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Abstract
Keywords for study of pathological conditions of neurodegenerative diseases

Yoshitaka Nagai, M.D.,, Ph.D.
Department of Degenerative Neurological Diseases, National Institute of Neuroscience,
) National Center of Neurology and Psychiatry

Molecular genetic analyses revealed that most neurodegenerative diseases including Alzheimer’s disease,
Parkinson’s disease, amyotrophic lateral sclerosis (ALS), and the polyglutamine diseases share a common molecu-
lar pathogenesis, namely protein misfolding and aggregation in the brain. Recently, prion-like transmission of
these protein aggregates between cells has been suggested to contribute to the spread of neuropathology. To
cope with protein aggregation, organisms have protein quality control systems, consisting of molecular chaper-
ones and protein degradation, and therefore, an imbalance between protein aggregation and these systems would
lead to neurodegeneration. Mouse models of neurodegenerative diseases exhibit neurological phenotypes before
neuronal death, and these phenotypes are unexpectedly reversible, suggesting that neuronal dysfunction rather
than death leads to neurological phenotypes. In addition to dysfunctions inside neurons, dysfunctions of the neuro-
nal and neuro-glial networks also contribute to the pathogenesis in a non-cell autonomous fashion. On the other
hand, another class of diseases including several spinocerebellar ataxias has been discovered to be caused by a re-
peat expansion mutation in untranslated RNA resulting in its accumulation, which is called the RNA repeat dis-
eases. Recent discoveries of RNA-binding protein mutations and a repeat expansion mutation in ALS have high-
lighted the involvement of abnormal RNA metabolism in its pathogenesis. Recently, various researches on
molecular-targeted therapies are in progress, which include high throughput chemical screening, RNAI, and gene
therapy, etc. Towards development of a therapy for neurodegenerative diseases, sensitive biomarkers suitable for
evaluation of therapeutic efficacy in clinical trials are eagerly anticipated.

(Clin Neurol 2012;52:874-876)
Key words: protein aggregation, quality control system, RNA repeat diseases, molecular-targeted therapy, biomarker
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* Small animal models of amyotrophic lateral sclerosis such as Drosophila and C. elegans models.
## Nobuhiro FUJIKAKE, Ph.D., #**Seiichi NAGANO, M.D., Ph.D. & Yoshitaka NAGAI, M.D., Ph D ErFg s -
SRR o v — REEATIEITSOINIIAE UL, e S L (B 187-8502 ST RTERAN i I T 4-1-
1} ; Departments of Degenerative Neurologmdl Diseases and **#Peripheral Nervous System Research, National
Institute of Neuroscience, National Center of Neurology and Psychiatry, Kodaira, Tokyo 187-8502, Japan.

— 180 —




Neurol. Med. Mar. 2012 76 . 267
®1 BETHEBOEFIEC S Y 5 BNOBE
Tam gL H TS5 749 2 A
Tl / S e HEAHERN Y HARHET)Y HHEDY Y T HESh
i) 60H 211 4 4 2.5
TG [ 100 3 H 90t 63
Tk 25088 /{5 1k 20080 /4544 20088/ 180 8/ e
o AT AR/ Sar—L/ " W=/
fil]F A R— A i B
BT AN—2 f v Fanie s | Ay — K W
v b LSS O 70% 60% — 99%
RS T Te - mRNAZE A - Tg
(BT B & £ - Tg - A L A
St T g | SIRNADHEAL | - AMOTEA ‘o
R ) ’}f _7 / x—j ;/ SRS KIESE | - HSE GSINRE
A7) - “H 5 w5 PR
WEFAY ) == %55 w55 CI3 Cha

Tg: 2y AY 22wy, KO: /v 77Tb, AMO. 7o FLyAELNT 4 /.

WT HTDP-A43 & FIFE LB -
function & #1974 & O H 12 & Sloss of function
Wb AEEZLNTHE,
’&WWDP@@%W%@wﬁhﬁﬁwrwwﬁﬁ

DT L [ ZFUSO S -

HIALSHEE 1

BHEL B L,

s i“"“ﬁ ,TFUS?’ =

A S I8F— LRI T W A5,

Pl &9 ICALSSHEDE &I & LT, SOD1
X TDP-43, FUSH* % E”é “P_ﬁ 1 73_ 7,

AT = AL K R
ez Wi ET
Hh., L,
bokbillanT
T, EFNOET
&%,&mﬁMWL%

ERIT AT ) S L ATTE, v
LD FHEOHFEFDTFEETA AN —T v M

F D

w%%/

gtvvx%tmiowm
AT LI R, 970,
DIZOHGE T

awdaynNnefll, ¥ 71y alk
EDB{LTRES LT

HHIZ X A gain of

s51

’-} LT j,
iz ﬂb@ﬁf fﬁ?

wﬁﬂ@%HLAth
INETHEBET

WIT
L

,,.‘

g 81
»»»»» iMﬁMdﬂﬁ
L#LTw5
RNAIZ & A5/ v 7
728, Yawian kBRI, AN=T
kA 7 ) — =
=2 7
WIEE 2T FTORNEED T
B HH, ¥TT 749y L ZFHEBDTH
RO LEHEVPESTEHETH Y,
SFEAENT +

TR

,./v*\ -

179 =

BOBEFERERLHIBA KRR EDP A by
s —IZEMENLTWA.
ﬂg&mwfww»NWTWﬁﬁ%Z?U—:
epcsa, /2,
DHEFHIT @mﬁﬁx7u~“>7“

