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Studies on the changes of glial cells under the deficiency of sulfated glycolipids
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ARILPTIE, AT OMSEEZ W%,
BCA : bicinchoninic acid
BrdU : bromodeoxyuridine
BSA : bovine serum albumin
Caspr : contacitn-associated protein
c-fms : colony stimulating factor 1 receptor
CGT : UDP-galactose:ceramide galactosyltransferase
CMT : Charcot-Marie-Tooth
CST : cerebroside sulfotransferase
CSTKO : cerebroside sulfotransferase knockout
DAPI : diamidino-2-phenylindole
DCUNID?2 : defective in cullin neddylation protein 1-like protein 2, DCUNI domain-containing
protein 2, DCN1-like protein 2
DEPC : diethylpyrocarbonate
GFAP : glial fibrillary acid protein
GLAST : glutamate-aspartate transporter
MAG : myelin associated glycoprotein
MAL : myelin and lymphocyte protein
MBP : myelin basic protein
M-CSF : macrophage colony-stimulating factor
MPZ : myelin protein zero
Navl.2 %7 % A 7 : sodium channel, voltage-gated, type II, alpha
Navl.6 7 % A 7" : sodium channel, voltage-gated, VIII, alpha
NEDDS : neural precursor cell expressed developmentally down regulated protein 8
NF155 : neurofascinl55
OPCs : oligodendrocyte precursor cells
PB : phosphate buffer
PBS : phosphate buffered saline
PCR : polymerase chain reaction
PFA : paraformaldehyde
PLP : myelin proteolipid protein
PMP22 : peripheral myelin protein 22
POA: proligodendroblast antigen
PONY : potentiating neddylation domain

SD : standard deviation



SEM : standard error of the mean
SPF : specific pathogen free
ssDNA : single stranded DNA
TGFBRII : TGFP type II receptor
Wd type : wild type
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PRERIE, IR S 7Y TR SAERL STV DL RS ZE R A fIE L, AT
VFTAEN LT BBREEZIT) 2L o THRER Yy U —27 2L T 5. il 2 ORI
falx, AR AT ORISR & MAFHOEE &) 2 FEOEEL RS, HICRE
ST HNERAE AT S . 2O X 5 22 F e % o 7 I HAAEERE 2 (R C 2 D1X, APfiiao
HEIEDTAIZ L > TR DFEEOS T OREICL VBRI TS Z 2L D, AN TORFE
WP BRIEFIC L VITON TS, 26 OBEBXME BITMIaEzZ i Lz N 7 AA 4
PRV T LA F IR EDBIMC L > THRAET D, ZOA A OMEANIN~OBE) 2§l L T
DONAF L TF v 2N ThHD. BHRZGECHREHIIARIZ S 5 o F 7 2 %4 L T ORI &
WA TEY, MR TR L7/ R, IEEEMA AT H. ARMFROGE, ISEVEN
I8 K 0 R AR <ARET 5. T, BAESEICITER Lo A 4T v RV OFEHR
RBENEETHD ZERENTND D2 L LARNDS, A4 F v RO« KR
PR EBAL D HRINE A~ DEGIER, Z DJRTEDRFFEDOEEN & D L 5 Zefifai & 5 W idiiast s 75
JNZ RV SN TV DT L UXE AR SR8 20,

HRX AR R 1T, B8 L 1000 B OMRAIIL & ZD 10507 U THIBEMAGFEET D E Wb TN g,
F 7V TMX, AV ITF R RaY AN, TARaYA N, 27070703 EENSRD.
FV TF o Rat A MIREFICI Y v E2RE, TR Math A ORISR ORE
DRE 25D LT T AFPERLT B im0 A TWS. 7 v 7 7IEREMIC
T L2 2RI L > TIMNRFTICB T 2BEDE =2 1 o 7 &7, HIELICE R RIS T 5.
I, 2607 U THRAIKO SRR LR T D L THERRE AR LRI NTE
TV, MRMIEICHFIET 22 OZEKR, A A F¥RINVBLORN TV AR—Z =R 56D
Y THIIRICOHFIET S Z ENME SN, &7 7Hla & RO I X0 B BEER N
HHZEIRENTNDS )Y,

BEBMOBE DL 1L, TR TIEAY T Rada b, KRR TIEY = U U
JARZNZNIET DI =) Lk~ TEDNTWS (Fig. 1A). SV A2k, AHEmiREhER
L7 ey, TAUCHEET DT ) — R, Ux 7 AZNRT ) — K, a7 I UE
b A v % — ) — RO 4 SO R A A 24005 (Fig. 1B) V2. s OIEB B AR 41T
B D EAARFET N DAL F T v 3T T v Enilimls, SEAEFET Y DAL T F %
KT D % 7 AZNT )= RIZENENERT D, ZNbDAF U F ¥ RVITIL S ENTRT
— RER T, IV VR E MR OEMBRENESEEAS T2 LICL 0T ) =T x vy
varEBELTWD., 20Ty 7 v TR L) 7RI AEE T S D
BEESTIVERSATVWS D2 Zhb0n FERIBSEE~Y 7 AICBONTEY Yy v va v
WIS N2 WET TR, R UL XD RR EOA F 0 F ¥ X087 ) — RITHFET 5507
FOREICSREEZBD L Z b I, A 50 F ¢ L ORI AL ~OBLE 5 5 phik
ML =Y IR 7 ) 7RI L O BAEROEBEW L NT ) —F NV Y 7 v a OB Y B
BRSNS,



R ARG DR T0%DMRE, 30%M8 2 LN BB AY, XD CHREICE AT Rk
RIETH S . BRI, IBEICEDDHEREOEARK 30%TH Y, hMoMiaE (BEISEH%) &
UL THERMICE Y. 77 hevT7av R (£EH7 7 FontZ I R) & ZHUTHBEED
masniczZv7 7 F KA, I COFERBEREEL LTabnTWa. HIEEIIEE 2 HiK
DO EIAFAET D IR w2 4% 5 FERR B L — XA IR FERERSC 7 7 N oAk, Al 27
Vo Tie Efka aBREZR FiD. LD LAad D, THODAT 4 VIEIREAN I =Y TRICT R
FNZB LTI A2 232\, cerebroside sulfotransferase (CST) 1%, 777 hEL 7 vy Rk
MRLHERE CHOLANT 7 F R G T HMETHD (Fig. 2). KEERLHH T 7 L TR
VN %/‘\EET%G cerebroside galactosyltransferase (CGT)& HIZHHXIS L USKREMRERO I =V U E
FABIZ FIZFEBLL T 5. CST R~ 7 A (CST knockout; CSTKO ~ 7 &) Ofighis>6, CST
IZANLT 7 F ROMIZAY 72 Rad 4 MiBHiia oligodendrocyte precursor cells (OPCs)IZ{7-7E
T 5 iR L HEE & proligodendroblast antigen (POA) DPEAIZ HE > T D Z EBH LN -
%“Xcmkovvxi AR BOERNER BN T B AR~ 7 2 (Wild type; Wd type) & X T
7208, 5 HENGEBIRFCS D X EOMBIERA B L, EITT 5. I LUKRM
RRTIE, a7 Iz (R CRREONEE 2 BROZEEY) 13EFITER S
D08, ﬁ~®ﬂ7/~5wyy/7ya/@%mﬁ R, ZORE, MR LEOT ¥ RXLDRF
TEAIC R FE N R ONAREERHEDIK TELELDZ 0D, ANVT7F RNRITY b > THE
E&%&E%T%é_&#%E#_éMTV -0 BERERR IR & O S RIS 1T D AT
%> CSTKO ~ 7 AT Vinh, POA HDWNEANLT 7T R3vA ) 257 v Ra A hOR#esy
{EOFEIHE 1 & L TE IRt b R ST D, £, FHARER OFEEEE TIX, OPC #3i
E'ﬁ INDZ IR IEF R BTN E R DAY A7 Red A MIBSRES LD

, FEHICBT D OPC OIS bIELIERE SO L AREEnH 5. 2oLk H1Z, CST
ioffziéﬂ’bé@ﬁﬁ&ﬂﬁfﬁﬁbm BEYE D 70 & FTIGZEEFED A Y 7 Ra A F Rkl
HIFT7e 6 < AMRBMEIZ /R STV D23, invivo IZB T 2EENTH 6522 TlidZzvy. 612, CSTKO +
TADKMMIERTH, Y2V MRICBWTALT 7 F RBRBET L LIk, T —F
NV x 7y a UNEFIER S VTR EEEOK TR EORFENRLLNS 'O Zofw,
CSTKO ~ '72 1, FIAXES K ORI R ISV TIREEECHDR B3 o7 I = U 21T D2

{LFENEE DB 2 3~ 2 DI LT\ 5.

UbDZ &b, RFFETEII=Y /E%i’l‘%ﬁiﬁi Y CTHDANT 7 F Nig EORERLIENEE A
BRSNRNZ EI2LY I =) VRIS 2ok LEITIEORER 2 29 % CSTKO =7 AD
M 218 LT, MRSRIC ﬁéﬁmﬁxﬂﬁ#‘*‘ﬁ“’?’? HEIZHONZTHZ AN E L, 1 ET
(3, BREREHEAEE KRR O FARARCRIZ IS T DR E P oo 77 U TR 0 b e T, 5 2 B
Tl insilico fEHTIC L o THex B2 L L72/3T 7 — RJETESr - DCUNID2 (defective in cullin
neddylation protein 1-like protein 2, DCUNI domain-containing protein 2, DCN1-like protein 2) 35 LK O
NEDDS (neural precursor cell expressed developmentally down regulated protein 8) (275 H L, CSTKO

~ 7 AZ¥1F D DCUNID2, NEDDS8 OZALZFH~2% Z L2 LV Wi LR E O KR 7 U 7
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oligodendrocyte

neuronal M./ A7

cell bogg axon -

=/ lnltlal segment QL i nerve terminals

perinodal astrocyte

Na' channel

compact myelin paranodal junction

Fig. 1. Structure of myelinated axons.

