QOHGF HEIENE 5T X 5 NTEM AR AT R
Jed DRTE DFA
FAEBERTNOERHES = o — o U BHGE
# 0> 18 HEy (pre-symptomatic, Pre #1) . B X
ORIEZIRICH = 5 22 FHEH (symptomatic,
Sym 1) ™ His46Arg(H46R)ZEH SOD1 Tg 7 v
MZxF LT, heHGF (A& 100 ng/lt) % 238
Rz o7 D BBIER 7 (Alzet model 2002,
TR 0.5 pL/R) 12 X o THEENIC Hige R 5 L
7. vehicle & U CIXI ATLEERE % AV 2, HGF
e 58 & vehicle G/ (BHE n=4~5) W
T LT hrHGE % 53R O %= 1 BRI
F I ¥ v $H LK 5-bromo-2'-deoxyuridine
(BrdU) # 1 B 1 BEIERENEE (50 mg/kg &
H) LTHAMREZERR L, 2 BRokE
HA e T 3 B AR BANEE R R oD RE R ) TE 1% TR
FEED R 2 VERR U CEOE SR MR A L R I R AT
L7z, —fEEic>E=ded b 5 URLED
ZEUFZ/T, —BEER &7 O BrdU
AR ey oL N i R = R Rl 1y i

@OFEAHERF EGF L FGF-2 DOBEMEAN R
B 51T K B TR RERTBENR D RIE DR
ISIE (23 ) O H46R Z£HE SOD1 Tg 7 v
MExtg s L, EEMERERT (BEGF) B
L OMESE IR R R T (FGF-2) ORI 5
Bt (EGF+FGF-2 #, n=5) &, ANI#EEOH
TP 59 5 PRREE (n=5) 125317 7= . EGF+FGF-2
BlotL T Pz S b BGE b RV
B N FGF-2 446,000 ng % FEIZ L
7eDVMER L7 ALRERICHIR L, EH T v

NI T LT R oY R4 % 100 pg/mL,

10 TU/mL & 725 & 9 ICFR%EE L CHE 200 uL
&Lz,

iR 7 FRRERTERIC, =—F VB
BT DZ v b &Y 4% B AT LT e N1
> AR BRI & 2 MR E B ¥ K ONRE E E 1%
DEFRET A T ER. ERZRBEED 12 um &
IRV T BrdU & BRI ~— b — &
DL EE NSRBI LT ET o7, EHIT,

Tg T v MM D EGF &4 (EGFR). FGF
SR 1B (FGFR1) DORTE. RiAHIRABLSE
DR, 2 X F VBB A BEOFEEIZ OV
T b S R L AT R L7z,
(BT~ DB fE)
TRCOBEGTFEAEIIARZE DNA M2 FER
FEEHCiEV, - B ERRIL R B EBR R 6
IZHE > 7o TR B EICELRE L 2> oF] H B
Wi w i I 5 T L DI DT,

C. FFoERE R

DALS T v MZx§ % HGF #REAN#HR 51T &
% ¥ RRAET T I

EEIRIEIY HGF #8587 126.8+13.1 B, % i&
BEDS 126.3+13.8 H (p=0.87455) & HEZIIFE
oMo T, FEWIET X HGF #5803
154.3+16.4 H . % BR#E 25 143.25+17.0 H
(p=0.02323) & HGF H&EHENXIBH LIV AR
WBIE L7z (1), BIENHILT £ TOXEY
TERHIMY, HGF #5582 27.5+11.1 HH,
KTEEEEDS 16.918.17 HR &, HGF ®EH T
FTEERED 62.7% DMK ER L, FBIEH OB S
IZ&->TH HGF 28 Tg 7 v b OREFRHMKZ K
RICER S5 2 LR E T, foot print &
(REIX, HGF #¥5RENRIBEE L HRT-.
W& &b 118 Bl TR FHLREEELH
7= (foot print : 118 Hfi p= 0.0424, {KHE : 118
H % p=0.0047),

100

T T HGF 3E
h?\ i FEREHR
o g
50 ;",

N HGF 4
: i

\¢ s DRG M
A i

75

25

0

110 130 150 170
Him(E)

<> Intrathecal administration

1. 115 DB OHGF# 51T L Ak et
1THNH%h 3




2 5 B O Fi A EE ML, HGF &5
BEILTEY 145 B, XPRRERIIEY 833 {E
(p=0.02846) & HGF # 5-#f @B HIn L
DREE L D bARBICERFES T (X 2),
T YL DR RIE, TEERL O HGF B ETH
5 U R C-met i3 HGF # 58 DIE 9 D358 <
Yuth X7, active caspase-3 5 LN active
caspase-9 135 FREL DT 95 2358 < Yot S U HGF
& SHE IS ST,

20

EpPBS

10

- LIHGF

N
AN

PBS HGF

2. EEREARIEE ( ESERERTA )

U AH T Ey NTREEAE/N RO dencity %
ERMAT L. NEERE L OO HEEFEH L
7zo HGF # GRS RAEL U & caspase-3, 9 D
2RV FAEEE L., caspase-3 TITHEZEZFRD

(pro-caspase-9 : p=0.694, active caspase-9:p=0.2364,

pro-caspase-3 : p=0.0031, active caspase-3 :0.0154),
GFAP M3 Rid HGF #&5-8F & IR & 13X
W72 o 70, — . XIAP, EAAT2 M3 Rik HGF
BEROFVPIRBEIY BHEBRLTBY
(XIAP : p=0.0099, EAAT?2 : 0.0417), FFZ EAAT2
Tk HGF BEHENEFE T v M LD b3 A
IR LTz,

@%t HGF Bk ORA# 5

Tg 7 v MERETIIEEREFICH L TARE
P HGF OFENFAERN (59 14 His) LR
L oRS¥ g W ia

oy b VEEIZ L U CHT HGF Hiie 5
%if‘:t X0 BENCHIE T DA (P=0.1843) .