LizhioT, #

R ARS8 B LR,

YU RGHIEA

7Y Y ESBIATA D

1]!)_

Twh, i, KAEHTHL

f%%*wv

mRNAR T

V) REEA V273

M if:ﬂf;ﬁ“ ﬁ}}i’i’/ v T EY R

VR

fﬁf?fil//\“)b"(*@ﬁi TR

f ANR— AT

ﬂ?vtéﬂﬁ
T & FRRIC A & 7

'D\.—k

TEATEDL, ., AR
‘)« Ji*)‘?ilﬁ' V== 7%
THb. T1, KABEWTHD

P i At

I ¥ TOUHLEEE

BrizaE L7/l & Hh o T et iio € 7 RETH D,

Mex rﬁio’w@?ﬁf%‘iﬁ‘ﬁﬁ-/&sif{] it Twb(FE1). PLbd &S R fia g LT, EEIZ, Az
SoawYayaanid, MM AR10~14H heimeri#, Parkinsondi§, ALSZ: & & F &F %1

k= '7 AL HARTIEF I L, H{EF0f70% SRR O/ R F AR I N E TR S R,

e b %mﬁfbfﬁﬁﬁb 52k ME WM%W ﬁﬁ?%ﬁM%L%kli S I
ﬁ&jmﬁ%%#/aV/z#hl“%iﬁ LTWay-10 KT, CRE T En

éﬁﬂL Cwah, 7, MRS, BEFOETVE TZALSOEETND S 5, FHINENE T IV

Ml L CTREAEFBENTE Il #\{E s
ROER e Z ORI HT A

HENTED,

%

— 181 —

iz T,

%ﬁ@ﬂ%&%x

DOTHEHT 5.




TDP-430° D HH %
ALSD/NEE T IV

1. HEBEETELE (loss of function) fRERICHE DU /=
EFI

TDP-431%, pre- mRNA(/'? TGA TR
mRNAD G, BIREAE - 28 F 2% 2RNA(L
WA, ARNAFGEHETH Y,
OORNAGEF — 7 (RRM1, RRM2) = C
el .frF} WM EER b5 T
F N AL EREEO, BN TE RS IIEE L
TWwhHY, BTy 74V (NLS) & BT 7
FIV(NES) O Ji 2 F5 6, Az >~
FALTwWAEEZSITVA, FALSIZBITA
TDP-AZ LT OESE, CHmn 72y
FRAAL PR L Twd, ALSHIETHE, i
NP ) inDPx}SG)fFf’}' 15 5’)(‘%)\“ £ Y loss of
functionZ¥4E LA 22 5T A

a. ¥auyadyNnNIETIL

TDP-43%loss of function{i{ @12 -7 79 &
TOEEF L E LT, 200942 Feiguin & £ k
G AR AFAERE L a v Y a i b
TDPAZBALF R Uiz ay ¥ a i af;
éf% L F OIFHERATA AL 2 U L 72, TDP-43

LRMBILFEAEBRCPIUEA R L, Ml E

’C"“fi« L 78R s, Aol rilo
Foo INPREEIIIEEE = 2 — 1 2 DR i,
Tk T AR A AR ST,
fﬂ%;é:?-% EML ISP TR, E5IZZOTDP-
3R IFARD > F T AFHA R Y TR N
A ff‘U"g'futS(,h/ MAPIB mRNA, 7 -+ {ki
INEDEAD L T A 2 EANGE Hﬁ%?ﬁ‘ éiﬂ?‘*
2o FLT, TDPA3OFEMIZ L - TIN S DFE
BRI a5 295, RNA%#????}E?:J\ { RRMI"’E{%{:
FITDPA3TIEHEE L o2 &b, ALSIETDP-
43®loss of function!Z X 1) 34E T % & #42 {,f
B TLub i, (L4l {n a8z X
TDP-A3ULAERL a v ¥ a 7 /N2 fER L
203 D BRSO I AL L CEEE R
KT ks, | %}: IZTDP-43Dloss of function
f&;xﬁ @ /iﬁ LS RART WA,