(A) Myelinated axons and surrounding glias in the central nerve system (From Poliak, S., Peles, E., 2003%).
(B) Schematic longitudinal section of myelinated axon around the node of Ranvier is illustrated. Four
distinct regions of myelinated axon, including the node of Ranvier, paranode, jaxtaparanode and internode,
are represented. Voltage-gated Na' channels are located at the node of Ranvier. In contrast, voltage-gated
K" channel are concentrated at the jaxtaparanodal region, which is a flanking region of the paranode. At the

paranode, paranodal axo-glial junction acts as a barrier to prevent lateral movement of these channels.



Ceramide

ceramide galactosyltransferase (CGT)
v

Galactosylceramide

cerebroside sulfotransferase (CST)
v

Sulfatide

Fig. 2. Biosynthetic pathway of sulfatide.

Sulfatide is a major lipid component of the myelin sheath and synthesized in myelin-forming cells,
oligodendrocytes in the central nervous system and Schwann cells in the peripheral nervous system.
Sulfatide is biosynthesized via sequential reactions catalyzed by ceramide galactosyltransferase (CGT, EC

2.4.1.45) and cerebroside sulfotransferase (CST, EC 2.8.2.11).
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BIE ANT7F FRE~URITBIT 5 HREARR S Y 7O T

FARARRR O 7Y TR, AV 27T RadA h, TAaY AR, 27070 TOEC 3
FEICPEEND. AV AT Radh A ML, REREEICI =Y V2 BRT 5. IV 0%
i & UC@ < fth, TEBEAORA L OB EREBANKFNEA A Fr 2V E T BT
RRED I EB ST L DOICHEBERREZ R LTS D2 72X bt o T, HRROREES
ISR OTEFEOHERE, MEMBIFI O AL, MR ~O = XL F—JHOME R &, R0
HARB RS L OMRREIC R E R RE 2 R7- LT D Y. F7, BE AR ITTHRARR DS E
BILOMEFEFHOMIZ S F 7 AL T » il 2 o K& Y, Zh2n oMk RicE
FED b7 U AR—H =R KR D WM~ N 7 AZ R EEERBIEH T LICE o T,
TS DERR R OHERFOMBEII 21T 5 Z L MR Mo TE 2 DY &b, K
PR R DER & TR BRI TR M L Sy, ARBVEMEME 2 oW L, H5E U CRBMEE 217 5 2 & 23
HILTWD. ZHuzxtl, I 7a 7 U7, @FEFRER (resting type) & L THXMRERNEET
ICBRTE L, ARSI ORISR T e —L LT b & ), AR S 5\ IR AR
RECHATMIN/ZR E2BRT DI LICE T, MRROMIEHERICHE L > TS, —F, iR
[CRIELHRIE £ - 13l E ORI B EE T D &, Mx RERTFICE > THEM LS D P 3EM
I a7 ) TIFRESICEEL, Ex ORERFOTA NIA 25w T 52 812k, JEH
DAL DS 5 VT EVEIC S L TR OB 21T 5 2.

BLARRIE, ICT 72 & th o AR ARIR R DI & RIERICHAERNCAR RS IR S, M
RRETHIR OB & 2o 3 FEO 7 ) THIKIZ L > TR STV A, s IZiRERN o
M Flod D 2 L, RIS SR & 277 ) 7Rl BIE % in vivo THEATS D DI
LTW5A. FRCI = Y NIABRRINOER S A2, FEEBMICBIT A4 3757 FathA K
Rl Db I =V UIEGEREEZIE D T ENAEETH H. OPC ITMRAEZR N = K=K CiE
LI, ¥ UART v N TITAEEELD LHARRENICA Y 383 L O X ) bR\ 2> T
9 5. OPC OBENINREKIT < @ lamina cribosa (i) TH#Ki> 5. BEhL 7= OPC IXHHAHEN T
B L, A% 57 HIMEN O REMEL TI =V V2 LIGD S, AV T7 0 Rat A ok
1%, IV U ORIICEFR UBRMICITEROREREIC DL 2 &b, TR =R L
Ik o> THBICHE 2210 Tns 9. LasL, OPC OBE), H5l, MIlasR &b % OPC H
ROFREIFEFIZB L COFEMIEE I & Tldu.

ZARMEALAE D K 5 72 FARAR IR R OBEEMER B CTIE, {EM b L7277 XA hathag v m s
T DREER OB K & A B & Bho U2, BBERE PR Z F0 & LT OPC ORI E L D
2 LanL, PARMEER TIE OPC OERIC LD S FRB%ICI = ) U N FoIcHE SRV
W, TRMEEIREN A SIS U CRBIEEZET I LN, BEOTHREELTIHFKE 2> T
L. ZO, FMROFRERREZHEM LI =) VAR RESEL DI, b7 )T
DEALZEFIY , OPC DA LR OME, I =V LR ENED LS T TITbil o a2 6
DT HZENHEETHS.

CST X, HE CRLEEIICHFRBL KRNI =Y 2K T 2 FERFERE CHHLHT T 7 b
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LT w Yy FICHBEZMNIMLALVT 7 F ReGlT28#ETHSH. £z, CST X OPC ITIFET
% POA DFEAIZ B> T 5. CSTKO ~ 7 ADHHEMIRZATIE, IV DALT 7F R
KETHZELICELT, 27 "IV VEFETDICEPPDLT I VEmD /T ) —
7”V¥7795Vﬁ%ﬁéﬂﬁ%mﬁ)bﬂb TR R ARG T D A7 7 F RUSOBIRE
mkiﬁ%hﬁwm)*®ﬁ&>CMK07WXi AV A7 Rad A Rl =Y
BFDALT 7 F I\%D POA 72 E DOWBBLHEREE DEEI D D VNIRT ) —F NI x 7 g
COBREN AT 20IE LTV D. ZHE TOMENS, ZO~7 ZAOHFRMRATIE, 3=

U I > TAE LD IETOMRE Lo U 7 AF v /LD Navl.2 7 ¥ A 7 (sodium channel,
voltage-gated, type II, alpha) 72>& Navl.6 %7 % A (sodium channel, voltage-gated, VIII, alpha) -~

DEBBF+3THY, 70 EoBIMORBEICRFERRLOND » (Fig. 3). £z, HH»R
iR oY a WA/ RN ] ] &017/t:&?%;U%wﬁ&%$L@4ﬁ/%k*w7?x

B =AU TV E, ZIUCEE - TAR 5-6 BIRED DEEITIEOMRIER S B 5 101, F 7z,
BB ROV T, ANV 77 F KB4 D 270 Ra¥A hOREIMEIRd 5 A0
F & LTl mREME DS R SR TS B o X512, CST T & » THEA SN DL E A
RN U 72 PR R DA T <, FOEEEICB WA Y 57 Kat A M RabiigicBE b 5 alhe
PRITR STV DAY, FHMIZIA & 23 TldZav.

UbDZ &G, 81 ETHE, CSTKO v U AHMRRICABNDA Y 72 FudhA i LU
D7 Y THRROECETHRD Z LI L D, PRI RICE T DB LI D& B 2 10 & i
L EHAME L. 2072w, A% P OREEREC I = U VIAEERE, & 2 WITRERD CSTKO
~URIBT LAY IT U Reth A RO E TS5 2 Licky, VAT Fad
A NSRRI BT DEREBLHEIRE OREI 2 SnIc T 5 LIS, T e KR A A T ¥
INVEBNELROND 4 BEED CSTKO v 7 R &, F ¥ FILOERN 2L 720 B 5 2 A i
WEAT 2 22 Wl CSTKO ~ 7 A2 MR EPHD 77U 7 DEAGIZ OV TR L 72
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A Wild Type Mice

+ channel

presumptlve

juxtaparanode paranode

Fig. 3. Defect of paranodal junction formation and alteration of ion channel distributions in
CSTKO mice.

The paranodal regions in wild-type (Wd-type) (A) and CSTKO mice (B) are illustrated. (A) In Wd-type
mice, Na' channels are restricted to the nodes of Ranvier, and the K channels are concentrated in the
juxtaparanodes. Myelination causes subtype change of Na' channels from Navl.2 to Navl.6, resulting
maturation of the nodes. (B) In young CSTKO mice, the widths of Na' channel clusters are wider than
those of wild type mice, and the K™ channels are aberrantly localized to the presumptive paranodes. These
characteristic channel clusters gradually disappear with age and these channels become diffusely

distributed in aged animals. Subtype change of Na" channels was disturbed in CSTKO mice.
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B1E H1H EBRMBBXUOERTGIE

1—1—1 R

CSTKO ¥ U A IV =2 #—7TF 4 v 7RIS L 0 ER SN 10, RIRKY: RZHE—Je4 (Bl
RF) Kot sz, ~7T e #EG R~ 7 A OLZRUZ L A ENTAF ORI FAUE, polymerase
chain reaction (PCR) EIC LV EE L, Wild type (Wd type) L OHERESIKREEZBRICH .
BIZTZMHO 77 A ~—1%, Wd type DH|EIZ 5’-CACACTGCTCAACATCCTGTTC-3>, CSTKO
~ 7 ZADHFEIZIL 5-CTCATTCCTCCCACTCATGATC-3> % ZNENT ATV — KT T4 ~<w—L L
THW, UNR—=XT7 57 4<w—ZEE B 5-TACTCCTGCAGTAGCACCAAGT-3> MW=, 1IEF
o hr—LT iﬂ@%é%iﬂLW®W@mm7?X%ﬁmt

KEREYIL, BRI R EEREBYMERIC BV CEIE (23£1°C), 1HE (55£5%), 12 R JE
DO ERFIRI(L Tkt & K% B HIZ5 X2 Specific Pathogen Free (SPF) DERE: N Cflw L7=. #¥
DY PN LTI, HRIER R FIEREVWHLE DN TT o 7o, ARSEERGHEN X AR K
PRI B THAGRO L THEM L.