WCERWOETT (P=0.0299, 13). XV FHH

o)&Etzm..u WHTe (P=0.0463),

L HGF Pufed& 5-3 0 58 T Refm BUEAGRT
T, B —a COFERRNE L&

LWz nsy 7, 7AaYA MEELR
W, 2 ba— R ERETHo T,

3. FEFREARIIIPT HGF

HAERERTHEEI
FEFEEL LTV (P=0.0299),

@HGF BN &Iz X 5 PR R AT EERE
R DIRTE O FRS-

Pre #i & Sym #i @ vehicle ¢ 5-#£72 1) & b4
% &, R OEITICEY BedU BEERRR LS
ML TWe, ZHUZX LT, Pre #i> HGF
& 5.3 TlE vehicle BEIC L U C BrdU BB
RN & BT 2@ 3RO bz OF
B L), —J. Sym #i HGF &5 Tk
vehicle FEIZ HLEE U CHENALIC BrdU Bt 2
DML Tz (X4,

. p <0.0001

600 |- I
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Vehicle‘ HGF IVehicIe HGF
\ J \ J
Pre (18-20w) Sym (22-24 w)
[ 4. JE#E BrdU BEIEMRR D2t (R3C2 M)




OFEAFER T EGF & FGF-2 ORElEAF R
B 54T K D NIRRT BRI ORI DR
EGF+FGF-2 B & xPIREFIZISIT 2 NeuN (FREL
FREEHERE ~ — 0 —) BRMEERE A A A T ki
D EMBFIZFEEREL oz,

BrdU B OFr I HFRIK AE R L O
HEIZBVWTHEIL EGF+FGF-2 BETHM L
Tk, FHIRIZbl > THEERES LT
Wie, 72, MUTIKEE L Y BB IS H 4
DEEMBN S . Z OMEmRIZTRE & b EAS
THhoT,

K VRS HERE LS U C nestin B8 L0
NG2 (i ZHvRsm b iRaRas Loy
U 7 ARG O IR~ — b —) B35
FrAEMIESD &, ZIVHEMER 2RI
EGF+FGF-2 BE CHEREMBED bh iz, &
DICREN D Y 7 IR~ Db B34 57
TR YT 0w —i—GFAP BB OH A&
Ml 2T 5 & Zh b EGFHFEGF-2 BECH
BT LT e, BUE, & Oftod iR
<~ —0— (FZSEBMia, MpRmag) %
IR HHEMBIZ OV T HBRATCh 5,

—J7. EGFR [3ZFE & L THEMIADladkR
FOMRRRZEEEIZ, 72 FGFRI XA i
& LE I O FAREIZH S e i 4
. AR L O HEIZIE FGFRI/GFAP &
RN & LB C X 72,

D. B

FERERFH 20 & O 51T S0 FRIF 1 R T B %0
RBFTFONTZZ Lind | BBRIZEBWD CRIER
ALS EZWrShTh 5 ALS B I HGF 2%
G L Th, RREETIHIZREN S T X
DEREMEN TR S, 0z Lk, BEA~D
IS SV R LT, BRETREERLE
2D,

HGF #5517 & 2 FRREEITHIIH O F & LT,
caspase cascade D EREITHRF L XT3,

O ODIMHMERERDIZZ b
caspase cascade, F 72 13F O RO MRS
il 5 2 &SR STz, BEAAT2 D336,
HINL XIAP BRI 2 Lo, A
EHEREDMERS - ARSI, T A bR
YA N EOMRRABAL LS O 1 BEAR AR Al
FeliZ & HGF 2MER3 5 Z LR &,
Flo, RALS ETNVT v MIBWCEE =
a—n U S EBICHE SN T SREM
?Z v b HGF %1 HGF Hiik O BERE #5102
LoTHRTD & JWENE(NT S 2 &3
L& ipole, T7bb, B HGF HiiE#k 51
ALS HRIFREDEITERE Lz LB 2 b,
ZDZ &G HGF 28 ALS BRRRE DI T4 B
LETWLEEREROIHIRTFTHDHZ &
DRI D, NEMHGE o8 (EAA)
S HLITHA LT B DI, £ TR
Sh7-Hi HGF PLiE 512 X D8 ME A &
= ALDERABREREZZ HNDB,
SIURZEOMED X, 2R SOD1 BhEZE ik
P ALS 7217 C7x< & FIREME ALS 12BN T
bLERBMOKRFEE) = = — 1 22 HGF &
T OZEME c-Met DFEBFEZRELTHBY, b
M ALS IC350) % HGF OEEM: AR/ LT
5o

UbEEY | 43 HGF O iaIT A ey 72
HGF DOJEReEITIIHRIER 2 k45 L)
TE b ALSITHRT D EERA0DDF 1 e Biiiia
FIEZR0ED EEX NS, HGR I X 28T
FUREIEBRFE OW I D B L L CiT Bk D BE
WeSbER, BEELY & MCTWEREEIC
BT 5 HGF #E5OREMERBNLETHY |
& b ORTERRFBIC @ T T4A % O 7 R O3
Brrsh o,

caspase-3 .

A, BIAET v MERECIIAEBENEETIC
BNTHL—EOHAEMBENEEL, Bbics
UTHBHFACH T o TE EEND,
FTaxIIZETIZ, ALS v hEFALBEET
VX FEIEM LRG> & Fr A IR 0N HEA T MRl 880 L



T ) 7HlEET A (gliogenesis) DTLHEMNFED
bivd & &bls, BEI= 2 —nr RN E
& Tp o To KRBT E - TlEsR oL epan BRI
LI LTV A D e L&,

AL CIL. £9 HGF 512K Tk
THEE ML >2ob 2HEMMEE S HICH
ISED T & PRSI, U4 in vitro T HGF
2% neurosphere FZACAAML D MEFE, — =2 —1r2 2~
DURE L WS e BAFEREL R T &
WEINTWD, RFFEIZEY in vivo TH,
HGF 23 gl BRHIAR 4 BiYE =1 2 FTREMHE R
Eile, Lo L, HGF X B4R 28 % & oY
A RIALTHDZ L0, HEETENEE~
DEFEMIEZNRIET T, Efjma—nm
FEHNHIZN SR, astrocyte HREIUESNIR A M Lo
MEPR b EMESN D, L8> T HGF