b. #7571y aETFIV

Y757 4L aTFNTIE, 2010412 Kabashi

IPPAE

MEENEE 764 W3

BIET o FR P AENT ) DA T g
>uiamﬂﬁw/yvﬁﬁyxi@,@@
Zoo— 0 RO - RN e &L,
hrEL 8452 L &l ,ug Sz, FLT,
BRETITDP43 mRNAD A » ¥ 27 a2k
FHIRIAREY A%, FALSESREITDP-43 (A315T,
G348C, A382T) Tl L v 2 &R L7z, L
iR L "5“’), ZERLEITDP-43 003838 3 T 4 [k
DA ks, TDPASERIZL A
loss of function%l mz. "'gain of function® [ J5
AT = A LHALSHEHE L P BHEEGELT.
75, Ash®id *;éi*@?DP~43fl’ﬁiéfE§1’f~ﬂi’C“éé
W62l 2o v 2 e LTuw
L FLT, LAY MEAERITDPA3D I8
L0 g AR L7 2 2705, gain of function
@(fi%’? FERT AEBRTHE L Tw S (FEil).
2. M (gain of function) RERICE DL /=
EFIL
a. ¥avyavNIEFIL
TDP-43" gain of function{l i 240722 =
Y a N ETIVIE, 20004E1ZLS 0L D #6
TS, Josid, v MFERTDP43 %
BHT A NI VAV 22y 7 v anmdaynm
g‘ﬁﬁgﬁé L7z, # LT, TDPA3 % B TR 24
S AT B ELD, i a1 s
DHEHT ="§é’-H 24 “C@f%ﬁ%ﬂifiiﬁ‘ L, JHE)
EEr BT 5 WL L7, BRI
éii*ifffb««x—*i? /f*ﬁﬁ% D ?*);, T DA,
ST AFEAR Y O A, TDP-431k
FABRNEE L2255, TR P AR,
M2 iB 7z, F7:, A LFIC LALSIEE &
[AEEDTDP-43 C KW DR B 7. 2512
ff’ B 2 21D, PAEMTDP-4A3DORNAL v 7 47
IZ& D oM ESLET A EARL
ALSIZTDP-43Dloss of functionTid 74 ¢, gain of
function® A 71 = X L2 L D AERET A LdiE L7,
#vvTHanson® &, & MEAERITDP-43 % 585
T4 a3y Y a NI BuGET IR,
RS, AFmERT AT ??ﬁi L/:‘?ﬁ'. L
7L, TDPA3OHIGEE AMILEEDH 3, TDP-43
MRS *’/‘r LizZ &ms, #H ALK ifﬂﬁa‘*ﬁ‘
DIFHTLE % £, TDP-43DHEN T DFERESLH 7
ALSDOIFIEIZF G55 &% L7z, L LRitson

— 182 —




Neurol. Med. Mar. 2012

51, TDP-430ONLSZ M 5 & U'NESZ A #
RETHYavYa v ST RERL, ST
JSFE 3 ANLSZE BRI -Gl AR B e _EH OB
TR RS /T, MRET HNESERM T
FHEDHE LW ERH S L, FLT,
FALSZEERITDP-43(M337V) L Hila H R+ R L
TR Z8E L, 2 5ZIBMPFDOEH T
% % 7 Flvalosin-containing protein (VCP) ¢ 3t
SBUT & ) BFARITDP-A3 DI SR R AT
WHIREEASES 2 2 L5, TDPA30 R4
LA E R AEDTDP-A3 7 10 7 1 J /3F — DI
LS L Twb EfE L7s. —HMiguel 1,
NESZ AN HIR TORIT I Ritson & & il Hf1Z
WS THM AR E L0, WFERATHE 4
ﬂ,m5%%ﬂﬁﬁ%&(m%%&ﬁ?%%%#
LIRS AE R LT s, MBS T
T CBEINTDP-43 b gt 3o L e L 7o,
FALSZ LS TDP-A3OMifE #1252 B 8
B L Ti&, Voigt5 134 B OFALSZE RHITDP-43
(G287S, A315T, G348C, A382T, N390D) (= »
THET L, MR TORMICL B %4aHHE, &
Bjm 2 -0 CORBICLLEREER 0k
BEIOWH S 2 oEs ROl b dik LT
VB —JiEstes b i, TEH)= o — T2 TOR
BICI3EpAE R L 887 ) FALSZESUTDP-43 (A315T)
{F0E, gl L LB A B X LS,
Wzt L AFALSZE SR 0> 5 A5 T I 0O JE )
fEd AR L Al L Twvia2Y, LA LEIden
5%, FALSZHAITDP-43(Q331K) TlEEf4 1z
He TS OB & 2 2 I 4 A W LT
WAHR E5ZGuo S L A LR b &
FRE AR TlE, FALSZERDMER L TV ATDP-
BCERMOT) 22 ) v F FAL > DRFNET
Ud YEAEEEPLTEY, FEEBICFALSZER
A315TIZ & W TDPA3DE B AT 2 2 &7
RENS, FLT, EstesH i 7aE— 4 —
DL AMEE = 2 — 0 L TORMTIE, FALSEE
HITDP-43 (A315T) (2 & 0 G, )= = —
O i OBESBES L 2 e AR T L s
—JLi5 %, ALSHHETHD HNATDP-A3D Y
CEALOBER AW S 2T A0, FERITDP-
430 C KT B LU C HH REEYVIF DL > %
T AIEIR L2 CEALEE R, T A

76 : 269

INTFUEBICEIB L) B LB R R A
WAL awda v NLEFILefpm i, &
DR, BHERB XU © BRI C %
WP I L & OB LB AR % TERE L 7275,
) U E LB M R TR E AR RO R o
Z k5, TDPA3D ) vkl E AR % #)
WIS A TH L EHELL. Ll
INSY Y ay NIORBEIIENLTS
55, MR E TDP43Y) Y EMLoO M Iz ow
TEAWTH S,
ZDIEHIVoigt 5 EHIEOFH LT, TDP430
NLSZEH & 2 VISFALSZE 22 L A BRI HEE
GO AT A o707%, HHTREZ LIS
RNA#: &4 e % /0 ¢ RRM1Z RAITDP43TlE =
LOFBBANWIL LCRENTAHI L xS
22 L, TDP-A3ORNAGE AR A
Wb EEEEL TWnAY,
ZOXIIH LB ENALSEF VS a7
S a NI EWT, FOREE AN LT