1—1—2 ¥#EREE

FEEBPEOMATICIL, A% 1 Rilie, 3 Alis & 5 HilimDo~ v A 20 L, BT % 24 KEFIATIC BrdU
(bromodeoxyuridine, Roche Diagnostics, Mannheim, Germany) # /K& &H7- 0 100 pg/g CTHENVEN& 5
L7c. B HIRO~ T A% COJUS L > THEREL, (EMITHEE L7k, Bilfg L7z, FEH 2005
X0 A LENICHIAK, 0.01 MPBS (phosphate buffered saline) , pH 7.4, 4C &AL, A.LEUIBE
WLV MR ZE e L7e. K & [ & D 4% PFA (paraformaldehyde) /0.1 M PB (phosphate buffer) ,
pH 7.4, 4CTHEWREE L, SRR afm L, R C—BRiEEE L.

W & 22 WD~ 7 A% Y I )~ F )L 45 mglkg IEIERNFR 542 X THREE L, BN CHEE
L7=%, B L7z, 3REFZO00E K 0 A LENITHI AL, 0.01 MPBS, pH 7.4,4C% Y A KR
> 7% W TCHE 3 ml/min THEAL, AOFUIBRIZ LV ik A PEV i L7z, (RE & A& O 4% PFA
/0.1 M PB, pH 7.4, 4C CREMRIEE L, HAAFREZMH L, Rl T4CBugiEbE L.

1—1—3 ®HFEYIH O/ER

REEE L 7= & IEYR 10% sucrose / PBS, 30% sucrose / PBS (Z&#4 L, Tissue-Tek® O.C.T.
Compound |ZEH L, RT7A 7 A ATHKES W72, HAEL7-HBIT-80C TR L, HHRFICY Z
AF AL N THREREEAHIZ 10 um, insitu A 7 U XA B — 3 UHIC 20 um OFEEIG) T A AE
B, MAS =— hRA T A RIZO®, EHEIHHEHLZ.

7ok, FEEBMEOMARREOMHTICIL, HBm COWM AT o7, IRERZ M7 B % DR %
10 pm OJE X THGEAYIZHEY) L CTRITOI 2 ER L, 2% 250 um T OR 35 Z L1k v, 1.5
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mm D S OHMRE 6 ATy 2. K4 L2 fE IR ICITWIEIZ 1 205 6 D&FEFSE2 DT
(Fig. 9A ).

1—1—4 HhEaik

1—1— 3 TER L7287 % PBTGS (0.1 M PB, 0.3% Triton X-100, 10% goat serum) T 1 I#]=E
RICTT7my X VRIS LTet:, — kLK% PBTGS TAR L —Bt 4C TS S 72, Y% 0.01
M PBS, pH 7.4 IZ{2 L, =L TS5 M X3 ElH Lz, £0%, ZIkHIA% 0.01 M PBS, pH 7.4 C
AR L 1 REH IR RS S, YA % 0.01 M PBS, pH 7.4 (212 L, =RIRT 5 43 MH X3 [FI%E4 L 7-.
st Yets & LT diamidino-2-phenylindole (DAPI, Molecular Probes, Eugene, OR) & %\ % propidium
iodide (PI, Vector Laboratories, Burlingame, CA) % ] L 7=. & AAl (Vectashield Mounting Medium,
Vector Laboratories, Burlingame, CA) & %7 /3— 7 < A (Matsunami Glass Ind., Ltd.) ZH W\ TEAL,
JERZ L7z

Table 1 /] L 72 Hifh

k4 Eaw A RAE =R
Anti-NG2 rabbit polyclonal Chemicon (Temecula, CA) 1:200
Anti-bromodeoxyuridine (BrdU) rat monoclonal Abcam (Cambridge, UK) 1:100
Anti-single stranded DNA (ssDNA) rabbit polyclonal DakoCytomation (Kyoto, Japan) | 1:200
Alexa 488-conjugated anti-rabbit [gG Molecular Probes (Eugene, OR) | 1:3000
Alexa 594-conjugated anti-rat IgG Molecular Probes (Eugene, OR) | 1:3000

1—1—5 BrdU Z HAV 7= EEFEA A H

1—1— 32X ER LA % DAPI THth L7-D 5|2 4% PFA /0.1 M PB, pH 7.4, 4°C CEE
L, 0.0l MPBS,pH 7.4 (2 L, IR TSHBIX3EEEH L. Dk, YA Z2={E T2N HCl &
FAWT 10 3L L, =i T 0.1 M sodium borate buffer, pH 8.5 C 10 43f#*F1 L, 0.01 M PBS, pH
74122 L, FIRTSopMX3EERF L. 20Kk, 1—1—4 LRRICRERGAEZ L.

1—1—6 SEREETROEERIMIT

1—1—4 TERLImEREU O 181% Pascal laser scanning microscope (Carl Zeiss,
Oberkochen, Germany) Zfif L, 1 — 1 — 5 CERk L7 tat] i Ot AxioCam HRc
CCD camera (Carl Zeiss) ZfEfH LB 2R Lz, ERLO 72O OHARREOEHE O R M,
AxioVisionRel.4.6 (Carl Zeiss) & T, %« OfifE (um?) ZHM L7, BRI S 2 Y@t
MR 2 GHH U7z, b U7 ks TRt L 72 Bt ia 2810 & 512 10000 28T 5 2 &2k b
HNL IR 8 72 0 OMIIAEL (cell / 10000 pm*) ZHH L, et 217 7=

15




1—1—7 ETHEKEEIC X 5T

4:4% 10 H RO Wd type & CSTKO~ 7 A& Y L )~ F /L 45 mg/kg JEIZEN T 542 - THEREL,
IMEMZ TREE L7zte, B L7z, EHE20RE &Y ZLERNITHIARK, 2% PFA / 2.5%
glutaraldehyde / 0.1 M cacodylate buffer, 4CZ7FEA L, A.OEYIBIC XV Mk 2 e ik U CHEGRE E
L7oRBET— 4°CIZB W THEE L7k, HsRaRt L7z, Z D% 1% osmium tetroxide / 0.1 M
cacodylate buffer (Z{2 L =R T2 R [EE 21T - 72. ¥ > 7 /11X ethanol THizK L, Epon 812 (TAAB
Laboratories, Berks, UK) (203 U 7=, FppiReElrm o EETIZ i L 2 271 h—24A (EM UCG,
Leica) Z i L, uranyl acetate & WEREEN 2 F LYeta L7z, Yo 7 V3B iy & 7 B sE (JEM-1011,
JEOL, Japan) Z i/ UfREE L7z, R LZER D RRE, 2327 FI U 2L T
LB AREL, a7 IV UIBAEIE (%) ZREHL, SEHET 21T 7.

1—1—8 insitu "M TV FAE— 3 ik
1—1—8—1 cRNA Zr—7DOfEH

P L 72 % cDNA IZLL T D & 39 T 5. myelin proteolipid protein (PLP) (Z-DU N TlX~ 7 A PLP
cDNA OFRERTEIK % & T» EcoRI Wi /i 1.4 kb % pSPT18 ~~7 % — (Boehringer Mannheim) (27 7
n—=2 7 LEbozfMAL, E#kICIE Sall b L < 1% Nhel 2 L7= **. macrophage colony
stimulating factor 1 receptor (c-fms) 22V Ti%, IMAGE Clone 873436 (Genbank; AA473814) 75
HEFEACF 1068~2100 [ZFHY4 35 1 kb W% pBluescript X7 ¥ —(ZH 7 /7o —=27 LIzbD%
EA L, E8E{EIZIX BecoRl & L < X Notl Zff ] L7=. glutamate-aspartate transporter (GLAST)(Z->
WL~ 7 A GLAST ¢cDNA X ¥ H5JEAC051 1746~2478 [ ZHH 44 2 FBAZ 0.7kb % pBluescript ~X27 %
—HTru—=r S L bO& AL, EHEICIE Sall L <% Nhel ZfEH Lz 2. E#Hk
L7z cDNA L7 = / — /Ui K 0 RS L 72 K584 L 72 ¢DNA 7> 5 DIG RNA Labeling Kit(SP6, T7,
T3) (Roche) %A\ T DIG 7L &7z cRNA 70 —7 % &k L7z, G L7 cRNA 71— %
1%7 v —AF7VTEKIKE LI, =F Vv LAT7n~A FTRAL, RNA 72— (0.1~2kb,
invitrogen) & b LR 2 B H L7z,

1-1-8—2 ATV HAE—va

1—1— 3 TIERLZZBHE Y A 2 50°CIC T 15 /3 HRt§%, 4% PFA/PBS (Z=R1RE T 20 75l L
CEE L7=. 0.1% Diethylpyrocarbonate (DEPC) ZL¥f% 1T -7 PBS (DEPC-PBS) T 5 43f#]x2 [E]D
PEF 21TV, 20 ug/ml Proteinase K / PK buffer (50 mM Tris-HCI, pH 7.6, 5 mM EDTA) (2 T & T 30
5y[ALEE L 7=. DEPC-PBS T 5 43[H¥E# L, 4% PFA/PBS (2R T 15 M EE#%, 0.1% DEPC
LER L 7275847k (DEPC-DW) (Zi# L C9 9"\ 72, i ERTIZEHH%EE L7z 0.3% acetic anhydride/ 0.1 M
triethanolamine-HC1 FZHI 2 W CA X —F —THEL LN ORI 15 o E, 7Tk
Z1T->7z. DEPC-PBS (T 5 43filiz L CHEH L7-#, 65°CIZIR D TI\V /- Hybridization buffer (50%
formamide, 5xSSC, 0.2 mg/ml yeast tRNA, 100 mg/ml Heparin, 1xDenhardt’s solution, 0.1% Tween20,
0.1% CHAPS, 5 mM EDTA) (CUIfF &2 L, 65CT3~4 M7 LA TV XA B =3 L &(To
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7=, D%, A AT ¥ = U &2 KEIZE &, Hybridization buffer ¢ 1~3 ng/ul IZ AR L
7= DIG-labeled cRNA 71— (1 —1—7 — 1 TER) Z20®, KIEBALRNE I ICT 7 ¢
WAL THAN=L TS CT s Sz, £D#%, T8 65CIZiE D THRV 7z 1xSSC (150 mM NaCl,
15 mM sodium citrate, pH 7.0) / 50% formamide (Z/~A 7 U XA EB— a L% OYUF %R LT, 65C
TI15 5[], BLO30HHOBEHEEZIT-o7T2. I HIT, T8 65CITRD TERUZ 0.1xSSC & T
65°CC 30 sy Lz,