PSEEFEARE U 72 HEBEHE I DU T OREFTIZ N &

HGF Z M c-Met DOFRBLCRIBEMEAD LA O HE
JafE, MBS RE~ORRIZOWT LR %
=YD,

Flo, BE) =2 —n UREFBER (Pre
) L0k, X0ETH (Sym#) IZ HGF &
P 595 97 DN A AR IR D E S AN K
ENWZEBNRENT, O LT, EE= o
— 0 UPREN—E VL B A U RED
T I FAEMEOEMEZTFE LTV E N
D AIREME A R U, MRS R (R T-4)
ORGP EESND,

X HIZIXEGF & FGF-2 % [R5 Bl
BeEFT D LI Lo TRIERDALS T » bt
TARBOFAEMEE S SICENSELh DS
ZEPRENT, FTH RS AT BRI
7 T HIBEMR O~ — ) — &R T HE A
MIEREEIZHEMLTWEZ &k, DbigE
Lo 5HanmEk (V—X) ZBEICL>T
TR <L TEMEAL U e EEPE R R AT BR AR 2>
HHLBETX DHEEMEARIR LTINS, 51,
& 0 Zh R 72 N IR AT BRRATE o 72
DIZ R G RH R | REBOMREH %
BLEZ LD,

e oy AR R BRI 12 k4~ 5 BETE - S3LEE
HEMESI LN DK F DR T, EGF, FGF-2
b L b EANTEERD L INTNDS,
&V T FGF-2 1TV b PR HE e (R % 5
PR HIRE OO Ze kL R E F 7 & AR 7TEME S OF
HEFOZ EBMLILTWD, L7223 - T, EGF,
FGF-2 JNHEFE(EME L 72 I IZ DWW T oD 1Y
FE « SALEREIE MRS T <L BB
FDLD~OFE, MIEFEREE (niche) ~®
PRIZOWTHRERRELE 2D 9 D,

EGFR, FGFRI BHORBELZ A5 £V h
b AR B PR 2 38 72 23 . EGF+FGF-2
Frgetx SRR BV CRT AR B ORI 22
MIRNT EM D A EIOMERTERMRIEE(L
DSFEREARIRIEIENC AL © “IREIRIRTH D
AIREMEITIR < MR ETBEMRAE ~ D EEEZI R 2
FETHDFREMEDE VY, 4 E FGFR1 BitR %
RO T LE ERECHE OB OME %
LVFMICHONICT D & & bIT, AWIET
® EGF. FGF2 fEfl A h= X A% a4 5 =
EDREBELEIOLND,

ARG C “BERENRE” IC K A RAFER
FOMBEFL MU Z 2%, RS2
RIEHAOB AN LEFEEEEZEZOND, T
b, IR B 4 @il LI < WETF 2%
L, 2FERMER Z B U TR A
IS L2 &V o 72 R AP 2 M B
OE, FHEREETHLZ LEH LD
THRLzEBZbRID,

E. %55

FEIEREHA S & O 5 L D R E R R
R&R L72 HGF I, BRER COIREBERII K
WCHIHRTE 5, TOERBAFE L CHERZES
il AERR R EEHERE OHERF IR AER Sz,
S HICHEMED HGF 1 ALS BR9EBE OEFTH]
IR & LTEEREHMNERET LT D
AIHEME SRR ST, S RME HGE offtieix
ALS O LWRRIEL %S 2 _ETHEERND
DO FTREE L UTCHIfETE 205, HGF O



PR 51T L 0 3 RE D B A M R TE O Rk 3
MRS NT-, S BIZIE EGF « FGF-2 DEE#
BT X o T, RERDBETICBNTHFRSY
LRI L2 Y 7 RIBEMIEE b & iz
PR BR AR OO SEIRIEE A FRETH 2 Z & %
TRINT, 5%, MOBAEFER ML
PR & OEE WK S, EHIITEA
PEERFomE], RENBEFEARELED
ALY EREFT 52 & T, NEMERA
BEAmAG 2 R U 70T RIB R BRI ~ & D72 23
DT EPHIREESND,

iﬂﬁﬁﬁ@%ﬁ
LI
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JEARI AR ERI A (22 A DREBRIE N EZE)

R R s
W AR R A AV E L k3 B PRI EEE IR 7 (HGF) % VW7 FRERRIRIRTIE DR &
T D FHIERF 5T
FEMEE SRIL RBA

FACREREBEE PR SO R P R A RN R 20 B R

ST AR
BFAEZ (RERRFRFBE R IR
AALZ)
(FERD At v # — LR SEER)
(RBRR AR 15 2 R AT TR
Gy FAARR A B )
(AL R AR N F)

)1 R
ik ¥

HAILES

A. WIREH

P ZERE R (LAE  (ALS) TR R AR B oD
T O BB AR TH 5, =2 —n
v ORI HRZEN TR ST, 28 DHZE
i & B ASHELT U BB VX PR A D R 22
X T ENIBO TTERRBERERTHY
RIZFBEN OBEIT 2 1L D H RN IR IE T
SEL TR, HESREYIZ S ALS Ik 2870 7R
BEENE STV DR, BN TOBKE
BOFBRIIEEN 2 b D E b E 5% 2720,
IO BRI Z OFREEER ALS 126 LT
B IR VRRIE OB LA DI T L TH
Do

AARTHERSNIHFROMBERERTTH
% P sE N+ (HGF) 1X ALS h T VAV
=7 (Tg) ¥V ALK L THREF LFHICH

fEISIRN R R L IR D ALS DipE &
LTHEASRTWD, — 5, KR N—TT
BA%E SN 7z ALS Tg 7 » b Id HGF D& &
HER & TTHEIC S, TSR TIEER A b
AN B A E TR LTS, 2T HDRERE
FAREH = 2 — 1 OBRRPMIEED A A
= X I & HGF DA Bk OB % fi# B3 L 2D HGF
RV ALS OFHIBRIEZ ML L TWE T
W,