H
Ay

OFIIERTIC & A EIIE LA TV A, Estesh

RO T, TDPA3OEE - Eiir w7
TEmh, WREIIBUTAEAHIA T4 — VT 1
YT BHEOEHA BRI L. FOE, BEH
RO EERHTHLTOT T —LOFT
L=y MR2EFAROIFEIIC L0 BT
W OEAHIATS LT TR ST
3 40 2 HspTOD3RBIC K ) BIRZE S
BB xR, TDPA3D I A7 4 — VT4
¥ EEALSIE IS EE R H A R ok
Ao AIZ L7z £7:Eldent id, HHEI/HYH
JiE 2 Mo E Gl R CTd ) RNACHEHC S 5 5
ataxin-2 £ TDP-43 D ¥z F i HAER 2 8 L 72
LA, TDPA3%BIC L A HIIREME S L U
Bl Tataxin-2DILSEBUZ L D B L, ataxin-2i8
(BRI LI s s DR R Lo, =
5 ZALSHEE TR0 5 LA TDP-438 ALkl Zataxin-
INERLTWA e, FLTC, bbb EESR
Z Elataxin-208 {5 HDCAGY ¥ — M EA2T~
33101 Cd 2 R T L L SALSEAE Ok
FEHBIERERL.

b. #EEF I v
20104 (ZAsh 5 (£, & MEARITDP-43 % fiifk
FTHRBTA N AT 2oy A ER L

— 183 —




76 1270

ZAEE S s -0 s ORI, v
TABOEYEELL, MG eE LS L
IS I LA, 2O EEFILTIETDP-43
O AMEIFEOT, TDPA3EREE /R L7,
FENTNLSKS ], RRMARSAID L WIEA TS
4 2oy A R L7 C R IRITD P43 D

B CIHERE A RO I 2 AR L, ALST
[N TDP-43ORNACENGIELS X 0 flfE A 1EDT
U 5B EHfmL.

Liachko & i, FALSZEAITDP-43(G290A,
A315T, M337V) DA TOFEH - L 0 FpA
ZIeGEE R E L, i 2 -0 r Ol
RS ZE RIS HIILS, o, TDP-
4313 L, ALSEEH L k2 ’} CEEbB &

UWiALA s L Tw 7z, TDP43 C ;%J;é;c?){ )
AT TR L) ER A T
FHA~DPENLEDO SN o7z,

—JjZhang &1, & NEFAER FALSZSRATDP-
43(Q371K, M337V) & 5 W IETDP-43 C 4l Fr
(TDP-C25) % fifE A THMT AHBIZVIN Y
WERER A B L, BAER FALSANTITDP431E
B L T D I E R HELSEIIR L, 5 llE
VD CTDP-C25 Tl Ml B A B & a4
AZEEFEBHL FLT, 5y Xa D
B R HET S é"*ﬂ‘/ a2 v 75 - HSF1°daf-
16D EfE 212 X D TDP-C25D k4 - R
HEESNCESEEIEEL, o7y n s
HAAgiss14 A *J A YA RN

W Zritkdafte 2 L b /T\(ﬁ'ii"l DP-437%
DL THEEEENIET A E RS L

PLEDFRDP S, TDP430)?1% ARk
DIAT 4 =717 @ENHS LTS
EEELTWVA,

c. ¥ 71w aETI

Kabashi 5 G B D20104E DG 0T, €77
T4y agiE~OmRNAA Py e ik
DB AL A W IEFALSE S ITDP-43 (A315T,
G348C, A382) &l 847- - 2 A, TDP-
@/;7&@xxﬁﬁ~WQ:1wmymmm

DG - rlagn, AL S 2o L2,
FALSZE AT 2 OB H TG 2 & 2
Ll L7z, Zo#Ers, giio £ 9 (Zgain
of function & loss of function ] A /1 = X 4, 35

HWESINEL H76% H 3G
AL T,

FUSH HHhH B
ALSD/NEWHE 7 IL

1. HEHEETES (loss of function) IRERICE DU /=
7L

FUS/TLSIZTDP-43 & [n]Ff12 & F & F 22 RNAC
WO 2 b ARNAMGEAE TH Y,
21E D RNAGEH#EE T — 7 (RRM) & N gz 7
VT B AL RO TN TR
FUHIZBEL Ty aAHY, 213 NLSENESOi
JiafF b AE L x PV L TEY, f:;
WTIEMRNADIEE., AT 5 A4 22 7 2iaT
D%, EHTNE 2L ICHIRE L"ii%”)\%{;,&
s34 ARNAZEEE L, T & SV E BRI
HALEEZLNTWA, ALSHHIETE, [iko
L 9 ICFUSORISAE D12 & D loss of function
LB EEZLNTED, FALS»’*&M):% QY E
C EHGONLSEHINIZER L T Z

a. ¥vavvyavNnNIETIN

FUSPloss of functionffi#i i 2o/ a iz
PNLETF I L LT, 20114E 2 Wang © éi, GIIRGN
DFeiguin & & [WEED FLCRUSHEA G2 a
WY s YN R L2, 2 OFUSKI AR E
IR CREE AR L, Bl FTHRAEL L
BT g, Aalmr Rl o
HiRlt v PEAIFUSO%HIIZ X b R+ 578
FALSZEHEHIFUS (R522G, P525L) Tl i L e v
ZE#&RL, FALSZHIZ L Z I‘Uga)%ﬁﬁﬁi bx
Wie Az L7z, 0, FUSHIZEFR9C X A48
HHATDP-A3D S H T L 72807, TDP~43:"
el X B FBOIIFUSOABIIC X - Tl
TAIEARML, M{EFNIIFUSAHTTDP-43D
TiiZAHDL I b S, L S5 5t
bk )FU?J’TDPfiS/fJ‘ f?‘fjé r*x{?@"%:\.
L,
Lo HfE A ﬁ&m’?é TEIZE D%
ELTwWh.