1—1—8—3 v/ Lokt

) % MABT (100 mM maleic acid, 150 mM NaCl, pH 7.5, 0.1% Tween20) Z{% L, =i T 30 %
fx2 BIgEs Lo, U Z2EA4 A M F ¥ 2 /3—|Z8 X, Blocking buffer (20% heat inactivated sheep
serum /PBT) Z MO, =|E T30 ~7 2 v 5?/7&75 %47 7=. WIZ Blocking buffer T 2,000 {5
#FR L 72 anti-DIG-AP, Fab fragments Z UJ 7 IZDH, 4CT—BIESET. D%, Y% MABT
(1232 L CERIR T 30 47%3 [A], AP buffer (100 mM Tris-HCI, pH 9.5, 50 mM MgCl,, 100 mM NaCl, 0.1%
Tween20) (235 L CE=IR T 5 /0[] 2 [BIOPEE 21T > 7=. AP buffer (Z 5 mM levamisole, 0.5 pl/ml nitro
blue tetrazolium (NBT; Roche) , 3.5 ul/ml 5-bromo-4-chloro-3-indolyl phosphate (BCIP; Roche) & 7¢
LECENENORIELIMATM%, TOWKIZUAZIRL, iR, ECREBTRAKSEZIT-
. FEEMERE%, 1 mM EDTA/PBS Z W TI A ZF1E L7z, nuclear fast red solution (Sigma) T
BB =Y EIT o T21%, 70%, 80%, 90% ethanol (ZJAYK 1 439>, ethanol |Z 2 [F], xylen
I 1045 3 |, FRENnUR 2B LAKEIT>7=. £ AHK| (Entellan, Merck) & B/ X—H 7 2%

HAWTE AL, EEL L.

1—1—9 HBEadsoEERNFENT

1 —1— 8 CERL L=/t r oYt g, BINT¥EHABAMEE Axiovert 200 M (Carl Zeiss
Co.,Ltd.) #fHH L AxioVision3.1 (Carl Zeiss Co., Ltd.) THAHZDEBEZI D AALTE. EEILDT
D ORAPRE O HIFE DO FE H 213, photoshop 6.0 (Adobe) | THRARYI O % Y I 7L,
%2 OIERE (um?) 25 H U7, Wi & % Y EMiE i 2D image viewer (Amersham Pharmacia)
ZfEM L, intensity 25.0 BL EODOBREAITWEHAI L7z, f#HT U7 AR TR L 72 i a2 510
E 51210000 24T 5 Z &2 & BALEEH 72 0 OFIKEL (cell / 10000 pm®) ZHH L, #EEHENT
AT o7z,

1—1—10 #aHET

EERFERIL, EWE HEYEGEZE (standard error of the mean, SEM) T L7-. Wit EE L
LT, ERDMICES>TWNWDZ &% FE TR L, FEFEDOREFHENTIZIZ Student’s t-test %
e, @mf@m#%%%@ 13, 95%DEHHE (P<0.05) b THEEAMRLI. Zhb
FEHALERIZIE, Microsoft Excel 2003 (Microsoft Corporation) % U 7.
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B1E F2H MR

1—2—1 fRERH#ID CSTKO ~ U ARMHRIZBITHAY 7 RuatA bRk
RoOZEAL

TREB(LFEREE R4 X = U VB ORI W TA Y I7 0 e b1 R Rasia i

LA Lic., 4V 370 Rt A FRIEMEOMRIZIE, PLPcRNA 7' —7 (2 X % insitu
NATYEA B =T 3 EHING2 Huikad Vo sagde ez v, PLP IR I =Y o3
PLIRERR S NI T D128, 2@ PLP mRNA B85 & 725 I = U VIR DR A Y 27
KeH A k& NG2 Bt OPC Lob\fﬁﬁﬁ‘%f“ﬁ’%ﬁ L7 (Fig.4,Fig.5).

S Y UBNELERONTWD 4 B~ AT, CSTKO ~7 A% Wd type & [AlkEIC PLP
mRNA Z KEIZHB L TWD (Fig. 4A,B). ZHIZx LT, 22 @lisD~U A TiE, E660<y
At 4 B ERIZ T PLP mRNA OFEH A LT D[ 23 A S 7= (Fig. 4C, D). 2D X H i
IV BRI TR PLP mRNA ORIA L <, MEFFHTITRBL &N D3 5 DITIER e F f%)
AoNTEY, ZOBMNEIZCSTKO vV ATHLEDY 2ol L LR b, CSTKO v v
ADFAFFRIZ I TIE, Wd type LV PLP OB Lo A Y S5 FatA ~On 4 i,

22 il & HITENLIZEZ 0 o 72 (Fig. 4E).

wIZ, 4 WO~ U AR E-HNT, Y 37 Rad A Mo ~—7—Th 5 NG2
DERFERAAZ > T OPC R L, BtEiiias a3l L7z, 4 @ilmo~ v A TliE, Ka{k72 OPC
I% Fig. 5A, B ® X 512 NG2 BtEfifiE OF) & LCTHEaInND. HEHTZ Y O NG2 EHEMiatit 4
WD CSTKO ~ 7 ATHEIZHEML T\ (Fig. 5C). Ziuxk L <, afiaikic 555 NG2
BRIl OEIA (%) 1%, Wdtype (28 L C CSTKO ~ 7 2 Tl LTz (Fig. 5D).
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Fig. 4. PLP-positive cells in adult optic nerves of Wd-type and CSTKO mice.

(A-D) The mRNA expression pattern of the oligodendrocyte marker PLP in 4- (A, B) and 22-week-old (C,
D) wild-type (Wd-type; +/+) and CST-deficient (CSTKO; -/-) mice were examined by in situ hybridization.
Scale bar indicates 100 um. (E) Comparative cell densities of PLP mRNA-positive cells in the optic nerves
are shown. Each value represents the mean + SEM of the data obtained from four animals. *, P < 0.05; ***,

P <0.001 vs. Wd-type mice.
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Fig. 5. NG2-positive cells in the optic nerve of 4-week-old Wd-type and CSTKO mice.

(A, B) The expression pattern of the oligodendrocyte precursor cell marker, NG2, in wild-type (Wd-type;
+/+) and CST-deficient (CSTKO; -/-) mouse optic nerves were examined using an antibody specific to NG2.
Scale bar indicates 50 um. (C) Comparative cell densities of NG2-positive cells are shown. (D) The total
cell number and number of NG2-positive cells were counted in each nerve area and the percentage of
NG2-positive cells was calculated. Each value represents the mean = SEM of the data obtained from four

animals. *, P < 0.05; *** P <0.001 vs. Wd-type mice.
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1—2—2 CSTKO ~ U RAEMRIZBIT BT A buatA FDE4L

BARRICIBWTT 2 b ¥ A FOEEITHEERD T > i 2 B0 i X 5 IS ET 5. 7
A hat A MEII 7w 7Y TRERICHE 2 Z2RERREE TIEM b S D Z &b, CSTKO ¥ 7 A T
I LR DOZALIE, JAEOT A hat A NOZ(LEBE#E L TW D AEEMENRE X bihvd. £ 2T,

HvF L OV 22 ## D Wd type 38 L OV CSTKO ~ 7 AMAFRRIZEBIT AT A a4 hOZ(b% in
muﬂ47)&4?~ya/&%%wfﬁﬁbt(ﬂMﬁ@ﬁw&:y@%?yxﬁ~5~m~
BTHY, FMETIET A et s FORFET S O enbingd~—h—L LTHW .
Fig. 6 Tad X 912, Wd type B LN CSTKO ~ 7 AD[ii# T, FARREIARIZ GLAST Bt 7 A
feth A ERELNT. TR bad A MIUEMGICHEVEE L, A EETD. LaL, f#
L7z &6 6 0HED CSTKO v 7 AZEWTE, Wd type & bz LT, GLAST [hifas o W
ORI R R o T,

1—2—3 CSTKO U REMRIIBITZIIZus VT OE

7 a7 TR IR EE CIE M L S, RGN - D O ITARRRBE E IR - A Sy L
FHEAERIT 5 Z LN E B TWD . £ 2T, CSTKO = 7 AR T 5 2 7u7)7@ﬁ
LT, cfms 1T 7 vl Y TiIZBW T~ e 7y —yan=—jll%K¥ (M-CSF) OZFK
L LT E, TEMEIRICHE S PR L-CHSH, BE), BREMNI JOVEBNEMEYE D372 EIBE
5422 20w, insitu ™A T Y E AP — g L3EE VT e-fims BRI A2 <72, Fig. 7
Wtk 91, 4ED Wd type (A) BELONCSTKO (B) ~ 7 ADEL L OHMRRIZEB T,
A FFo 7o ofms BHIERIL2SRD b7, R Lo Ao F v o3 I 242 =m0 L, B
SRARIEIR A R 55 22 llisd~w 2 (C,D) TH 4l & [F U X 51T c-fims BHEHIAE 2R
ol 27 v 7 0T OEHRGITERREEE(LE A ES . £2C, 27u7 U T708D
Pl % [R5 72, Wdtype 3 L TN CSTKO ~ 7 Z DK A OHARRITI51T % o-fms Byt fa % % b
L. LML, Fig TEDZ 7720 T X9, 2O~y AMTOREREITZA LIRS
7.

