTLD) is the second most common form of
dementia after Alzheimer’s disease (AD) in the population below
the age of 65 years. In many cases with these disorders, ubiquitin
(Ub)-positive, tau-negative intracytoplasmic inclusions form in
nerve cells and glial cells, TAR DNA binding protein of 43 kDa
(TDP-43) is the major component of these inclusions {1-3}. Bio-
chemical and histological analyses demonstrated that TDP-43
accumnulates in brain and spinal cord in a hyperphosphorylated
and fibrillar form [4]. Furthermore, missense mutations in the
TDP-43 gene have been identified in familial cases of ALS and
ALS with FTLD-U [5-9]. Together, these findings indicate that dys-
function of TDP-43 is central to the etiology and pathogenesis of
ALS and FTLD-U., In addition, TDP-43 has also been found to accu-
mulate in other neurodegenerative disorders, including AD,
dementia with Lewy bodies {10], Parkinsonism-dementia complex

* Corresponding author, Fax: +81 3 3329 8035.
E-mail address: masato®prit.go.jp (M. Hasegawa).
! These authors contributed equally to this work.

of Guam [11], argyrophilic grain disease [12], Huntington’s disease
[13], Perry syndrome [14] and familial British dementia [15].
Inhibition of the aggregation of TDP-43 and promotion of its
clearance are considered to be major therapeutic avenues for ALS
and FTLD-U. As for other neurodegenerative diseases, current tools
include antibodies, synthetic peptides, molecular chaperones and
chemical compounds. Of the latter, methylene blue (MB) and
dimebon have recently been reported to have significant beneficial
effects in phase II clinical trials of AD [16,17]. MB is a phenothia-
zine compound that has been used for treating methemoglobine-
mia [18,19], inhibiting nitric oxide synthase [20], reducing nGMP
[21], enhancing B-oxydation in mitochondria [22], inhibiting of
noradrenaline re-uptake {23] and enhancing brain mitochondrial
cytochrome oxidase activity [24,25]. It has also been shown to in-
hibit AD-like AB and tau aggregation in vitro [26,27]. Dimebon is a
non-selective anti-histaminergic compound that was in clinical use
for many years before more selective agents became available {28].
It has been reported to inhibit butyrylcholinesterase, acetylcholin-
esterase, NMDA receptors, voltage-gated calcium channels, adren-
ergic receptors, histamine H1 receptors, histamine H2 receptors
and serotonin receptors, as well as to stabilize glutamate-induced
Ca?* signals [29-31]. The effects of dimebon on pathological pro-
tein aggregation have not been studied in detail, but recently we
demonstrated that chronic administration of this drug reduced

0014-5793/$36.00 © 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
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the number of nerve cell deposits in a mouse model of synuclein-
opathy [32].

Here we investigated whether MB and dimebon can reduce the
formation of TDP-43 inclusions in SH-SY5Y cellular models. Signif-
icantly, the treatment of cells with each compound and their com-
bined application inhibited the formation of TDP-43 aggregates,
suggesting that MB and dimebon may be effective for the treat-
ment of ALS and FTLD-U.

2. Materials and methods
2.1. Antibodies

A polyclonal anti-TDP-43 antibody (anti-TDP-43) was pur-
chased from ProteinTech Group Inc. (10782-1-AP, Chicago, USA).

A. Control
(DMSO + bwW)

C. 51tM Dimebon + DMS0O

A polyclonal antibody specific for phosphorylated TDP-43 (anti-
pS409/410) (available from Cosmo Bio Co., Tokyo, Japan) [4] and
an anti-Ub antibody (MAB1510, Chemicon, Billerica, USA) were
used for the evaluation of pathological forms of TDP-43,

2.2. TDP-43 cellular models and addition of compounds

To investigate the effects of MB and dimebon on the formation
of TDP-43 aggregates, we used two cellular models of TDP-43 pro-
teinopathy. The first consists of SH-SY5Y cells expressing mutant
TDP-43 that lacks both the nuclear localization signal (NLS) and
residues 187-192 (ANLS&187-192). In these cells, round struc-
tures positive for both anti-pS409/410 and anti-Ub are observed
[33]. The second model consists of SH-SY5Y cells expressing an
aggregation-prone TDP-43 C-terminal fragment (residues 162-