b. 7371 v aEFIL

Kabashiid, ¥ 797 ¢ v 2 o gific7 >+
Yo AENT ) S ALYy a LT,
FUS/ v 7 %9757 4 v am{EllL /o,
TOFE, EE) = o -0 ORI -

EHET 9&%’

— 184 —




Neurol. Med. Mar. 2012

Ao EEEEARETAIEAWSMIIL, &
SIZINHOEBRNT v FEFAEFUSOZRHIC X
D alfET 5 A%, FALSZESAIFUS(R521C, R521H)
TIEERE L v 2 £ 2k L, FUS®loss of function
kB ZEERWHSMIL/ L LAads, R521H
FEERAMOBEHO LT FFEOLBEITEO L
722 75, R521HZEFECldloss of function 2
7 Cgain of function D W & HALSTEIE I ZH 55 5
LHGLTHA. 55 (ZTDP43 L FUSOi {74
WaMHE Iz DWW T S BT 21TV, FUSETDP-
Q3D Y TN /oy 7 F v TR A )
RO Lot E s, WH OB R
X7z FLT, FUS/ v 27 7 A2k B #EBIH
{ATDP-A3DFEIUZ L D HE L 273, TDP-43/
& X AFEBIRNIFUSOIEHIC & ) o4+
AT EFRWSMIL, FidWang S & [FEECTDP-
43Mloss of function® F it CFUSHA 55 % & v
IALSHAE A H = K W B LT,
2. EMEE (gain of function) IREEICE DL /=
EFI
a. YyavYavyNIEFTIL
FUS®gain of functionf{iii i D72 7L &
LT, Lanson&id b PEFAERDS X OFFALSZHL
FUS(R518K, R521H, R521C) #5855 + 5 » A
Vo rvavlay NI E EEELLY, F0
M BIIRC O C I AE RIFUSIC L FALS
I THIREE S BE L, MR CToRHT
IFFALSERF O A THIGER R L, & 512460
s, SEEREE 2 Lo FBIE G FALSZS S Gt
Lz RSN L AT O, BRERIFUSISE R
15 % T A FALSZ S BICLIEHBE IC b R a3 5
ZEMWS I o 7x. FUSOE AKIZEIZow
TR s Ty, FL T, FALSERIZX
BHHEAG ML INESZE R I bl a2 Eh
&, FUSHHHEIZ BT 2 MBS 1E O 2+ Jadl
L7z, &512, FUSETDP-43 & D438 928k 1C
L0 IR EA I B 28 L, FUS, TDP-43
DNTHAAOFALSERIZL ) S5 EST L
E S 2 L, TDP-43, FUSO i 43 i 0y
IR R O E R TR A HEE L
FHVTChens b, b MFARFUSOHBIRTH
FEHIC L D AT PRSI, M -
TORBTIIMIEGIEGEH Y F 7 AKY O

76 0271

L, EEpEEE R B/ L, B 5 ICFALSEEIFUS
(R524S, P525L) Tl MM AT ES 5 2 L & 1)
S LA, SERIFUSIE B IZBRTE R R T8,
FALSZESRNE 013 O A% & ML R RAE LTz,
—J7, FUSORNAIZ LB /v o 57 Tl S
PIRFERRIY I Ul dr oz 2 £ 5, ALSIZFUS
Dgain of functioniZ & Y IEIET S L EE L 7.

Miguel®> b & FEFAERIFUSE M T 5 a Y
Ca N e R L, BIRAE, AaEEA
LA ZERaHEEL, 2RI FUSIIHIZEEL,
ML AMRZEDO T 0 - 728, EALE0 4
FrCIEFUSOARELZ Dz, &850, 5T Y+
AT Y Hsp700 36531 & ) FUSAST 5L 5 M
GEEAIIR S NS 2 LWL, AE
FUSO#EMIC X YALSH O ERI ENLS LG L
7=,

b. 8RR E F )L

AR Ao TMurakami S, & PEER &
T & AFALSAERM B L UNLS = &4 C Ao
RIARRIFUSH MR CIHIMT D I v AV
oy FRMEF LR LY, FoE, Bt
BB L OHEFALSASSMFUS (R514G, R521G) T
(0 & e BRI A D T o 7o, PEREEE
LR (R522G) R AR SR (P525L), C A%
FHICILE TR, et O3k
U7z CEAERL > 3 ) . BFA EFALSAS
FRIFUSIABEIC AT 5 A5, el gt
B, CRRIAFMTEBEMBTIIRBAELT
FAKRTIER L, PEER LY EER O T A
BRI e 2 R BIGD o 72 S 5ICRFPE Y
L 728 IFUS E FALSZA R - o 58 SEER
Tl&, BpERIFUSIE IR D 21 LFALSAE
BROF AT ESRAEFN L, F72,
PFAIFUSOILFER T & b g g i d mE L w
ZExWe I L, FALSEATIIYAERIFUSD
AEREYE £ 12 B4R Zgain of functionil X D) #
AL TALSE O 22 S L %42 L 7.