B. HARAE

ALS DR EFRIEIXARATH 508, Kk
ALS DY KE{EF Cu/Zn superoxide dismutase
(S0D1) DEAGREHEGEER LD EEZLND,
AHFGE T N T3 B SOD1 H A ALS BT /VE)
Wkt LT HOF DR EER 2 55k S8, AT
ARSI o Tl e A E LT, OF
FLIR IR B 28N A T Ao Pk M B SE DO B P R B
@HCF DIEB) = = — 1 VFEIHIE T O, @
ALS &5 )VEMINZ X9 5 HGF DRI G- 325k
DHFFEEAT 9,

1) BRI REIEBR R 0 B e R I B 5E D 4%
PR

OZ R Sobl AN THELEKI L



aggregation Z it L#fEMInEM 2 R4 2 &
MEZHLNTWD, Z ORIEEAL OB % fEHT
THHITEE 7t HE (nAb) DG
PR L7z, IE% SOD & 258 SOD1 (G93A,
G37R, A4V, H46R) @ cDNA % E.HAHIaZEEH~ -
H TP IAT FINEND SOD B A Z RS L
3TED mAb % [k S ¥z,

ORI T DR BE AR T M O EFE TRE
SNIZHHa X F U F—+¥ NEDLL 124
T D Z N OREHEEERE two—hybrid #EIT X
VAToT e ZA MNAE N T v 2 1m o v 2R
L SOD1 ZBEAK L HEET 5 Z LA HE STV
% TRAP- 6 23 [RE Shiz, % Z T, NEDL1 23 %,
HEBHEXF U AP L LThHHEL, 2
A7 REHE LTO SO 2 BRI VEH
TP AERHT 20 THNIEFNITBETFIE
WD AREMEDR B X D DD, & 5 VTR 72
KD 8 B DR E BB LT,

2) HGF OEBh= = — 1 L IEO MG O fiF
BA

(DHGF 23 ALS Tg =V AZHZTH D = &1
HGF-ALS #7 )V Tg = 7 A L » THIEFITE
FIFEIC L 2 TURENTVD, L L Z ORE
VEFRIE GBI F T disease duration ODEE
FATII R A TOWRW AR ERED ALS AT
MR Th o7, £ZTALS Tg =7 XDKH
I UWT disease duration (259 2 K@%
PG ZA—=F L Bel 77 I U —DFIcE %
% HGF DR B2 M LTz,

@RI HGF % ANz A TR D ml 42
% RIS X THSVRR ANV DFEEL Y A L AR &
— DOWEL IR LTz,

3) ALS EF /VEMIZKT D HGF BRI S
FEBR

AR D ALS 1L L LTHEE SR TV
HGF DEFARISHZ B L TALS 7 v Moxtd 5

HGF DREERNR G EBRETT 5, GI3A Tg 5 v b
DOREFENIZ Y =222 b B R HGF (rh HGF)

BRFEEAR LT (Alzet Model 2004) % BT
FHgiR G L7c, 3BE (B HEn=8) D Tg 5 v M Eh
LI vehicle (PBS) LN rhHGF D 404 g
& 200 g % ALS A 3EFE L TUN 20N 100 H #hs
b—r AIChE > THRE LT DB ERF#&
EHFBENICR T 2B = o — v VR E R
LTHEE L, EHIZG6I3ATg 7 v Mokt 5
ALS FEAETR DT RBHERRIZ KT~ D HGF DR B 2
L7z, rthHGF 2 2004 g & vehicle &%
ZIV8ILD GI3A Tg T v h DBEFENIZ IR
RIERFHADERT T 5 115 HED & 408 B Rs:
HE L, TOREERIER & HEMOBLELIT-
770

C.ERUD HWERERRUELE

1) AR IEBR BT 0TS 7o R A0 e 28 D

Jr-fR

O3 > mAb [LEFARL SODT (133
Zox L72M3, A4V, G3TR, GO3A IXIT & A PIE
L72pinolz, FE72, DIT <2 SDS REULIIC L -
THFAERISOD1 1 mAb & D S MESEE R UT= 23,
A4V, G3TR, GI3A WLWFIZIEF L T\vo7-, 35
FHD mAb 1% SOD1 O Greek key loop 4> % 287
THDT, IO Greek key loop ¥4 Tit, B
AR L R TIIB oM i Ko T
LIAEEN R D 2 L 2R B LT 5, Greek
key loop #B431d SOD1 AR E # A = — D% 4
KRELFHELTEY ., ZOESNEL L2300
Rl AN A R N i DI
aggregation M7V LT SIZORNDH LB X
b b,

@B vxF U H—+¥ NEDLL it
Dishevelled-1 (Dvl-1) &= X F LD HEE
ELVER/NREER NS v RAn o DRGSR %



7 T D TRAP-§ &fEH L7z, NEDLI (ZIEH
72 SOD1 & 5 A9 SOD1 48 B ik & R Rp0ic
AL, 2EXF AR A oMEs| &I L
Tro BLBRVRWNT LIZIE, ZEOREE, 2B FF
b, SR Es L OVSOD1 B AL O E, SODI
LRENE| X234 ALS OEAEE & MBS
R UTe, AR L F Y T NEDL] i3k |k
FALS ¥ ONZ SOD1 Z BAK Tg = 7 2 DB
)= = —1 . Lewy body-like hyaline inclusions
(LBHI) 2Bt TdH o7, A T NEDL1 DXk
BT 5 Dvl-1 & SOD1 ZEFARD FLH 7240 B AF
FARFT IR E . Dvl-1 OBETH D Wat

SyBOR TR RRICREE 2 A Uz, LA E DR G|

SOD1 ZBKIRSERAMEEH I B F
VUH—P L LTONEDLLIC LA ExF 0

L& A, fEMIZ, NEDLL, TRAP-§ .