B. 0.0511M MB + bW

D. 0.050M MB + 51(M Dimebon

E. 120

100 -

Cells with aggregates (%)
h=2]
o

Dimebon (M) 0 5

Fig. 1. Immunohistochemical analysis of the effects of methylene blue {MB) and dimebon on the aggregation of TDP-43 in SH-SY5Y cells expressing TDP-43 (ANLS&187-192),
TDP-43 inclusions were stained with anti-pS409/410 antibody and detected with Alexa Fluor 488-labeled secondary antibody. Representative confocal images from cells
treated with control (DMSO + DW)(A), 0.05 uM MB + DW (B), 5 uM dimebon + DMSO (C) and 0.05 UM MB + 5 tM dimebon (D) are shown. (E) Quantitation of cells with TDP-
43 aggregates. The number of cells with intracellular TDP-43 aggregates was counted and expressed as the percentage of cells with aggregates in the absence of compound
(taken as 100%). Fluorescence intensity within an area of approximately 800 pm x 800 um was assessed by confocal microscopy. The intensity of Alexa Fluor 488 was
calculated as the ratio of that of TO-PRO-3. At least 8 areas per sample were measured (n = 8-16). Data are means  S.E.M. 'P < 0.01 by Student’s t test.
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414) as a green fluorescent protein (GFP)-fusion [34,35]. Its expres-
sion also results in the formation of anti-pS409/410- and anti-Ub-
positive inclusions. Six hours after transfection, the cells were trea-
ted with MB (Sigma-Aldrich, St. Louis, USA) dissolved in dimethy]
sulfoxide (DMSO0), dimebon dissolved in sterile distilled water
(DW) or MB + dimebon and cultured for 3 days. As controls, celis
were treated with either DMSO or DW, or both of them for 3 days.

2.3. Immunohistochemical analysis

SH-SY5Y cells were grown on coverslips and transfected as de-
scribed {33]. After incubation for the indicated times, the cells were
fixed with 4% paraformaldehyde and stained with anti-phosphory-
lated TDP-43 antibody pS409/410 or anti-Ub, followed by Alexa
Fluor 488- or Alexa Fluor 568-labeled IgG (Invitrogen, Carlsbad,

A Contrél {ORISOH

C. 5uM Dimbon + DMD

120

USA). After washing, the cells were further incubated with TO-
PRO-3 (Invitrogen, Carlsbad, USA) to stain nuclear DNA, To quan-
tify the cells with TDP-43 aggregates, the laser power (at 488 nm
for detection of Alexa Fluor 488 and GFP) was adjusted, so that only
aggregates were detected as described {34]. Total intensity of fluo-
rescence detected at the threshold laser power and that of TO-PRO-
3 fluorescence, the latter corresponding to the total number of cells
in a given field (approximately 800 pm x 800 pm), were measured
with LSM5 Pascal v 4.0 software (Carl Zeiss), and the ratio of cells
with inclusions calculated.

2.4. Immunoblot analysis

Tris saline (TS)-soluble, Triton X-100 (TX)-soluble and Sarkosyl
(Sar)-soluble fractions, as well as the final pellet, were prepared,

B 0.05uM MB + DW

D. 0.051M MB + 51M Dimebon

E.
¥ 100 4
(,, i
% 804 1
o]
B 60
®
£ 40-
s
§ 20 -
0_
MB (M)
Dimebon (M)

Fig. 2. Immunohistochemical analysis of the effects of methylene blue (MB) and dimebon on the aggregation of TDP-43 in SH-SY5Y cells expressing TDP-43 C-terminal
fragment (162-414) as GFP fusion protein. TDP-43 inclusions were detected by fluorescence of GFP, when the laser power was adjusted. Representative confocal images from
cells treated with control (DMSO + DW) (A), 0.05 uM MB + DW (B), 5 uM dimebon + DMSO (C) and 0.05 pM MB + 5 pM dimebon (D) are shown. (E) Quantitation of cells with
TDP-43 aggregates. The intensity of fluorescence of GFP was calculated as the ratio of that of TOPRO-3. At least 8 areas per sample were measured (n = 8-16). Data are
means + S.EIM. 'P< 0,01 by Student’s ¢ test.
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run on SDS-PAGE and immunoblotted with anti-TDP-43 and anti-
pS409/410 antibodies, as described [33].