YL EDFER DG, CSTKO ~ 7 AARRRIZ 31T DM O, 4V 7 > FathA R Rkl
R AN AE L TWD Z b oz, - T, 1-2-1 TRENTHMIREC KT 5 NG2 Bt
%@%ﬁ@ﬁwm,mP%ﬁ@%%ﬁuﬁ?ykm%4Fﬁ@%m IR LTV D 2 & 3l
Nie. ZOZ EnD, CST KRIBIZ X A HERLHEREE O FH5 23 FEEER O Wd type ~ 7 A & Ll LT
FV 7 Fud A RO, Rl m%LtiJ:T/Fm%4%&@%m%a%t
ZLTWAZEWNRENT. ZOREITEHTOREL - LD, £/, BERXRTALT7F R
DAY T Fad A FOSMEBROERFE LTEH v o@s D W RF LRV &
LY PYIREoY
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22W

Fig. 6. GLAST-positive astrocytes in the optic nerves of Wd-type and CSTKO mice.

The expression patterns of astrocyte marker GLAST mRNA in Wd-type and CSTKO mice of 4 weeks of
age (A, B) and 22 weeks of age (C, D) were examined by in situ hybridization analysis. (E) Each column
showed comparative cell density of GLAST-positive cells in the optic nerve. Scale bar in (D) indicates

100 um. Each value represents the mean + SEM of the data obtained from four animals.
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Fig. 7. c-fms-positive microglia in the optic nerves of Wd-type and CSTKO mice.

The expression patterns of microglial marker c-fms mRNA in Wd-type and CSTKO mice of 4 weeks of age
(A, B) and 22 weeks of age (C, D) were examined by in situ hybridization analysis. (E) Each column
showed comparative density of c-fms-positive cells in the optic nerves. Scale bar in (D) indicates 100 pum.

Each value represents the mean = SEM of the data obtained from four animals.
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1—2—4 ZREBRFEICBITS CSTKO = 7 2D OPC D Lf:

STV EBET DAY AT FudS hofKiE, FIxYroRsER 1 HOAY 27 ke
A MBREDLI Y VRIS EEE XD, 20D, EFRRBEEEMICBNT, Y7 e
YA FOBITAY 7 Fad A MEEEMIAOEGE, sk &7 e 7T ARSI X o TEiE
IS ST g D 458l CSTKO ~ 7 A TO OPC B OHMAMIIZER L T D&l %
Zis, 2=V CIERRBRMGIERTO A% 5 RlisOUI R 240 NG2 JURIC K- THREZEGRE L, Wd type
Elg U7, R oafiaEi, PLIC k> TS LM L7z, Fig. 8 TR Ko, A% S
H s AT, NG2 B S AR RE 7 > T A TV % (Fig. 8A-F). ffﬁffﬁlﬂfﬂm/‘
Mia%L, NG2 B & Sl L 5 NG2 BEMilid #F| & D4 TIZsT, CSTKO v v
AT Wdtype K0 AEICHML Tz (Fig. 8G-1). % 5 A OMRMAROGEYETIE, I
V> D~—7J1—% /37 'E To 5 PLP, myelin associated glycoprotein(MAG) <> myelin basic proteins

(MBP) ORBULIEZTZD LU0y 7= (datanot shown). ZDZ &6, CSTKO ¥ 7 ATEBIT
% OPC B OHINII =V VBRI LT TITE Z 2 TWD Z & ibiroiz.

CSTKO ~ 7 ADAf% 5 Bl T OPC BOHIMAEIAIZ & 2 & DA, MDA LD b D
N BINZT D720, WRRO~—H—& LT BrdU %% 4 B RICHG L, 5 HEmOWE
I L TCT R b= AD~—A—& LT ssDNA (single stranded DNA) Do REGutt %247 - 7=,
Fig. 8] TR L72 k912, Z ORI OMMIRIZIIT 57 AR h— 2oL, Wdtype & CSTKO
< U ADME & HITHRD TN LRy o 7=, BrdU FEE#EE E Wd type & CSTKO ~ 7 A
ORI TEITBO SN/ o7 (Fig. 8K). 2 HDZ &0, CSTKO ~ 7 A TOH OPC D HEINI
E%S HEEZ D QLENTAELT D Z EDRBE S L.
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Fig. 8. Number of OPCs and the proportion of dying or proliferating cells in 5-day-old optic nerves of
Wd-type and CSTKO mice.

(A—F) Double labeling of NG2 (green)/PI (red) was performed on optic nerves from 5-day-old Wd-type
(+/+; A—C) and CSTKO (-/-; D—F) mice. Scale bar represents 25 pm. (G—I) Total cell numbers (G) or the
number of NG2-positive cells (H) per area, and percentages of NG2-positive cells (I) in both Wd-type and
CSTKO optic nerves are shown. (J, K) One day after BrdU injection, the densities of dying cells (J) and
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proliferating cells (K) were examined using specific antibodies against ssDNA or BrdU, respectively. Each
value represents the mean = SEM of the data obtained from three individual animals of each genotype. *, P

<0.05; *** P <0.001 vs. Wd-type mice.
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1—2—5 CSTKO~ U RREERREIZBITA2HRHEROIPABIOAY) 5 RudA
I BT BRAH R £ & s A R D fFAT

BIARFR DA FEBFR CTI, AR L7z X 9108 = M=K TAEE 7z OPC 23, HARRAS X b fA#E
W& —HFAPECBEI L, #EET < OFRICERET 5. BARRNIZA -7 OPCIdiE L, 3tk L T
A Y 7 Fathad ez b, BiRICKH LTI U E2FATDH. iDL DI o7- Al
FUZPEASINT-AY 7> Fatha ML, Mlaz4E 05 2 &I X > THHRITK L CEIERED
FVIAF Rad A hBELEEbR TS P RO~ 7 2 TE, =M kO B
P OPC 13412 0 HilislIZHAR XUZEIET 5. A% 4 Al TldlEE LT & 72 OPC A EiitICELEL,
A% 7 BIEICIIBARE R T OPC 2D D L IR P, I UK SNHGDD. 1-2-
4 OFER, CST KAIRIZHES OPC OHIINIFA® S HEIZT TIZA L TWDH Z &k, £k 1 Hilnk
KO3 HlzBIT 24 27 Fut A M RGO 21T > 7. SmRN A2 B84 2 Ml 2
BT 572912 OPC D~ —H—ThH 2 NG2 OHURG Az 2 o7, FEIH L TV DMl O R
Wi, R0 Al A% 2 B~ o 2 (RHT o 24 BRRART (ICFF4 BrdU 285 L, 1ERIL
72Y R I2x U CHL BrdU Pkt 217> 7. OPC OBENKIT D AV 7 7 F Kb 5L POA DY
HAFHIRD T2, B E Fig. 9A DX 5126 DRV L g XA LT, & Al Cian & - %
TEFEL TWDINEFH-. MmO HMEIL 6 DOT X TOENMLT Wd type ¥ 7 A L CSTKO ~
U AMTEN 2o T

Fig. 9B-G (Z/E% 3 HlmtRR O &AL (B, C; position 1, D, E; position 3, F, G; position 6) (23317
HREM 7 3 B R ; NG2, #% ; BrdU, # ; DAPI) % /R L7-. 7R< Yt Sz NG2 Bk
MY, SRR (F, G) 12%<, BREKMNZES I oNTRAD TR RH 5 Z Enbnnsd.
KEBAL (position 1-6) (Z351) 2D BALEREH O NG2 Ml (H, K), itk 5 NG2 B
PRI OBIE (%) (I, L), NG2 M 5 % BrdU BRI OEIS (%) 0, M) Z4E#% 1
Afs (H-)) BEOER 3 Bl (K-M) TERERFHIIL T 7 7{bL7c. AW 7 A TRLTE
Wd type vV AZIEH T 5 &, 4% 1 Hilin (Fig. 9H) @ position 1 TiX FE 72 NG2 514D OPC 23 E
HELTWZRWA, A% 3 Bl (Fig. 9K) (2722 &% OPC 73 position 1 THR.H6M D K 9127
ST, Tz, B 1 BIZHRTAEE 3 B TIIE2TORY v 3 > T NG2 BEMaE-CaMmiaic
50 5 NG2 B O EIG 238 L CTuw/= (Fig. 9H-L). —J7, H5iE L TV 5 NG2 BtEfia o El
A, A% 1 B position 2 0421 3 HliD position 1 D X 9 e BB O JEEEER 2y TIE, 1E0DR
CyarI b RWEHER ST, 2o EnD, A% 1 Bl 3 HEORIZ OPC IELIEFIC
B, ZO®%MEET5ZLRNbhroT.

—7J7, Fig. 9 (H-J) OF NI T MRS TWAHAERL 1 Bl CSTKO ~ 7 A D position 2 (F
faf@h o SEsEER5y) TlE, Wd type ¥ 7 A &l LT NG2 BRI OFIGITIEAED e h o
7. ZDOZ EMnD, OPC OBENHKIZIL CSTKO ~ 7 A & Wd type = 7 A D THH & 2372 E A
RPNZ AR I N, Zhcx LT, £k 1 BHERO position 2 LSO T RTOEZFIZENT,
NG2 BtEHifa%L (Fig. OH), NG2 BEtEMfn O SHIaEIZ L 2514 (Fig. 91) CHE%E L T\ 5 NG2
BEPERIE O EIA (Fig. 91) 1X Wd type ~ 7 A 2T CSTKO ~ 7 A CHEIZHIM L TWiz. £z,
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A% 3 BT, BRI A2 E2TORY Y a2 T NG2 BMEMIE L O 0EE 7 WA type
~ U AT CSTKO v 7 A TH L Tz (Fig. 9K, L). ZHHOFER KLY, CSTKO v 7 A
RAAFR O FEFEBERE O BN 51T 5 OPC O, BEhd 2 Miut o Cldze < AN T
® OPC DHFEDTLHEIZ L > THIER Z SN TWND Z ERREBI L.
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Fig. 9. Regional differences in OPC numbers during early development of optic nerves in Wd-type
and CSTKO mice.