Dvl-1 7 & LA & oo 7 BRI Z TR L

FNORERRTRA VTR T OMRERE % 5|
292 &3 SOD1 ZERAK kD FALS D%
JED—H & 722 T D ATREME SRR S Tz,
2) HGF DEBh= = — 2 L 5EDHNHIESF D fF
(MALS-HGF Tg & ALS Tg {22 & HGF {2 L A%
JERT# COLTE ALS JHREHETT /0 AR Ik
Z BB DWW TRNT LTz, ALS Tg iI2BWTIE
PETRY 7 A2 —F 91T ALS FE FH D EFh = 2 —
1 ACHRE S, ALS RENCIE—ERRUSHE T A
Fad A MobFFE s, HGF bk dim <
HEEF S 77 ALS-HGF Tg = 7 XL 8 AR T
HAFE L, TD< T AZBWTHIEMHER A A/ —
Y9 OFERIMEISND E L BICEB) = 2 —
oy OEME M X TV, T2 E ALS
7 disease duration OHEFTIZEAI 5 FEyF
BRET B D IEMER D X —F¥ 9 OFEE | HCF
DI AR EREMNIC LT, 2D &b
ALS KEADEFHEIZ 53 B D HGF & 1 & FrftiIT
T 2 FEERBT L LICEVELRD
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Approximately 20% of familial amyotrophic lateral
sclerosis (FALS) arises from germ-line mutations in the
superoxide dismutase-1 (SOD1) gene. However, the mo-
lecular mechanisms underlying the process have been
elusive. Here, we show that a neuronal HECT-type ubiqg-
uitin-protein isopeptide ligase (NEDL1) physically binds
translocon-associated protein-§ and also binds and ubig-
uitinates mutant (but not wild-type) SOD1 proportion-
ately to the disease severity caused by that particular
mutant. Immunohistochemically, NEDL1 is present in
the central region of the Lewy body-like hyaline inclu-
sions in the spinal cord ventral horn motor neurons of
both FALS patients and mutant SODI transgenic mice.
Two-hybrid sereening for the physiological targets of
NEDL1 has identified Dishevelied-1, one of the key
transduecers in the Wnt signaling pathway. Mutant SOD1
also interacted with Dishevelled-1 in the presence of
NEDL1 and caused its dysfunction. Thus, our resulis
suggest that an adverse interaction among misfolded
SOD1, NEDL1, translocen-associated protein-§, and Di- .-
shevelled-1 forms a ubiquitinated protein complex that
is included in potentially eytotoxic protein aggregates
and that mutually affects their funchons, leadmg to mo-
tor neuron death in FALS. :

Amyotrophic lateral sclerosis (ALS)! is a progressiv
neurodegenerative disease that is characterized by §
loss of motor neurons in the spinal cord, brain stem,
cortex. The sporadic and familial forms of the disea
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similar clinical and pathological features. About 10% of ALS
cases are familial, and mutation of superoxide dismutase-1
(SOD1) is found in 20% of familial ALS (FALS) patients (1, 2).
Mice that express mutant SOD1 transgenes develop an age-de-
pendent ALS phenotype independent of levels of dismutase
activity, suggesting that FALS pathology is because of a toxic
gain of function in SOD1 and that the abnormal protein struc-
ture of mutant SOD1 is critical in the pathogenesis of motor
neuron death (3—6). Recently, proteasome expression and ac-
tivity have been reported to decrease with age in the spinal
cord (7, 8). Furthermore, mutant SOD1 turns over more rapidly
than wild-type SOD1, and an inhibitor of proteasome action
inhibits this turnover and thus selectively increases the steady-
state level of mutant SOD1 (8). These results suggest the
involvement of the ubiquitin-proteasome function in the cause
of FALS. However, the biochemical nature of this gain-of-func-
tion mutation in SOD1 and the mechanism by which SOD1
mutations cause the degeneration of motor neurons have re-

‘mained elusive.
“'We show here the identification of a novel HECT-type ubig-
“uitin-protein isopeptide ligase (E3), NEDL1, which is ex-

yeuronal tissues, including the spinal cord, and
nds to and ubiquitinates mutant (but not wild-
Di. NEDLI is physically associated with translocon-
ted protein-§ (TRAP-8), one of the endoplasmic reticu-
R) translocon components that has previously been
d to bind mutant SOD1 (9, 10). Both NEDL1 and
TRAP-5 form a complex with mutant SOD1, with the binding
nsity among these proteins being roughly proportionate to
the rapidity of progression of the associated FALS phenotype.
mmunohistochemical study has shown that NEDL1 is positive
in the Lewy body-like hyaline inclusions in the spinal cord
motor neurons of both FALS patients and mutant SOD1 trans-
genic mice. We have also found that NEDLI1 targets Dishev-
elled-1 (Dvll) for ubiquitination-mediated degradation and
that mutant (but not wild-type) SOD1 affects the function of
Dvl1l. Our observations suggest that NEDL1 is a quality control
E3 that recognizes mutant SOD1 to form a tight complex with
the physiological targets of NEDL1 in motor neurons of
FALS patients.

EXPERIMENTAL PROCEDURES

Cell Culture and Transfection—Human neuroblastoma-derived cells
were grown in RPMI 1640 medium supplemented with 10% heat-inac-
tivated fetal bovine serum, 100 units/ml penicillin, and 100 pg/ml
streptomycin. COS-7 and Neuro2a cells were maintained in Dulbecco’s
modified Eagle’s medium supplemented with 10% heat-inactivated fe-
tal bovine serum, 100 units/ml penicillin, and 100 pg/ml streptomycin.
All cells were maintained in a humidified 37 °C incubator with 5% CO,,.
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All transfections were carried out with LipofectAMINE Plus transfec-
tion reagent (Invitrogen) according to the manufacturer’s instructions.
In some experiments, transfected cells were treated with MG-132 for 30
min at a final concentration of 40 pm.

RNA Analysis—A human multiple tissue mRNA blot and a fetal
human multiple mRNA blot (Invitrogen) were hybridized with a 32P-
labeled Apal-Scal restriction fragment of NEDLI ¢cDNA under stand-
ard conditions. For reverse transcription (RT)-PCR analysis, ¢cDNA
derived from adult human neural system (BioChain Institute, Hay-
ward, CA) was subjected to PCR amplification using the following
primers: NEDL1, 5'-CCGATTTGAGATCACTTCCTCC-3' (sense) and
5-CCGCTTTCCATCAGGTTGTT-3' (antisense); and glyceraldehyde-3-
phosphate dehydrogenase, 5'-ACCTGACCTGCCGTCTAGAA-3' (sense)
and 5'-TCCACCACCCTGTTGCTGTA-3' (antisense). The amplified
products were separated by electrophoresis on a 1.5% agarose gel and
visualized by ethidium bromide post-staining. Amplification of glycer-
aldehyde-3-phosphate dehydrogenase was used as an internal control.