3. Results
3.1. Effects of MB and dimebon on the formation of TDP-43 inclusions

We first investigated the cytotoxicity of MB and dimebon. SH-
SYSY cells were treated with different concentrations of each com-
pound, cultured for 1 day, followed by growth measurements. No
toxic effects were detected with dimebon at concentrations of 1-
60 uM, whereas a significant decrease in the number of cells was
observed with MB at concentrations greater than 0.1 uM. Cells
transfected with TDP-43 (ANLS&187-192) formed round intracel-
tular inclusion-like structures that were positive with both anti-
pS409/410 and anti-Ub antibodies, as reported previously [33]
(Fig. 1A). When the cells were treated for 3 days with MB, dimebon
or MB + dimebon, the number of TDP-43 inclusions was reduced
(Fig. 1B~D). Compared to controls, we observed a 50% reduction
in the number of inclusions with 0.05 uM MB, a 45% reduction with
5 UM dimebon and a 80% reduction with 0.05uM MB+5 uM
dimebon (Fig. 1B-E). The effects were concentration-dependent
and statistically significant (Fig. 1E). Thus, 10 uM dimebon caused
a 60% reduction and 20 pM dimebon a 70% reduction in the num-
ber of TDP-43 inclusions. Similar results were obtained using a sec-
ond cellular model of TDP-43 proteinopathy (Fig. 2), which
expresses a C-terminal fragment (162-414) of TDP-43 as GFP fu-
sion protein [34]. Other anti-histaminergic compounds, including
promethazine hydrochloride, diphenhydramine hydrochloride
(H1 histamine receptor antagonist) and thioperamide maleate
(H3 histamine receptor antagonist) (Sigma-Aldrich, St. Louis,
USA), did not affect the number of TDP-43 aggregates (Fig. 3). Sim-
ilarly, two phenothiazine compounds tested, chlorpromazine
hydrochloride and perphenazine (Sigma-Aldrich, St. Louis, USA),
which failed to exert any effect on tau aggregation, did not affect
the aggregation of TDP-43 (Fig. 3)

140

3.2. Immunoblot analysis of TDP-43 in cells treated with MB and
dimebon

The immunohistochemical results were confirmed by immuno-
blotting. Cells expressing TDP-43 {ANLS&187-192) (data not
shown) or the C-terminal fragment (162-414) of TDP-43 (Fig. 4)
were sequentially extracted with TS, TX, and Sar, and the superna-
tants and pellets analyzed by immunoblotting. In cells transfected
with the C-terminal fragment (162-414) of TDP-43, phosphory-
lated C-terminal fragment of TDP-43 was detected in the Sar-insol-
uble fraction, as reported previously [34] (black arrowhead in Fig
4A). The levels of this band with slower gel mobility were reduced
when the cells were treated with MB, dimebon or MB + dimebon
(Fig. 4A and B), By contrast, similar levels of endogenous TDP-43
(black arrow in Fig. 4A) and expressed C-terminal fragment of
TDP-43 (white arrowhead in Fig. 4A) were detected in TS- and
TX-soluble fractions of control cells and of cells treated with MB
or dimebon, indicating that these compounds did not affect the
amount of TDP-43,

4. Discussion

In this study, we examined the effects of two compounds, MB
and dimebon, on the formation of abnormally phosphorylated
TDP-43 inclusions using SH-SY5Y cellular models. Both com-
pounds, when used singly or in combination, significantly reduced
the number of TDP-43 aggregates, Although its mechanism of ac-
tion remains to be clarified, it is reasonable to speculate that MB
may bind to dimers and oligomers of TDP-43 and thereby inhibit
fibril formation, as has previously been demonstrated for the inhi-
bition of Ap and tau aggregation by MB in vitro [27]. The present
findings show, for the first time, that MB can reduce protein aggre-
gation in cells.