c. ¥75749vaETFI

Kabashi & [E AT O LT, #FAERIFUSOZRH

TEETT7 14 v 2 WS e ZIEIEE L
3, FALSZRMIFUS(R521H) Tld#f) =+ — 0

R OB - TR, EEREEE &2 2
EaWS AL S SIEERIFUSOIGERIT

— 185 —




761272

FEEE L o /22 s, RO2IHZASE Tliloss
of function {2/l 2 Tgain of funcuon@ AN =K L
HALSTAEI A A REE R L2, 0,
gain of function7 /"I & 114 FALSZ R AIFUS
R521H £ TDP-43 G348C ¥ D 3L4EH G, Lanson
OO E e RN L BESRIEO O
TR AR

SOD1H»HbH B
ALSO/NEMDE T IV

SODLidf I ELR A — N~ F L N7 = F
202 A MR LA B ERR AR L, M & L
ANV ARPLRET HEFETHS. SODL ;t1993
LW T OFALSDI {E;@f" Fe LTHES
TUBREY,  Zoi{i %Il SODlé’)loss of
function@ii % <, gain of functioné’))( 7=
ZEDWAISH D ERITEEZLNTWSY,

. EM¥E1E (gain of function){RERICE DL 2
EFIN

a. ¥3vyavINIETL

SODIZERIZE HALSET NV a7 3 7L
VEBLD AL I9994E | 290 THE 24L72% . Elia
50, & MEHEEE X OFALSZASHISODL (G41S)
AME -0 Y THRMHTAN I AT 22y
viavPagnNn e EB8 L Ll ﬁg}fjj
oa— 1 /T@SODI’{uﬁ'@ ‘”7‘? N ,Lj‘m:

D EMMenTBY, SODUEMEA {5 L
v 5S0D1 G418®3j%ﬁ§éfﬁﬁfi%° 10 FpdaHYIE
BL, EiEEL EOERIZRO Lo 7.

FT20034E 12 Mockett 5 (2, NEIESOD 15
i id:Lpok MNFERLB L UFALSZE R
SOD1(G93C, G37R, A4V, G41D, 1113T) & {14
SODIN 7aE—4 —~FTHHET L avray
INT AR L7230 FOHES:, ABEAISOD1D %
Hiok W hdeiiima 2721, —HOERERISODI

aﬁﬁﬁ@ﬁ%%%ﬁwﬁ%hﬁ Ll
I DFFETEHEI I A RISOD1 O IZ L b [l
L7z &ﬁ‘ , ZOFEBEIEZSODIHFEAILTIZ
L5 THY, ALSIFETHE 2 Twv Sgain
HERRAEFMETETV L

of functioniZ &

&fréffé% L7
ZESODUC L BAISD Y a7V gy /L E T

JVOBITLE, 200845127 1) K9 R I L7,

MEEAE BT6% B3

Watson S id, & FEFAERIE X
(A4V, G85R) %yl — =
7%, Elias O#58 2 B

UFALSZERIISOD1
-1 ff*}éﬁéé'*ﬁ"?‘" &z
)‘}\T{?Jg: nx. -‘yb@x. lﬁ‘

ERREARRIT ]l g '?5“7“ ks H 7z

g = 2 — 0 ORISR 8/)?;175‘0?‘ ?5‘ LD
H: PR RLET G B A ] i‘%’f? f’aé"f?ﬁ) {rE s
WATEH LI, BB L LRISOD 14

fih= o — 1 ;i:é.;s@?"‘i%wﬁ‘/\ﬁ-\fiiﬁ@%f?ﬁ iRl
s & Ll 7z, Dol ehs, va
Y a NI BT S ARSODI DM R AT
RENT

b. ## &R € F )b

FALSZERAISODI 4T A b T v AT m =y

7 #IE TOVIE 200145200 THEBL S du 7299,
Oeda® id, b MEAAB L UFALS”;’??"”SODI
(A4V,G37R, G93A) x5 5T 4 M7 0 AT =
o VR R L 7o, A %’Eisom IR
g S 7 7 BRI Tedpoiz, L
L, BR{EA ML ABIET T i"* 35’ HSOD1D 4754
[ 24, FALSERA MO R THg %
”?T":%,?'“:. R TTORM TR, R VELA b
L ARG T CESURISOD L D8 A S e,

2009’? IXWang 5 &, YFPZ AL 72 PEpA:
35 X OFALSZE L7 SODli(xSSR) ZABRERIZSE
B 2D I AY ooy rigdidsis Lon, #
DFEEE, FPAERISODIOFEH Tla £ 'fr;f&’)?‘ :
o 7oA, FALSZFAISODT TIL Mg kst 4
L, Zqi?f%'[éﬁ@’é’é%ijESODlﬁ?fﬁﬁﬁi A LJ:U\@