In Vitro Ubiquitination Assays—In vitro ubiquitination assays were
performed as follows. Reaction mixtures containing 0.5 pg of purified
glutathione S-transferase fusion proteins, 0.25 pg of yeast ubiquitin-
activating enzyme (BostonBiochem, Cambridge, MA), 1 ul of crude
lysates from Escherichia coli expressing ubiquitin carrier proteins, and
10 pug of bovine ubiquitin (Sigma) were incubated in 250 mM Tris-HCl
(pH 7.6), 1.2 M NaCl, 50 mm ATP, 10 mm MgCl,, and 30 mum dithiothre-
itol. Reactions were terminated after 2 h at 30 °C by the addition of SDS
sample buffer. Samples were resolved by SDS-PAGE, transferred to
membranes, and immunoblotted with anti-ubiquitin monoclonal anti-
body 1B3 (Medical & Biological Laboratories, Nagoya, Japan).

Immunofluorescence Staining—Cells grown on coverslips were pro-
cessed for immunofluorescence. Briefly, cells were fixed in 3.7% form-
aldehyde, permeabilized in 0.2% Triton X-100, and finally incubated
with anti-NEDL1 antibody (diluted 1:100). The primary antibody was
detected with fluorescein isothiocyanate-conjugated goat anti-rabbit
IgG (diluted 1:500; Jackson ImmunoResearch Laboratories, Inc., West
Grove, PA). Images were taken using an Olympus confocal microscopy
system.

Yeast Two-hybrid Screening—Yeast two-hybrid screening was per-
formed using the Gal4-based Matchmaker two-hybrid system with the
¢DNA library derived from fetal human brain (first screening) and adult
human brain (second screening) (Clontech, Palo Alto, CA). Saccharo-

myces cerevisiae CG1945 cells were transformed with pAS2-1-

NEDLI1-1 (amino acids 757-1114; first screening) or pAS
(amino acids 382-1448; second screening), which-di
transcription of lacZ alone The transformants
transformed with the cDNA library, and the lacZ:g
selected. The plasmid DNAs were extracted from
nies, and their nucleotide sequences were determ

Immunoprecipitation and Western Blot Analysis—Anti:NEDL] and
anti-TRAP-8 polyclonal antibodies were raised in rabbits agam
NEDLD? oligopeptide (amino acids 460—482) and a TRAP-§ oli
(amino acids 93-126), respectively. For immunoprecipitatio
Neuro2a cells were cotransfected with the expression plasn
ious combinations and lysed 48 h later in 10 mum Tris-HCl (p
mM NaCl, 1% Nonidet P-40, 1 mm EDTA, and 1 mM phenylm
fonyl fluoride supplemented with protease inhibitor mixture
Whole cell lysates were immunoprecipitated with anti-NEDL
FLAG (M2; Sigma), or anti-Myc (9B11; Cell Signaling Technol
Beverly, MA) antibody. Immune complexes were recovered on pro:
G-Sepharose beads, eluted by boiling in Laemmli sample buffer, elé
tropharesed on SDS-polyacrylamide gel, and then transferred to a poly-
vinylidene difluoride membrane (Immobilon, Millipore Corp., Bedford,
MA) by electroblotting. For ubiquitination experiments, cell lysis was
performed in radioimmune precipitation assay buffer (10 mm Tris-HCl
(pH 7.4), 150 mm NaCl, 1% Nonidet P-40, 0.1% sodium deoxycholate,
0.1% SDS, and 1 mm EDTA), followed by strong sonication and freeze-
thaw. The membrane was probed with the indicated primary antibodies
and then incubated with the appropriate secondary antibodies Iabeled
with horseradish peroxidase (Jackson ImmunoResearch Laboratories,
Inc. and Southern Biotechnology Associates, Inc., Birmingham, AL).
Immunoreactive bands were detected by the enhanced chemilumines-
cence technique (ECL, Amersham Biosciences). For the detection of
c¢-Jun phosphorylation, we used anti-c-Jun (sc-45, Santa Cruz Biotech-
nology, Santa Cruz, CA) or anti-phospho-Ser®® ¢-Jun (Cell Signaling
Technology) antibody.

Cloning of Human NEDLI ¢cDNA—A forward primer (5'-GGTTTT-
TAGGCCTGGCCGCC-3') and a reverse primer (5-CAATGAGGTA-
CATGCCAATCC-38') were used to amplify the 5'-part of the NEDLI
¢DNA using cDNA libraries derived from human neuroblastoma and

fetal human brain (Stratagene, La Jolla, CA) as templates. The full-
length human NEDL1 ¢DNA was generated by fusion of the PCR-
amplified fragment (nucleotides +1 to +68, where position +1 repre-
sents the translation initiation site) and the KIAA0322 ¢DNA (a gift
from T. Nagase, Kazusa DNA Institute). Gel electrophoresis and West-
ern blot analysis were carried out as described above.

Expression Constructs—The mammalian expression plasmids for he-
magglutinin-tagged and Hisg-tagged ubiquitin were kind gifts of D.
Bohmann. The full-length NEDL1 ¢cDNA was inserted into the mam-
malian expression plasmid pEF1/His (Invitrogen) or pIRESpuro2 (Clon-
tech). cDNAs encoding wild-type and mutant forms of SOD1 were fused
to the FLAG or Myc epitope tag sequence at their C termini and
subcloned into pIRESpuro2. Similarly, the FLAG or Myc epitope tag
sequence was attached to the C terminus of TRAP-8. Also similarly, the
FLAG or Myc epitope tag sequence was attached to the N terminus of
Dvll. Coding sequences were verified by automated DNA sequencing.