In addition, we have identified dimebon as a compound capa-
ble of inhibiting the formation of abnormal inclusions of TDP-43.
In view of the recent demonstration of its efficacy in a phase Il

120
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PMT : promethazine hydrochloride (10um)
DPH : diphenhydramine hydrochloride {60uM)

Thiop : thioperamide maleate (60uM)

BMSO PMT DPH
Antihistamines

Thiop CcPZ PzC

Phenothiazines

CPZ: chlorpromazine hydrochloride (0.1pM)
PZC : perphenazine {0,1uM)

Fig. 3. Immunohistochemical analysis of the effects of three dnti-histaminergic compounds, promethazine hydrochloride (PMT), diphenhydramine hydrochloride (DPH) and
thioperamide maleate (Thiop), and two phenothiazine compounds, chlorpromazine hydrochloride (CPZ) and perphenazine (PZC) on the aggregation of TDP-43 in SH-SY5Y
cells expressing GFP-fused TDP-43 C-terminal fragment (162-414) as GFP fusion protein. Quantitation of cells with TDP-43 aggregates is shown. No reduction in the TDP-43
aggregation was observed with these compounds. Promethazine hydrochloride and phenothiazines were tested at 10 uM and 0.1 pM, respectively, because they were toxic at

higher concentrations,
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Control 0.05uM MB

5uM Dimebon

5uMDimebon  +0.05uM MB

150-

anti-TDP-43 (Protein Tech)

B Control 0.05uM MB

TS TX Sar ppt TS TX Sar ppt TS TX Sar ppt TS TX Sar ppt

OA

5uM Dimebon
+0,05 uM MB

5uM Dimebon

150-

antl-pS409/410

TS TX Sar ppt TS TX Sar ppt TS TX Sar ppt TS TX Sar ppt

Fig. 4. Immunoblot analysis of the effects of methylene blue (MB) and dimebon on the aggregation of TDP-43 in SH-SY5Y cells expressing GFP-tagged TDP-43 C-terminal
fragment (162-414), Tris saline (TS)-soluble material, Triton X-100 (TX)-soluble material, Sarkosy! (Sar)-soluble material and the remaining pellet (ppt) were prepared from
control cells and from cells treated with 0,05 uM MB, 5 uM dimebon or 0.05 pM MB + 5 uM dimebon, run on SDS-PAGE and immunoblotted with anti-TDP-43 antibody (A) or
anti-pS409/410 antibody (B). Abnormally phosphorylated TDP-43 C-terminal fragment (162-414) with a higher apparent molecular mass than the corresponding non-
phosphorylated fragment (white arrowhead) was detected by both antibodies (black arrowheads). Similar levels of the non-phosphorylated GFP-tagged C-terminal fragment
of TDP-43 (white arrowhead) and of endogenous TDP-43 (black arrow) were detected with the anti-TDP-43 antibody (A).

clinical trial, dimebon may well become a new drug for the treat-
ment of AD and other neurodegenerative diseases. Although there
have been some reports suggesting that dimebon may act as a
neuroprotective agent and prevent mitochondrial pore transition
in experimental models of AD [36] and Huntington's disease
[30], its precise mode of action remains unknown. The present
study suggests that dimebon may act by reducing the production
or accumulation of abnormal protein aggregates. It remains to be
determined whether the effects on TDP-43 aggregation are of a
direct or an indirect nature. It will also be interesting to investi-
gate the effects of dimebon in existing [37] and future animal
models of TDP-43 proteinopathy. We could not detect a signifi-
cant effect of dimebon on the in vitro assembly of recombinant
human o-synuclein into filaments and on the heparin-induced
assembly of recombinant human tau into filaments (data not
shown). The recent demonstration that dimebon reduces the
number of protein inclusions in a model synucleinopathy [32]
suggests that its effects may be indirect.