Transverse serial cryosections (10 pm) were prepared by cutting 1-day-old (H-J) and 3-day-old (B-G;
K—M) optic nerves of Wd-type and CSTKO mice from the retinal to the chiasmal side. (A) A schematic
representation of the optic nerve regions (positions 1 to 6) is illustrated. Optic nerves of Wd-type (+/+) and

CSTKO (-/-) mice were divided into six regions (250 um each, for a total of 1.5 mm; see the materials and
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methods for details). (B—G) The 10-pum-thick sections from each region were triple stained with NG2 (red),
BrdU (green) and DAPI (blue). Representative pictures in B/C, D/E, and F/G were obtained from positions
1, 3 and 6, respectively. (H-M) The average number of NG2-positive cells per nerve area (H, K),
percentages of NG2-positive cells (I, L) and percentages of BrdU-positive cells in NG2-positive cell
populations (J, M) from three sections at each optic nerve position are represented as mean + SEM. Each
value represents the mean of the data obtained from two individual animals (H-J; 1-day-old mice) and
three individual animals (K—M; 3-day-old mice) of each genotype. *, P < 0.05; *** P <0.001 vs. Wd-type

mice.
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1—2—6 CSTKO ¥ U XEMRITEBITSE IV VEkFHOEL

CSTKO ¥ 7 ZADOPREEE CIIRAA Y IT7 v Fad A FHH0EI Y v O~v——Th b
MBP ORBENEL 7D 2 Enh, AVT 7 F KR4 I57 0 Fuath A NOAOREK & L TE
SHTREMEDS RIS LTV D P &BIZ, ZHETOWNET, 7 HEid CSTKO = 7 ADKT PLP
mRNA [BEDORIAA Y S50 FadA oMIR@E»L s THE Y. S vofsyf~v—h—%
HW T2 2609851, CSTKO v 7 A TI =V VRS BRINIATOND 2 L SR STz,
LovL, 2=V UBRABERBELE L IV RnZ End, AIFZETiE, CST XHEIC L 5 invivo T
DI Y VIR~ DB LR T D12, BFEMBEICL > TI U 26 LTV HHhER
ZBIELT- (Fig. 10). ZORER, 4% 10 B> CSTKO ~ 7 A TlX, Wdtype ~ 7 AT =
YR b I A EN AR O RMBREIT ST L2FE (%) ICHEERBAPRD bR
7= (Fig. 10C). 2D Z &h b, CSTKO ~ U ZADOPAFIRTIIA Y I7 > Rt A RabMiasi T
Mg 20, IV AR EITENLD Z LRI,
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Fig. 10. Myelinated axons in 10-day-old CST-deficient optic nerves.
(A, B) Optic nerves prepared from 10-day-old wd-type (A) and CST-deficient (B) mice were examined by
electron microscopy. Scale bar in (B) indicates 1 um. (C) The percentages of myelinated axons are shown.
Each value represents the mean = SEM of the data obtained from two animals of each genotype. *, P <

0.001 vs. Wd-type mice.
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B1E HF3H BE

ARFETIE, CSTKO v U AHARIZ I 1T DR JEA O 77U 7 Ml D2k 2 fighr L7=. CSTKO ~
U A FRER O TIX, A LAY 7 Rat A NOFMBHLNTEML Tz, A% 5 H
H2>5 3 TIZ NG2 Btk OPC OHIINMN A LD Z Enh, AV A7 Kath A M Riliig o
TRV OERMEIZAE LD Z ERbhoT. Fie, ARBHMOOTHRLZ LICLY, Zofaty
I3 EN L D HEIMLHIRAIE DI Tl 7e <, B D OPC OIFIEDTTHEIZ LD Z L R B E 72
ST, A% 10 BIEOAT NS, IV UIBROBBITENDHEHER ST, ZhbDZ Enb,
Kﬁ%m;of,ch;ofAménéM&mﬁﬁﬁ X, ZNETICHRESINTZIY 2 RT
=BT X 7 v a yDRBICIETE B LT TR, BERYICBWTHLBEI%OAF Y 37
Nt Ao FREMIAOHE L X =) AR OGN E L T\ Z R b E o7z,

Hirahara 5%, I =V UERMPEE LI CH L 4% 7 HH O CSTKO ~ 7 AHIZIU T PLP
mRNA [PEDREAA Y S5 Rt MEABIN L Tz S8 LT 5 Y. £ 72, Shroff 513
7 Hiin?® CSTKO ¥ 7 AFREIZIBUV TS CCL BHEAA Y F7 » Ru A s OB AFHE L T
WHZ L ERELTHS M, AT, SV UEMMIEIER T T 5 48l L0 22 Bl o
FRRRIZ wfm%ﬁ):T/hm#4bﬁ@%M% DT, TIHORERMNS, CST WKL,
BRIEALFENEE DB AT DIV RVIREE TIE, TR DR % LI BWTA Y 7 Rt
A MEROBIPEHGNCHERF SN TWA Z Ebh oo, [AERERIE, V7927 kL 7oy
EANT 7 F ROMGNRET S CGT K~ 7 ACBVWTHREENTNDE V2 b, AL
7 F R72 EORBERACHEIRE O KRB FHRMRERICB T 524 Y 97 Frd A sofilafoZ{kic
Bbbi&Exbi5.

EFRFETIE, £V IT Y Fath A FOBITERIC X > THEBICHE 220 5. RO
HAOTHRRCE I, STV TEOLDNDIRNEMEORK LR IS T, £EELIAV IT
/FD%%Fwﬁ#&ié.:hm,%%K%#éﬂgﬁﬂfivﬁ?ykmﬁ4hﬁiﬁiﬁ
ICBDBRTFEBA LA D LIk THIERIEND EHEX BTS2, LIFIO SHFEE
TOMZEND, B EHEHTZ D7 v EimoE (T ) VAL T F ¥ x0T T A X —4)

4 Jfn CSTKO ~ U ABAFRRIZIHNT Wd type ¥ T AL EBDLRNI &b, ZO~ T AT
HxDITY CORIITITENSRNEEZZHNS. £72, Shroff & *IE, 2 AW CSTKO v ¥
ZFM T2 OA Y T7 0 Fad A FOEEED DN E2RELTWD. FARIZREIT S
V37 Fatad NOEEBBKRITFARLNTITN WA, HEloF) TF s FathA MR
EFELFTTND I EnD, STV 220 A 5 R MREFE LT TS &0
FEVIE, BaroAY TTFTRat A EBEOL LI OBV WATREENRE Z 5.
Fig. 9 TRL7=X 910, NG2 ML, FICBEZ &2 BB LB LIt 5. A RIOH
Rinbix, ZOHIEO T CSTKO ~ 7 A DHAMIREAKIZIS T 5 NG2 BtElaoriing 51
L, IHICZOHRORENCEIT DAY I7 2 Fat A4 Mo & 5 RERME L <
WAHRTREMEAN R STz, 2O XK 51T, FEMEFEIRE O KHE1X, OPC OBENIZITHET T, HH%E
T LEEZBND. ANVT 7F X, OPC b L= =V VU EEkEIEM O A ) 25 K
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%A I (premyelinating oligodendrocyte) |22 < fFET 5 Z L2 5 *P), OPC OHIFEE IKIZ 2L 7 7
F REER EOREBE DL MNIRHTHS. CSTmRNA (ZEEMNLROLILTEY, FEENE
T IR ENINT D P Zokw, X»77?%ﬂ?$éﬂém@%$@%®&ﬁfit
5 MO LR E OFENRB I NS, HEA ) 7 KW o b Ritfiiao bz
W, R OPC DEMET 04 E /) 7 a—F AHK (AT 7 F REF ﬁ#é#%)&&ﬁ#ém
FRALBIEE DIFEDNHER SN TEY, 01 & LTOREIZTENTVRNA POA 4T BT
% . CST R~ T ATIE, ANT7F REHZZDPOA bRIBTHZ L D, 277 F
REAL DR & LT POA 23 IEH 72 AR ORI BV TBENE O OPC D432 % i3 2 O {8
WTWDAREMER B 2 B 5.

ZRETOInvVivoPH B0k invitro™ POERICE 5T, AT 7y F KRAFY ST Rad g

BRI EMET AR TFTH L EME SN TWD. LavL, AWFEDE TSRS DR =
ﬂa,maﬁcmxovaEw& ZRWTIEI =Y UERARHNCB SN D K 9 i RITAF
SR o T, FARMER R D I = U VIR OBIAIZIE, R H D VNET A b A M EEHO
VTR E OMBE/EANEETHS LEDN TS P30 =k 5 REMOERL 7 ) 7 &
DORAEAERIZ X 2 REDMENNZZ L1 XY, CSTKO v U AR CRENC I = U VIR B LA &
NPT ENEZLND.