Protein Stability Experiments—Neuro2a cells were transfected with
the expression plasmid for the wild-type or mutant form of SOD1 with
or without the NEDL1 expression plasmid. Twenty-four hours after
transfection, cycloheximide (50 pg/ml) was added to the culture me-
dium, and the cells were harvested at the indicated time points by lysis
in radioimmune precipitation assay buffer. The protein concentrations
were determined using the Bradford protein assay system (Bio-Rad)
according to the instructions of the manufacturer.

Immunohistochemistry—The immunohistochemical studies were
performed as described previously using affinity-purified rabbit anti-
NEDL1 antibody (11). Patient tissues were obtained at autopsy from
two FALS siblings from a Japanese family. The clinical course of the
sister, who died at age 46, was 18 months (case 1), and that of the
brother, who died at age 65, was 11 years (case 2) (11). The SOD1 gene
was mutated with a 2-bp deletion at codon 126 (11, 12). Normal spinal
cord tissues were obtained from three neurologically and neuropatho-
logically normal individuals. The same study was performed on spinal
cord tissues from three normal rats and a transgenic ALS rat carrying
a mutant allele of the human SODI gene (H46R) (13). These mice were
killed at 180 days. As a negative control, some sections were incubated
with anti-NEDL1 antibody that had been pre-absorbed with an excess
of NEDL1 antigen. Bound antibodies were visualized by the
avidin-biotinimmunoperoxidase complex method.

RESULTS

Cloning and Expression of the NEDL1 E3 Gene—To detect
¢l molecules that are important in regulating neuronal
progr med_ cell death, we constructed oligonucleotide-cap-
braries from a mixture of three fresh human
ma tissues (stages 1 and 2) that were undergoing
ontaneous regression, probably by neuronal apopto-
creening of 1152 novel genes by RT-PCR revealed
4 genes were expressed differentially in regressing neu-
tomas with favorable prognosis and in aggressive tumors
poor prognosis. Among these genes, we found a partial
NA sequence with an HECT-like domain (Nbla0078) that
rtially matched the KIAA0322 gene. Because KIAA0322
acks a 5'-coding region, we used a genome-based PCR proce-
dure to clone the corresponding full-length ¢cDNA. This is pre-
dicted to encode a protein product of 1585 amino acids with
homoloegy to NEDD4 E3 (15, 16), which includes a C2 domain at
the N-terminal region supposed to mediate its membrane lo-
calization in a calcium-dependent manner, two WW motifs
important for protein-protein interaction through binding to
specific proline-rich clusters, and a conserved catalytic HECT
domain at the C terminus (Fig. 14). We named this novel
ligase, which mapped to chromosome 7p13, NEDL1 (NEDD4-
like ubiquitin-protein ligase-1). We also cloned the mouse coun-
terpart of NEDLI ¢DNA, whose amino acid sequence is 78%
identical to the human sequence. Tissue-specific expression of
NEDLI mRNA of ~10 and 7 kb in size was observed, with
predominant expression in adult and fetal brains as examined
by Northern blot analysis (Fig. 1B). Its expression was also
weakly detected in adult kidney, where the size of the ex-
pressed transcript appeared to be <7 kb. Expression of NEDL1
in specific regions of the nervous system was further confirmed
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initiator methionine. The C2 domain (shaded), two WW domains (dashed boxes), and the HECT domain (solid box) are indicated. B, brain-specific
expression of NEDL1 mRNA. Total RNAs derived from the indicated adult (left panel) and fetal (right panel) human tissues were analyzed by
Northern blotting using a *?*P-labeled human NEDL1 ¢DNA restriction fragment as a probe. Control hybridization with a human g-actin cDNA
probe verified the equal amount of RNA loaded. C, expression of NEDLI in human brain subsections. Total RNA from the cerebral cortex, corpus
callosum, cerebral peduncles, spinal cord, or placenta was subjected to RT-PCR using specific primers for NEDL1 or glyceraldehyde-3-phosphate
dehydrogenase (GAPDH). RT-PCR analysis for NEDLI in the placenta provided a negative control. Amplification of glyceraldehyde-3-phosphate
dehydrogenase was used as an internal control. D, confocal microscopic images of human neuroblastoma CHP134 cells (left panel) and COS-7 cells

transfected with an expression plasmid for NEDL1 (right panel). C
polyclonal antibody, followed by fluorescein isothiocyanate onj
a ubiquitin-protein ligase activity. The degree of ubiquiti

activating enzyme (E1), bacterially expressed ubiquitin® carrier protein (E. ck
ansferase (GS NE

presence or absence of increasing amounts of glutathione:S-
in a high molecular mass complex. Ub, ubiguitin.

in the cerebral cortex, corpus callosum, cerebral peduncle
spinal cord by RT-PCR (Fig. 1C). Thus, NEDL1 isi
HECT-type E3 preferentially expressed in neurona
including the spinal cord. Using a specific anti-NED
clonal antibody that we generated, we localized NEDL
marily to the cytoplasm in both intact human neurobla
CHP134 cells and COS-7 cells transiently expressing NED
(Fig. 1D). The in vitro system containing UbcH5¢ or Ubce
demonstrated that NEDL1 has a ubiquitin-protein ligase a
tivity (Fig. 1E).