MB has been used for many years to treat a variety of condi-
tions, including methemoglobinemia [19], septic shock [20] and
depression [38]. It has recently been used in a phase II trial of AD

[16]. Furthermore, MB has been reported to have activity as an en-
hancer of mitochondrial activity [24], and a recent study has re-
ported that it delays cellular senescence in cultured human
fibroblasts [25]. However, high doses of MB are known to be toxic
and to cause the formation of Heinz bodies in erythrocytes in in-
fants [39]. A combination therapy, like the one used here, may
therefore be advantageous.

In conclusion, the present results showing a reduction in the
number of TDP-43 inclusions following the addition of MB and/or
dimebon to transfected SH-SY5Y cells suggest that these com-
pounds may be beneficial for the treatment of ALS and FTLD-U.
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ARTICLE INFO ABSTRACT

Article history:

We report phosphorylated and ubiquitinated aggregates of TAR DNA binding protein of 43 kDa (TDP-
43) in SH-SY5Y cells similar to those in brains of amyotrophic lateral sclerosis (ALS) and frontotem-
poral lobar degeneration with ubiquitinated inclusions (FTLD-U). Two candidate sequences for the
nuclear localization signal were examined. Deletion of residues 78-84 resulted in cytoplasmic local-
ization of TDP-43, whereas the mutant lacking residues 187-192 localized in nuclei, forming unique
dot-like structures. Proteasome inhibition caused these to assemble into phosphorylated and ubig-
uitinated TDP-43 aggregates. The deletion mutants lacked the exon skipping activity of cystic fibro-
sis transmembrane conductance regulator (CFTR) exon 9. Our results suggest that intracellular
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%};v_vgds' localization of TDP-43 and proteasomal function may be involved in inclusion formation and neu-
FTLD-U rodegeneration in TDP-43 proteinopathies.

ALS © 2008 Federation of European Biochemical Societies. Published by Elsevier B.V. Ail rights reserved.
Phosphorylation

Ubiquitination

1. Introduction

Frontotemporal lobar degeneration with ubiquitinated
inclusions (FTLD-U) and amyotrophic lateral sclerosis (ALS) are
well-known neurodegenerative disorders. FTLD is the second
most common form of cortical dementia in the population below
the age of 65 years [1]. ALS is the most common of the motor
neuron diseases, being characterized by progressive weakness
and muscular wasting, resulting in death within a few years.
Ubiquitin (Ub)-positive inclusions were found as a pathological
hallmark in brains of patients with FTLD-U and ALS, as well as
in Alzheimer's disease (AD) and Parkinson’s disease (PD). Re-
cently, TAR DNA binding protein of 43 kDa (TDP-43) has been

Abbreviations: FTLD-U, frontotemporal lobar degeneration with ubiquitinated
inclusions; ALS, amyotrophic lateral sclerosis; Ub, ubiquitin; TDP-43, TAR DNA
binding protein of 43 kDa; CFIR, cystic fibrosis transmembrane conductance
regulator; NLS, nuclear localization signal; TX, Triton X-100; Sar, Sarkosyl.

* Corresponding authors. Fax: +81 3 3329 8035 (T. Nonaka).

E-mail  addresses: nonakat@prit.gojp (T. Nonaka),
(M. Hasegawa),

masato@prit.go.jp

identified to be a major protein component of ubiquitin-positive
inclusions in FTLD-U and ALS brains [2,3]. TDP-43 was first iden-
tified as a cellular factor that binds to the TAR DNA of HIV type 1
[4], and was also identified independently as part of a complex
involved in inhibition of the splicing of the cystic fibrosis trans-
membrane conductance regulator (CFTR) gene [5]. TDP-43 aggre-
gates in neuronal cytoplasm and nuclei in a variety of
neurodegenerative disorders, which are now collectively referred
to as TDP-43 proteinopathies. For understanding molecular path-
ogenesis and evidence-based therapies for TDP-43 proteinopa-
thies, it is necessary to study the molecular mechanisms of
aggregation of TDP-43,