R EFEIRE O RBIC K > TALZINLDORFE N, DX L ThlEiZ I DLl
EETIIAATHS. ZNETICALT 7 F ROBREIZE L TIE, Hx0oHERH L. AT ¥
— I LEALT 7 F R, 73I=2%" tenascin-R*?, tenascin-C*®D L 5 7pffifjast~ U 7 2 &
WNIEDLEDRIEILT ¥ =Y LIcH oI E AT 5. fMiast~ MY 7 20X, MiaOHEiEsy
722 EITET 5. £72, CGT RIE~ 7 AR WTT 7 Mgy~ NF155 OEFEORE N R 5
HZENL M, ZANLTFF NI E Y KT 7 D F ™7 G OER & R+ 5 %8 25> hE
PELIRE SN TWD., AT 7 F RBMIESN S 7L OZRzKRE LTiEz b &, MlaNy 7 v
GERE N U THIKBN A LS 7 A F U BE RN ST S LW o @it H 5D ¥ CSTKO v 7 AT
I, BB LPEREE A KB L7 2 &2 Xk 0, OPC AHIfas b D> 7 F Va2 T D Z E N TET,
ZORfER & LT OPC DI I = U VU OB O R 2R Lot b B2 b b,

AWFFETIE, T —FNTx 7y arDOEEICL VIR EOA 4 F v RVEREN R IC
725 22 D CSTKO ~ 7 AZHWTH, 4 BEDO~ T XA LFEIERICT A hathA fI /a2l
T OEIZH BN AL BB o T=. A, TA MY A hoOo~v—h—L LT, ZUTHDOT
B IR N T AR—H —Tdh % GLAST cRNA % AV 722999 i3k & 7' U 7l L osfefed:
T, T T REIIAFAE LR WBRARRIC BN T, GLASF%%W\iGLPIkbvok7ﬁb&:)4%F
TUAR=Z—=INED L) e B BRI LT D NIEIAHTH D0, @E T T AES TR L
HIVEEEIRVATLOIZR LT, HEHDWITHMETIE N7 VAR —F =2 LTI I THhD
FWMSNDITNEIVRIZE ST, iRV THOXAFIvrhalia=r—a UMTb
NTWBATREMENE 2 5 T2 Y. 4, CSTKO ¥ 7 ABMRTIZT 2 b aA s O¥IIZE
LTWARNZ END, FRAE TALNEZL Y RO RGP RARLT, 72 hado b
DFUSHEDE NN Bz, 7 A b o MIFRARRR BT 528, ZOSEEREREL
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BREN S, 7 A et A NEROSZEEENREZ LTS, FUFHNICBWTH, HEDOT A
fatA NERKABEDOT A FaHA k@ small heat shock protein ZEDFEELITI &M B2 5 Z &
57, BELLAMOREICE >TT A ba¥ A hOTEHLOBF L RARLAHEEN D 5. 1272,
A A V72 GLAST (2B L T, SRR OIER# I3V T H GLAST mRNA L3 ZE L Lgn 2 &
735, GLAST OFELR FAKIT03 L b IGTEIRRE R e L 22 W FTREME B 2 65 . Z o7,
BARRIZBIT AT A hath A FOIEHELOFRIZBE L T, 4EO X 5 ICHla o2 i faE L
T AT TR, HEHEEIC L > TRAEAERNED D GFAP IZB L CTHA %R L T SER
HoHEEDND.

2 u s Y TOv——E LTHWE c-fims (X, M-CSF DZFRTH Y, TV A ~—J57 9,
RO 72 L OMEE Y, BRI 7 s U T ~OFEMIRNR EI2k T, 27 a7 ) 7T REEET
IR ERAT D, LER->T, 2O mRNADORBEEL I 707U 7 O8I X > THEME(L
WHeZ B DREEHIW 2 Z ERARETHD. L L, Fig. 7 T/RLEZLDIZ, CSTKO v 7 ADAH
MIETIEI 7 1 7 ) 7O cfms OFBURIEIZ B 21T 72 <, FIH 0 RIEM IR 2o 7.
B DORERNG, CSTKO ¥ 7 ZADHESIZ ED A A F ¥ XD T T A2 —{HKIg E—@EDOHET
PEOERIEFIZXI LT, D7 U 7 OHLNRIEEIFEE Lt Zx b,
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Hw1E EAE NG

AETIE, CSTKO ¥ U AIZHIT 5 TR 7 U 7 IR DI B, = U IBREERE, 3T/
—INT ¥ U a CAREBFEOEACIT OV TGS LIZ#ER, BU T O 21572 (RBFFERCR T
Proceedings of Japan Academy, Series B, physical and biological science, 87, 415-424, 2011°?} %&i L
7).

. FRERHA D CSTKO ~ 7 A DRARR TIE, 4 Wi, 22 BEORMRICENT, IV UL
TUW5 PLPmRNA (B4 Y 25 0 Kat A SOFNAZIZHEINL Tz,

2. AERII D CSTKO ~ 7 2 O TIL, 4 Bl OFEAFRIZ IV T NG2 B D OPC DDA E
WZHEEIL T,

3. RRERBIO CSTKO ~ 7 A TlE, 4 #lfih, 22 Bl O IZI\ T GLAST mRNA BtE7T 2 ko
P A N OB CIT A B2 o T

4. RRERHIO CSTKO ~ 7 ATlL, 4 #ln, 22 BEEOMAMARIZIBUVT, c-fms mRNA GEI 7 1 7
U7 OEITEAL iﬁ%ﬂiﬁi)lof_

5. A% 5 Al CSTKO = U A DFAFETIL, NG2 Bk OPC Hr-oaiifaic 5o 5 OPC OEIS
DAHEBEICHEMLTWE, L, ZORACTOREMRESTY 1 7T LHISE 2 R 3 /s i
EWLNZR L, MEEOBEINI ZNLENIC T TIZAE L TWD Z ERbho Tz,

6. FEEEEEIZISIT D CSTKO v 7 A DWAE TIX, A% 1 HEnlZI W\ T NG2 [ OPC mﬁf@bf‘a
i#*a% PTILZENTRD LRV, ZLISOES TlE NG2 Bt OPC B L O DEIGNAEIC
, HEFH L TV 5 NG2 B OPC b A EIZE o7, £t 3 HITIE, Wd 3 XN CSTKO + r7x
’ifié 1 BRSO TOENL T NG2 Bt B BN L7273, CSTKO
~ U A TIFHARRR I 38V T NG2 B OPC 08B L OV OEIG DA RIS o1z,

7. IV UIRERBARELME D CSTKO ~ 7 AR TIE, a7 kI U 2K LTS
HRSRECS A B L.

8. ULDZ LMDANFETIE, TRMRERICENT, MBFEREEZII) "7 ) =21y

Y7 a rOERIET TR, RERBEMN LAY IT v Fat A/ RSO E I
U R OFHENIZEES- L T A Z EZ ST LT,
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Bo2E ANT7yTF FRE~ U RTBITHREMHEERZ D 7 Mk OfFET

KRR ROI Y L, a2V AL > TSNS, 4V 37 Kata MBEKT
HHREMERDI Y ey a UVHIBRNERT 5 I T, # o X7 EERICRKE 2EN
NHY, EHICITV UEEOESRLEICHLEVHRLNLN, AN I Y v oFEITIE R
LTW5. #h5RIE Fig. 1 TR LIZFMRMRER L FAERIC, I Uik -oTo ey, X7/
— R, Vv T RAENT )=, f¥—)—FEWVI)REMNE XL UOMIENIC R 5 4 SOREIC
Sirensg WD Iz YOG ) — RTIE, 387 I UESY &R0 MK S
L= ROEEE & D720, T ) —=FZ =T LI TS, #EThHRLEZL I, /3
77— FEALTIE I = U UIEARINR & EHSE G LNT ) —H APy 7 Vg UERIEH L T
B BT, RT—A NV T v a il VRO RKERICER SN, T
TR IT NI =) RO —T RN ETHIR A L, HAICT 8RR I L— I
75> THIER LA LTV 2R B TNS 0,

HAR AR R & RIS R AR R DX T 7 — RIZIE 2 Y 7 ClX neurofascin 155 (NF155), HiliZ& 4
Tl contactin 33 &L O Caspr & W\ o 7= flifa 825 0 T3 RFBRICRTEL, b0 FOfEARIC I »
TVv 7 varyPEREhs V2. X5 ) —FNP s a i, Tr e KRR TRAT
DIEBNENMIC 5T 2 ERARMRIA L LTl DICEETH D LT, BARIEMEA 4o F % %
IVEE DTSRI RIEAL LTV D & v B ORI Gik & BET AR L L Cidz 6 20 2,
B, NT ) — RO ) AMITHEHBEST 53T ) — % L )L—"7 A48 E-cadherin X° connexin32
REIZESTHERENDLA— ¥ 7o a VLo THWIRES L THEELZRD, v v 7k
BEMNUEESEICHEE L T0E D R =) v oT ) —RIgiE, Iz g r 7
B DT % myelin-associated glycoprotein (MAG)2N RTET 5 Z ENEA BN TNT Y, I =Y
INT )= RERTRW——E LTHOWLNTWS, NT ) —F L —7TRLNHMBEIL,
va U iAol L, =Y OfSRMORNER X OESNE OMIIE & B AT
W5, ZOkd, RT 7 — REBISER OO vy 7 v a VL TH L DR TR, val
VHIRARE S =Y VBREH D WVIE = U UAEERR & O OB IS S BERRE AR LB
ZAHRTND O F, KR I ) A, R I Y e B Ay ar ks b3y v
DEZAEZAIZYaIy b FUE = PR EMINDMIE Z /T HH S BFEL, NT
J=EN =TI VRNE L RANE RS, Y2y b T =< CUNEIE, KRS
RKWEIREHZ AT I =Y U THREL TS, KEITY CORIIEF 1206 2 mm ERWED,
NT )= ENN—=T LIRS RV I =) VESRICYE Z @A T 5720103726 EBR D
nNTn5s.

HECTRLIZE DT, CSTKO =7 A i34 5 00D 6 HE L 0 TR RREAER 2N B L,
ITHEICEBVRCRE 2, KEZ X723, ZOoXIRRETH s, 1 FLLEAGFT LK S
b2 ' BiBEE R L O RMRIERE R TIC LD LT, BTEMEEE O EE TR 8
FIZVFEFETHY, FJUoEnRmICHEST /37 ) —F NIy 7 v a VOB ERRBD
b5, i, 20X I COBEBERICH, RIAHRR TINS5 E O

37



TzRDDH 1,

W2 TO Z AV E TOMZERE B2 5, CSTKO = 7 A D KRR IR TE O A7 B REAE T, Caspr
R NF155 D/XT ) — RAOEBETA SN RFE 2R L, RT ) —FNTx 7 v a VDRRAE
FET SO0 IS TT B R EIAFAE T D BRI T ¥ F L D RO
{203, FHRAHERD & D 224 A0 F v FVOEFOMK (Fig. 3) HROAZRNT. 51,
RAMTFIIRHATSH D, 7 ETRIIHRNICEE L7 har RYUT7REREL Y, valy
ke TUH—< U EEROBMBI AN S .