LTHEBML Tz, 2 LTHEETREZ LI,

Z @SODI G85R-YFPHIB B AEB I TH 5 72
OFAEPTHALTEL L k0 LT,
KB 22 siIRNAT A 75 1) — (16,757F) /0 53 A
I b AR FOMBHA 7 ) — =~
TaATG, G v 0 R HEREHS I, B
BHOBRBEBEII b A ET 5 E8 L5+
Al L7,

c. TS5 71vaETFN

200742 Lemmens S i, ¥ 79 74 v 2l
Mz e MEPA LS L OFFALSZS S ISOD 1 (A4Y,
G37R, GO3A) DmRNA* 1 > V=2 2 a LT,
SODIGEMY 75 7 4 v L 2 FTFIVEEELL /-8,
ZTOFGH, BRI TFALSEERISODID
?Jr‘%f}%ﬂiﬁz;ﬁbwn — U RO Z/ L7

— 186 —




Neurol. Med. Mar. 2012

Z LT, MAEMNERHE - (VEGE) D% B

GS4012DGHAN A AR L, [iELALSE TV &

L CTHAGHmIC B W T O HHTH L Z LR L7

b

Y EIZE~A L 912, RpTyay ey
NI, FH, T T T4 vk SN
i 7-TAR DNA-binding protein 43 (TDP-43),
fused in sarcoma(FUS), superoxide dismutase
1{SOD1) 2327 ZALSE T IVASEISE S, J5HE
BN, IR B L oW s BUE T
Thb. KETHALE LI, TDP43,FUS
DEEREFBESD & W H O IR IZ oW RIS
SFBHIATHILT VB 745, FALSOH 77 A
AR & L COptineurin, VCP, Ubiquilin-2,
CIORF727: EH o2 LR SN THEY, <
Y AT TN TR B E o n 1B oA LA
JET 2 /ANBY ) E T 2 BT, 23 8%
7 R R S L (ALS) Sl 0 589 551 A
HZALHER END S LG, F7z,
PR OR(EF 72Tk {, Ihs/hdies
VDI KO 7 U 7 H 509 720 Tl 5520 A

7)) =2 2 XY ALSIRRELZ D2 B (-3

Z e L TR FREIF A S b 2k

biff e s, S5INEMET L EHWIZK

BB R EREEA 2 ) — = 2 712 &0 G
FRETAIEDBWETH L. 4k, N+
F AP A — T MEFFIZE Y, ALS
DIFRERG, AL F T F iR
LI EPMFEENS.

X ®m

1) Rosen DR, Siddique T, Patterson D, et al. Mutations
in Cu/Zn superoxide dismutase gene are associated
with familial amyotrophic lateral sclerosis. Nature
1993 ; 362 : 59-62.

2} Bruijn LI, Houseweart MK, Kato S, et al. Aggrega-
tion and motor neuron toxicity of an ALS-linked
SOD1 mutant independent from wild-type SOD1.
Science 1998 ; 281 : 1851-4.

3) Neumann M, Sampathu DM, Kwong LK, et al.
Ubiquitinated TDP-43 in frontotemporal lobar de-
generation and amyotrophic lateral sclerosis. Sci-
ence 2006 ; 314 : 130-3.

76273

4) Sfeedharan J, Blair IP, Tripathi VB, et al. TDP-43
mutations in familial and sporadic amyotrophic lat-
eral sclerosis. Science 2008 ; 319 : 1668-72.

5) Mackenzie IR, Rademakers R, Neumann M. TDP-43
and FUS in amyotrophic lateral sclerosis and fronto-
temporal dementia. Lancet Neurol 2010 ; 9: 995-1007.

6) Vance C, Rogelj B, Hortobagyi T, et al. Mutations
in FUS, an RNA processing protein, cause familial
amyotrophic lateral sclerosis type 6. Science 2009 ;
323 :1208-11.

7) Kwiatkowski TJ Jr, Bosco DA, Leclerc AL, et al.
Mutations in the FUS/TLS gene on chromosome
16 cause familial amyotrophic lateral sclerosis. Sci-
ence 2009 ;323 : 1205-8.

8) Xi Y, Noble S, Ekker M. Modeling neurodegene-
ration in zebrafish. Curr Neurol Neurosci Rep 2011 ;
11:274-82.

9J Dimitriadi M, Hart AC. Neurodegenerative disor-
ders : insights from the nematode Caenorhabditis
elegans. Neurobiol Dis 2010 ; 40 : 4-11.

10) Marsh JL, Thompson LM. Drosophila in the study
of neurodegenerative disease. Neuron 2006 ; 52 :
169-78.

11} Feiguin F, Godena V, Romano G, et al. Depletion of
TDP-43 affects Drosophila motoneurons terminal
synapsis and locomotive behavior. FEBS Letters
2009 ; 583 : 1586-92.

12} Godena V, Romano G, Romano M, et al. TDP43 regu-
lates Drosophila neuromuscular junctions growth by
modulating Futsch/MAP1B levels and synaptic mi-
crotubules organization. PloS One 2011 ; 6 : e17808.

13) Lu Y, Ferris ], Gao F-B. Frontotemporal dementia
and amyotrophic lateral sclerosis-associated disease
protein TDP-43 promotes dendritic branching. Mol
Brain 2009 : 2 : 30.

14) Kabashi E, Lin L, Tradewell M, et al. Gain and loss
of function of ALS-related mutations of TARDBP
{TDP-43} cause motor deficits in vivo. Hum Mol
Genet 2010 ; 19 : 671-83.

15) Ash P, Zhang Y-], Roberts C, et al. Neurotoxic ef-
fects of TDP-43 overexpression in C. elegans. Hum
Mol Genet 2010 ; 19 : 3206-18.