To elucidate these issues, in this study, we have established
the cellular models for intracellular aggregates of TDP-43 similar
to those in brains of TDP-43 proteinopathies patients. Expression
of deletion mutants of TDP-43 lacking two candidate sequences
for the nuclear localization signal (NLS), residues 78-84 or
187-192, resulted in the formation of Ub- and phosphorylated
TDP-43-positive cytoplasmic inclusions in the presence of a pro-
teasome inhibitor. These results suggest that intracellular locali-
zation of TDP-43 and proteasomal function may be involved in
the pathological process of TDP-43 proteinopathies.

0014-5793/$34.00 © 2008 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved,

doi:10.1016/j.febslet.2008.12.031
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2. Materials and methods
2.1. Construction of plasmids

The PCR product of the open-reading frame of human TDP-43
using pRc-CMV-TDP-43 as a template was subcloned into the mam-
malian expression vector pcDNA3 (Invitrogen) using restriction
sites BamH I and Xba [, creating pcDNA3-TDP-43. To construct plas-
mids of the deletion mutants, wé used a site-directed mutagenesis
kit (Strategene). PCR was performed using the forward primer (5'-
GTATGTTGTCAACTATATGGATGAGACAGATGC-3') and the reverse
primer (5-GCATCTGTCTCATCCATATAGTTGACAACATAC-3') for the
deletion mutant of 78-84 residues (ANLS), and the forward primer
(5'-GCAAAGCCAAGATGAGGTGTTTGTGGGGCGC-3') and the reverse
primer (5'-GCGCCCCACAAACACCTCATCTTGGCTTTGC-3") for the
deletion mutant of 187-192 residues (A187-192), with pcDNA3-

TDP-43 as a template, respectively. For the construction of the dou-
ble-deletion mutant ANLS&187-192, PCR was performed using the
forward primer (5'-GCAAAGCCAAGATGAGGTGTTTGTGGGGCGC-3')
and the reverse primer (5-GCGCCCCACAAACACCTCATCTTG
GCTTTGC-3') with pcDNA3-TDP-43 ANLS as a template.

The reporter plasmid pSPL3-CFTR9 was constructed as follows.
Healthy human genomic DNA (a gift from Dr. Makoto Arai, Tokyo
Institute of Psychiatry, Japan) was subjected to PCR with the use
of the forward primer (5-CGGAATTCACTTGATAATGGGCAAA-
TATC-3') and the reverse primer (5-CCCTCGAGCTCGCCAT
GTGCAAGATACAG-3'), containing EcoR I and Xho I sites, respec-
tively. The genomic region containing 221 bp of intron 8, the entire
exon 9 (183 bp), and 266 bp of intron 9 of the human CFIR gene
was amplified and digested with the two restriction enzymes, fol-
lowed by ligation into pSPL3 (Life Technologies), affording the plas-
mid pSPL3=CFTR9, All constructs were verified by DNA sequencing.
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Fig. 1. Subcellular localization of wild-type and mutant TDP-43 in SH-SY5Y cells. (A) Schematic diagram of the structural domains of TDP-43, RNA recognition motifs (RRM-1
and -2: blue) and glycine-rich domain (Gly-rich: red) aré shown. (B-E} Immunostaining of untransfected SH-SY5Y cells (B) and cells 72 h post transfection with wild-type
TDP-43 (C), ANLS (A78-84) TDP-43 (D), and A187-192 TDP-43 (E) with anti-TDP-43 antibody (Left panel, green), nuclear staining by TO-PRO-3 (middle panel, blue) and the

merged image (right panel) are shown.
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Fig. 2. Expression of mutant TDP-43 followed by proteasomé inhibition with MG132 results in the formation of intranuclear inclusions. Immunostaining of untransfected
cells (A) and cells 72 h post transfection with wild-type TDP-43 (B), ANLS (C), and A187-192 (D) followed by MG132 treatment (20 uM for 6 h) with anti-TDP-43 antibody
(left panel, green), nuclear staining by TO-PRO-3 (middle panel, ble) and merged image (right panel),

2.2. Antibodies

A polycional TDP-43 antibody 10782-1-AP (anti-TDP-43) was
purchased from ProteinTech Group Inc. A polyclonal antibody spe-
cific for phosphorylated TDP-43 (anti-pS409/410) was prepared as
described {6]. Anti-ubiquitin monoclonal antibody (mAb),
MAB1510, was purchased from Chemicon. Monoclonal anti-HA
clone HA-7 were obtained from Sigma.