NEDLI1 Physically Interacts with TRAP-§ and Mutant
SOD1—We then sought protein-binding partners of NEDL1 by
yeast two-hybrid screening using the region including two WW
protein interaction domains (amino acids 757-1114) as bait. Of
96 positive clones subjected to DNA sequencing, one was a
full-length cDNA for TRAP-§; this was of considerable interest,
as TRAP-6 was previously reported to bind mutant (G85R and
(G93A), but not wild-type, SOD1 (9). TRAP-8 is a protein com-
ponent of the translocon in the ER membrane (10). We there-
fore examined the interaction among NEDLI1, TRAP-§, and
SOD1 by an immunoprecipitation assay after cotransfecting
the corresponding expression constructs into COS-7 cells. As
shown in Fig. 2 (4 and B), NEDL1 was physically associated
with both exogenous and endogenous TRAP-8 probably through
the region of two WW domains, as originally suggested by the

ells were subjected to immunofluorescence analysis using rabbit anti-NEDL1
sgated anti-mouse IgG. E, in vitro ubiquitination assays showing that NEDL1 has
‘was increased in an NEDL1-dependent manner. In this assay, yeast ubiquitin-

or. UbcH7), and bacterial lysates were incubated in the
olyubiguitinated bacterial proteins appeared to migrate

two-hybrid screening. Surprisingly, NEDL1 bound to
¢ (but not wild-type) SOD1 (Fig. 2C). Furthermore, the
of binding between NEDL1 and different mutant SOD1
ins was roughly proportionate to the rapidity of progres-
n (time from clinical onset to death) of the associated FALS
henotype (17-23). For example, two mutant SOD1 proteins
ssociated with an extremely rapid clinical course (C6F and
A4V) interacted very strongly with NEDL1. By contrast, the
binding of NEDL1 to other mutants was less striking and
decreased proportionately to the falloff of disease severity cor-
responding to those mutants. Of further interest, like the
NEDL1-mutant SOD1 interaction, the binding intensity be-
tween TRAP-6 and mutant SOD1 was also dependent on the
disease severity (Fig. 2D). These observations suggest that
NEDL1 and TRAP-§ are normally associated with each other,
but that misfolded mutant SOD1 makes a complex with them.
Such a complex is not formed with wild-type SOD1. The exper-
iments using the in vitro translated proteins suggested that
association of mutant SOD1 and TRAP-8 was direct (data not
shown). It therefore appears that mutant SOD1 forms tightly
bound protein complexes with NEDL1 and TRAP-6 and that
the tightness of binding in the complex is determined in part by
properties of the mutant enzyme that also modulate disease
severity of the resulting ALS phenotype. Such complexes do not
form in cells with wild-type SOD1.
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Fic. 2. NEDL1 interacts with TRAP-5 and FALS-associate t forms of SOD1, but not with wild-type SOD1.A, NEDL1 interacts
with TRAP-8. COS-7 cells were cotransfected with the indicated e gion plasmids, and whole cell lysates were immunoprecipitated (IP) with
anti-FLAG (first panel) or anti-NEDL1 (second panel) antibody. I thoprecipitates were analyzed by immunoblotting (IB) using the indicated
antibodies. Whole cell lysates were analyzed for expression levels of each protein by immunoblot analysis (¢third and fourth panels). Detection was
performed with horseradish peroxidase-conjugated secondary antibodies. B, NEDL1 also binds to endogenous TRAP-8. C, interaction between
NEDL1 and mutant SOD1. Whole cell lysates from COS-7 cells overexpressing NEDL1 and one of the FLAG-tagged SOD1 mutants or wild-type
SOD1 were immunoprecipitated with anti-FLAG (first panel) or anti-NEDL1 (second panel) antibody and then immunoblotted with anti-NEDL1
or anti-FLAG antibody, respectively. The expression of NEDL1 or FLAG-tagged SOD! mutants was analyzed by immunoblotting using anti-
NEDL1 (¢third panel) or anti-FLAG (fourth panel) antibody, respectively. Patients carrying the SOD1(C6F) and SOD1(A4V) mutations have a rapid
clinical course, whereas mutant SOD1(L126S), SOD1(H46R), or SOD1(D90A) is associated with a slow clinical course. D, interaction of TRAP-§
with mutant SOD1. COS-7 cells were transiently cotransfected with the expression plasmid for FLAG-tagged TRAP-3 and the expression plasmid
encoding one of the Myc-tagged SOD1 mutants or wild-type (WT) SOD1. Whole cell lysates were immunoprecipitated with anti-Mye (first panel)
or anti-FLAG (second panel) antibody, followed by immunoblotting with anti-FLAG or anti-Myc antibody, respectively. The levels of overexpression
of FLAG-tagged TRAP-8 (third panel) and Myc-tagged SOD1 (fourth panel) were analyzed by immunoblotting using anti-FLAG and anti-Myc
antibodies, respectively.

Determination of the Interaction Domains—We next exam-
ined the domains of NEDL1 required for formation of the
SOD1-NEDL1'TRAP-8 complex. We generated various con-
structs of NEDL1 with deletions of each domain. Fig. 3 shows
the results of immunoprecipitation assay for the association
between deletion mutants of NEDL1 and mutant SOD1(G93A).

Mutant SOD1 bound weakly to NEDL1 lacking WW domain-1
(Fig. 34), suggesting that WW domain-1 and its surrounding
portion are the region involved in their interaction. Immuno-
precipitation analysis using the specific regions of NEDL1
clearly showed that the region between the C2 domain and WW
domain-1 (CW linker region) is necessary for binding to mutant
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SODL(GY3A). Mutant SOD1(A4V) was also associated with
NEDL1 through the same region, and TRAP-& bound to the two
WW domains of NEDL1 (data not shown).

NEDL1 Ubiquitinates Mutant SODI for Degradation De-
pending on the Disease Severity of FALS—Because NEDL1 is
an E3, we next tested whether it ubiquitinates TRAP-8 and
mutant SOD1 for degradation. As shown in Fig. 44, NEDL1
clearly ubiquitinated mutant SOD1(A4V), but not TRAP-6
(data not shown). Furthermore, the degree of ubiquitination of
mutant SOD1 by NEDL1 was dependent on the disease sever-
ity of FALS (A4V > G93A > H46R) (Fig. 44). Fig. 4B shows the
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time course of degradation of wild-type and mutant SOD1 in
the presence or absence of NEDLI1. As reported previously,
mutant SOD1 was degraded more rapidly than wild-type
SOD1. NEDL1 did not affect wild-type SOD1 degradation. As
expected from the co-immunoprecipitation and ubiquitination
analyses, degradation of mutant SOD1 was stimulated by
NEDLI proportionately to the disease severity of FALS caused
by the particular SOD1 mutant (A4V > G93A > H46R =
wild-type). Thus, NEDL1 targeted mutant SOD1 for ubiquitin-
mediated degradation in the cell in parallel with the binding

_intensity.