16) LiY, Ray P, Rao E, et al. A Drosophila model for
TDP-43 proteinopathy. Proc Natl Acad Sci USA

— 187 —




76 1 274

2010 ;107 : 3169-74.

17} Hanson K, Kim S, Wassarman D, Tibbetts R.
Ubiquilin modifies TDP-43 toxicity in a Drosophila
model of amyotrophic lateral sclerosis (ALS). ] Biol
Chem 2010 ; 285 : 11068-72.

18} Ritson G, Custer S, Freibaum B, et al. TDP-43 me-
diates degeneration in a novel Drosophila model of
disease caused by mutations in VCP/p97. ]
Neurosci 2010 ; 30 : 7729-39.

19) Miguel L, Frébourg T, Campion D, Lecourtois M.
Both cytoplasmic and nuclear accumulations of the
protein are neurotoxic in Drosophila models of TDP-
43 proteinopathies. Neurobiol Dis 2011 ; 41 : 398406.

207 Voigt A, Herholz D, Fiesel F, et al. TDP-43-medi-
ated neuron loss in vivo requires RNA-binding ac-
tivity. PloS One 2010 ; 5 : 12247,

21} Estes P, Boehringer A, Zwick R, et al. Wild-type and
A315T mutant TDP-43 exert differential neurotox-
icity in a Drosophila model of ALS. Hum Mol Genet
2011 ;20 : 2308-21.

22 Elden A, Kim H-J, Haft M, et al. Ataxin-2 intermedi-
ate-length polyglutamine expansions are associated
with increased risk for ALS. Nature 2010 ; 466 :
1069-74.

23) Guo W, Chen Y, Zhou X, et al. An ALS-associated
mutation affecting TDP-43 enhances protein aggre-
gation, fibril formation and neurotoxicity. Nat Struct
Mol Biol 2011 ; 18 : 822-30.

24) Li H-Y, Yeh P-A, Chiu H-C, et al. Hyperphosphory-
lation as a defense mechanism to reduce TDP-43
aggregation. PloS One 2011 ; 6 : e23075,

25) Liachko NF, Guthrie CR, Kraemer BC. Phosphory-
lation promotes neurotoxicity in a Caenorhabditis
elegans model of TDP-43 proteinopathy. ] Neurosci
2010 ; 30 : 16208-19.

26) Zhang T, Mullane P, Periz G, Wang J. TDP-43 neu-
rotoxicity and protein aggregation modulated by
heat shock factor and insulin/IGF-1 signaling. Hum
Mol Genet 2011 ; 201 1952-65.

27) Wang J-W, Brent JR, Tomlinson A, et al. The ALS-
associated proteins FUS and TDP-43 function to-
gether to affect Drosophila locomotion and life span.
J Clin Invest 2011 ; 121 : 4118-26.

28) Kabashi E, Bercier V, Lissouba A, et al. FUS and

FENE BT6E W3

TARDBP but not SOD1 interact in genetic models
of amyotrophic lateral sclerosis. PLoS Genet 2011 ;
7 el002214.

29) Lanson N, Maltare A, King H, et al. A Drosophila
model of FUS-related neurodegeneration reveals
genetic interaction between FUS and TDP-43. Hum
Mol Genet 2011 ; 20 : 2510-23.

30 ChenY, Yang M, Deng ], et al. Expression of human
FUS protein in Drosophila leads to progressive
neurodegeneration. Protein Cell 2011 ; 2 : 477-86.

31) Miguel L, Avequin T, Delarue M, et al. Accumula-
tion of insoluble forms of FUS protein correlates
with toxicity in Drosophila. Neurobiol Aging 2012 ;
in press. .

32) Murakami T, Yang SP, Xie L, et al. ALS mutations
in FUS cause neuronal dysfunction and death in
Caenorhabditis elegans by a dominant gain-of-func-
tion mechanism. Hum Mol Genet 2012 ; 21 : 1-9.

33) Elia AJ, Parkes TL, Kirby K, et al. Expression of
human FALS SOD in motorneurons of Drosophila.
Free Radic Biol Med 1999 ; 26 : 1332-8.

34) Mockett RJ, Radyuk SN, Benes JJ, et al. Phenotypic
effects of familial amyotrophic lateral sclerosis
mutant Sod alleles in transgenic Drosophila. Proc
Natl Acad Sci USA 2003 ; 100 : 301-6.

35) Watson MR, Lagow RD, Xu K, et al. A Drosophila
model for amyotrophic lateral sclerosis reveals
‘motor neuron damage by human SOD1. J Biol
Chem 2008 ; 283 : 24972-81.

36 Oeda T, Shimohama S, Kitagawa N, et al. Oxida-
tive stress causes abnormal accumulation of famil-
ial amyotrophic lateral sclerosis-related mutant
SOD1 in transgenic Caenorhabditis elegans. Hum
Mol Genet 2001 ; 10 : 2013-23.

37) Wang ], Farr GW, Hall DH, et al. An ALS-linked
mutant SOD1 produces a locomotor defect associ-
ated with aggregation and synaptic dysfunction
when expressed in neurons of Caenorhabditis
elegans. PLoS Genet 2009 ; 5 : e1000350.

38) Lemmens R, Van Hoecke A, Hersmus N, et al.

Overexpression of mutant superoxide dismutase 1
causes a motor axonopathy in the zebrafish. Hum
Mol Genet 2007 ; 16 : 2359-65.

188 —