2.3. Cell culture and expression of plasmids

SH-SY5Y cells were cultured in DMEM/F12 medium (Sigma)
supplemented with 10% (v/v) fetal calf serum, penicillin-strepto-
mycin-glutamine (Gibco), and MEM non-essential amino acids
solution (Gibco). Cells were then transfected with expression
plasmids using FuGENE6 (Roche) according to the manufacturer's
instructions. In the proteasome inhibition experiments, final
1 uM MG132 (Peptide institute) in DMSO was added to the cul-
ture medium, and incubated overnight.

2.4. Confocal immunofluorescence microscopy

SH-SY5Y cells were grown on a coverslip (15 x 15 mm) and
transfected with expression vector (1 ug). After incubation for the

indicated time, the transfected cells on the coverslips were fixed
with 4% (w/v) paraformaldehyde in phosphate-buffered saline
(PBS) for 30 min. The coverslips were then incubated with 0.2% (v/
v) Triton X-100 (TX) in PBS for 10 min. After blocking for 30 min in
5% (w/v)BSA in PBS, cells were incubated with anti-phosphorylated
TDP-43 antibody, pS409/410 (1:500 dilution), anti-TDP-43 (1:500),
anti-Ub (1:500) or anti-HA (1:500) for 1 h at 37 °C, followed by FITC-
or TRITC-labeled goat anti-rabbit or-mouse IgG (Sigma, 1:500 dilu-
tion)as a secondary antibody for 1 hat 37 °C, After washing, the cells
were further incubated with TO-PRO-3 (Molecular Probes, 1:3000
dilution in PBS) for 1 h at 37 °C to stain nuclear DNA, and analyzed
using a LSM5 Pascal confocal laser microscope (Carl Zeiss).

2.5. Sequential extraction of proteins and immunoblotting

SH-SY5Y cells were grown in 6-well plates and transfected tran-
siently with expression plasmids (1 pg). After incubation for the
indicated time, cells were harvested and lysed in TS buffer
(50 mM Tris-HCl buffer, pH 7.5, 0.15M NaCl, 5 mM ethylenedi-
aminetetraacetic acid, 5mM ethylene glycol bis(p-aminoethyl
ether)-N,N,N,N-tetraacetic acid, and protease inhibitor cocktail
(Roche)]. Lysates were centrifuged at 290,000xg for 20 min at
4 °C, and the supernatant was recovered as the TS-soluble fraction.
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TS-insoluble pellets were lysed in TS buffer containing 1% (v/v) TX,
and centrifuged at 290,000xg for 20 min at 4 °C. The supernatant
was collected as TX-soluble fraction. TX-insoluble pellets were fur-
ther sonicated in TS buffer containing 1% (w/v) Sarkosy! (Sar), and
incubated for 30 min at 37 °C. The mixtures were centrifuged at
290,000xg for 20 min at room temperature, and the supernatant
was recovered as the Sar-soluble fraction. The remaining pellets
(insoluble in Sar) were lysed in SDS-sample buffer and heated for
5 min.

Each sample (10 or 20 jg) was separated by 12% (v/v) SDS-
PAGE using Tris~glycine buffer system, and proteins were trans-
ferred onto polyvinylidene difluoride membrane (Millipore). The
blots were incubated overnight with the indicated primary anti-
body at an appropriate dilution (1:1000-3000) at room tempera-
ture, followed by the incubation with a biotin-labeled secondary
antibody. Signals were detected using an ABC staining kit (Vector).

2.6. CFTR exon 9 skipping assay

Cos-7 cells in 6-well plates were transfected with 0.5 ug of the
reporter plasmid pSPL3-CFTR9 plus 1 pg of pcDNA3 plasmid
encoding wild-type or its mutants, using FuGENES. The cells were
harvested 48 h post transfection, and total RNA was extracted with
TRIzol (Invitrogen). The cDNA was synthesized from 1 pg of total
RNA with the use of the Superscript Il system (Invitrogen). Primary
and secondary PCRs were carried out according to the instruction
manual of the exon trapping system (Life Technologies).

3. Results
3.1. Effect of deletion of two candidate NLS in TDP-43

Amino acid sequence containing proline followed by a cluster of
basic amino acids is known to be typical NLS. We found two such
sequences in TDP-43, PKDNKRK (residues 78-84) and PLRSRK (res-
idues 187-192) (Fig. 1A). To examine whether these sequences
function as the NLS, we constructed corresponding deletion mu-
tants of TDP-43 and expressed them in SH-SY5Y cells. We em-
ployed non-tagged TDP-43 plasmid for expression in cultured
cells, since expression of hemagglutinin (HA)-tagged TDP-43 in
SH-SY5Y cells caused formation of inclusion-like structures
(Fig. S1), suggesting that addition of the epitope tag to the N-termi-
nus may affect the conformation of TDP-43 and promote non-spe-
cific aggregate formation.

Endogenous TDP-43 expressed in the nucleus (Fig. 1B). Similar
but stronger nuclear TDP-43 staining was observed in cells
expressing wild-type TDP-43 (Fig. 1C), as compared with non-
transfected cells (Fig. 1B). When the deletion mutant lacking
residues 78-84 (ANLS) was transiently expressed, strong TDP-43
signals were detected in cytoplasm (Fig. 1D). This is reasonable be-
cause the sequence of 78-84 contains a part of the bipartite NLS in
TDP-43 recently identified by Winton et al. [7].

When the deletion mutant lacking residues 187-192 (A187-
192) was expressed, on the other hand, the mutant protein formed
dot-like structures in nuclei (Fig. 1E). This observation suggests
that this sequence does not function as a NLS.

3.2. Formation of intracellular TDP-43 inclusions in cultured SH-SY5Y

cells

Impaired Ub-proteasome system has been suggested in some
forms of neurodegenerative disease {8], and TDP-43 is indeed ubiq-
uitinated in the brains of patients with FTLD-U or ALS [3]. To éxam-
ine whether impaired Ub-proteasome system is involved in
inclusion formation, we treated cells transfected with TDP-43

wild-type or deletion mutants with a proteasome inhibitor,
MG132. In immunocytochemistry using phosphorylation-indepen-
dent anti-TDP-43 antibody, no obvious change in the localization
of TDP-43 was observed in mock cells (Fig. 2A), or in cells transfec-
ted with wild-type (Fig. 2B) or ANLS mutant {Fig. 2C) after MG132
treatment, as compared to those without MG132 (Fig. 1). In con-
trast, many round nuclear inclusions were generated in cells trans-
fected with A187-192 mutant after MG132 treatment (Fig. 2D:
~12% of inclusion-positive cells).

Fig. 3 revealed the results of double immunostaining using anti-
pS409/410, phosphorylation-dependent anti-TDP-43 antibody {6],
and anti-Ub antibody. Cells expressing wild-type TDP-43 showed
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Fig. 3. Immunocytochemical analyses of intracellular inclusion-like structures
formed in cells transfected with deletion mutants of TDP-43, SH-SYSY cells 72 h
post transfection with wild-type, (A and B), A187-192 (C and D), ANLS (E and F),
and ANLS&187-192 (G and H) befare (A, C, E, G} and after (B, D, F, H) treatment
with MG132 (20uM for 6h) were stained with a phosphorylation-specific
antibody, anti-pS409/410 (green), anti-ubiquitin (Ub: red) antibodies, and TO-
PRO-3 (blue),
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