INHDOZ LMD, REMHERICEBWTSY, BER ORI 2 RERIREE DAL « HERFIZXT L T
ANT 7 F Rip EORMBLFERRENEE R Z R L TnWbH EEXLND. L, IV
OFRFEALFERRE A, T > & il &30 0 R E S O BRI~ DRERE ¥ o /37 B ORI & D X
TG T 200, DL UL TOFERITHA L ICE TRV, £, RO XS IR =
U2 TliE MAG D EDIIRT ) —=F NN —TRIET DS R ERHM B TWDR, v—"
DRIV LY DIy FAERRLRL TN D DL DFENTE AR RENE . S5IT, 2 OEMLICHERM
T8 I EITKT HDMBLFEIEE OEFNCE L TH A TH 5.

Fxlx, TNETIEANT ) — FOABMERELH ONZT 2 HINT, ZOWMIMICERT 591
DREZIT>TE o, KW T ) — RERRRICYET 250K % W THURS 7% in silico
THEHT L TV IBFR T, FER%E ¥ 7 B ERi D —->Td % neddylation [ZB840 % 43 1 DS AR FH R
R2Y DT ) — REGICERET 260 1 ChDH Z & & R L7z, neddylation 1%, JLE &7
%A R EZ NEDDS #4452 L2k » TA L 2 it O FIEREZIER TH 5. neddylation
BOE, BRR% 2 o R BEMTH L2 X F AL ITEBIL, TR ERREIC ATP 248 L5
®). neddylation I3, MIBIHEICED DM, MIANOK A A AL LA, HRBECY 7 F A RER
BOF 72 ERE 2 R BN 2O Z LAVRIBESHTWDS Y. 26 DL ¥ MREI, neddylation &
NWHIE X NI EIZL > TR, 55K+, DNAEESCRIER, MiaEHoRE R -7 v~
F > OGN A7 EFk & 72571 D5 neddylation (2 X 2 Effi & 52T 5 Z & DR LRI &2 T2 fE
BrZE o THLMTENTNS O L, b FF i Anichm L, KEMIZI T 2L
FOYRMRERITIH D NIC ST,

DCNL families (defective in cullin neddylation protein 1-like proteins) I, & FZ331F 5 neddylation
DEFERFE ST TH D Z LRSI TR ), Z O8NS neddylation DI % HilE S5 2
ERHESATND DO w205 0 FTIE, 5 FEO DONI Z U7 b TR,
DCUNIDI1-5 (& kTl Denl-like proteins 1-5; DCNL 1-5 & & L&) L g STV 5 ¥ e
% DCUNID2 %, 47 F&# 30 kDa @431 T C 5ARIZ neddylation =419 5 PONY K AA »
(potentiating neddylation domain), N KilZZ X F L LA L 9 H N A A U HiE UBA
(ubiquitin-associated) domain % £F-D.

4 4), NEDDS IZIAAEH DM THL BEL TV A& LTRIESNAE D LaL, BlomE
TIE, neddylation [T4E% DORMOFEEBFE TH A O, neddylation (2 L 2 AL O R ZEE D%
EMEDOTE NS T 7 ADOEBCEETHD Z LIRENTNDS O LinLiand, REHRRIC
175 DCUNID2 <° NEDDS8 DIEHLR/0A 8 L OV OMRRITRIZHAE ST, & 2 TR
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72 TIL, FRERRIYMRICBIT A NS DN FDINT ) — RADRIEZ TN, S HITHREBREICEK
T D REECEAT T2 L2k I ) U E OB EMEEZTRTZ. S5, ZHD0FD
JATEIZ )T B RER LIS OB 2 A 7= 912, CSTKO ~ 7 2 KR8 % FI VN CTHEAT L 7=,
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F2E F18 EBRMEEB X OERFGIE
2—1—1 ZEBREIW

CSTKO ¥ 7 ZDZWB I OB ICE L TIE, 1-1-1I1RL-EY Tha. 8o ldkicEe L
TIE, HEEBRFEMHIRICH > TiTo /2. F7-, AEBRFWEIL, SRR RpEREMEE
AT%H %X j‘f\_

2—1—2 Zv e, LEHEFEIR—FORER

s OHED Wistar rat 2 CO, THEEL, £ & BB EZRFH LAt o 32— MHRUCHEHA L7,

jﬂ£ ZOUVTIE, Yamaguchi H D H1E PN AW TER L2, EWMARES X — MISEDT v
EaG, FMHREAREYR— MII0LOT v b L7, 2 TOFIEITK EH LIX4CT
EhE L7 AT U R — ORI, #H L 72AKO 9 %5 D homogenization buffer [0.32 M sucrose,
5 mM Tris-HCI, pH 7.5, 2 mM ethylene glycol-bis (2-aminoethylether) -N,N,N’, N’ tetraacetic acid (EGTA),
0.75 uM aprotinin, 1 uM leupeptin, 1 uM pepstatin and 0.4 mM phenylmethylsulfonyl ﬂuoride]%ﬁﬂ Z,
%7myﬁ?x%$%9%4$~fﬂ 272D X HIZHRET T A A L7z (800—900 rpm) . =i

=08 (RPR-20; Hitachi Koki, Tokyo, Japan) % FWNTARE Y% — b % 4°C, 1000xg T 10 53 F"ﬁ
DT 5 2 IRV BERE, REE2T v FEKAREYR— e L.

AEAARRRARE O — P OFRHRNE, FiH LB A IRIRE R DA S TSR AL, HSIREE
T L, 9 55D homogenization buffer Z /N %, RV ha P BIARE T F A HF— (DIAX900 Heidolph
) TH—IchB LR EY A X LT EEGELIE M (himac SCR18B, Hitachi f£) % v
TREVHR— % 4C, 500xg T 10 0BT 2 2 LI R WA RE, RIEEZ T v FREM
HEARETVR— & L. 7y MREMRAE DR — M, & b2 &sm A OB (himac CP80a,
Hitachi #1:) % VT 4°C, 100,000xg T 35 /im0 d 2 2 S kv, EiEZ2 KAthming
Wiy & Ule. thE &2 ARE 21— MO U723 & & [R50 homogenization buffer TR 5 Z &
(2 R0 KRR 5y & LTz,

L 7= 25D ARE TR — ME, Bicinchoninic acid (BCA) Protein Assay Reagent Kit (Pierce
) ZFHWT, &miF7 /v~ 2 (bovine serum albumin, BSA) ZHEUMEIC L CTHX VNIV BTEES
TV, IRIAER TREME LI21%, -80CIZ T HRFE TIRIE L T2

2—1—3 vxxZUT v MEF
DX AL T 0y MENTIE, Yamaguchi 5Dk ISV TEMLZ, 2—1—2 THL
727 v bEME KO EMHRERE R — O 711E 250 pl D[7 M urea, 2 M thiourea, 2 mM

tributyl phosphine (TBP) , 2% ASB-14 (Calbiochem, Merck, Darmstadt, Germany) , 0.5% Triton X-100,
40 mM Tris, 0.5% IPG buffer (Amersham) , and 0.001% bromophenol blue]# & H CT=IRIZ T 30 47 H
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AL Uiz, A b > 7 v iE 10.5% sodium dodecyl sulfate-polyacrylamide %7 /L 7 & vk H)

(SDS-PAGE) (ZX > T4rHf L, polyvinylidene fluoride (PVDF) A 7 L > (GE Healthcare UK,
Buckinghamshire, UK) (ZHRE- L7-. 8B L7z A 7 LT 7 v v & o VIR (5% skim milk, 20 mM
Tris-HCI, pH 7.4, 150 mM NaCl, 0.1% Tween 20) C 30 /[ =RIRIC TARUG S5 2 L1 X 0 R R
W AE AR LT, £0%, Tu v xR U VEIR AR L —kEtEE 30 SHEIR TGS,
T-TBS (20 mM Tris-HCI, pH 7.4, 150 mM NaCl, 0.1% Tween 20) T 2 4yx1 [#], 5 53x2 [Bl OG5 1T
o7, D%, T-TBS THR L7 "R Z 30 =IRIC TGS, T-TBS T2 45x1 [, 555
x2 [ DPeg %17\, ECL system (GE Healthcare UK, Buckinghamshire, UK) {Z & - T{EZF5 8 & &
N R LTz,

Table 2 A L 72 ik

RE Egad AR

anti-C-terminus of DCUN1D?2 rabbit IgG : GTX119936 [N2C3] | GeneTex 1:200
anti-N-terminus of DCUN1D2 rabbit IgG : ARP68256 P050 AVIVA SYSTEMS BIOLOGY 1:200

Horseradish peroxidase-conjugated anti-rabbit IgG Jackson Immunoresearch 1:10000

2—1—4 BEHERL XIZS LERDOER

10 #HH D Wd type ¥~ 7 A & CSTKO v A, A0, 1, 7, 14, 21 Hfn, 8#ERD Wister rat L
P F L —T VR F TR B AR Lz, i LA ERRIE, 27G OTESERE AV T
MRARFEN XS DI D L 91 E&1EF< L, MAS 2— h 4 Z A (Matsunami, Osaka, Japan) |
B0 A3 2 TR REZ U, B R & T-20°C THRAF L 72, #3189 % 1 DCUNID2 C Remfilk & i
MAG #ifkZ W T et 4 5 8 81%, 4% paraformaldehyde (PFA) /0.1 M PB, pH 7.4 T 4C,
30 /& EE L, 0.01 MPBS, pH 7.4 T 5 43x2 BIOWEE 21T - 72T LT,

2—1—5 B

2 —1—4 TIERR L7281 7 % PB-T (5% BSA/0.1 M PB/0.3% Triton X- 100, pH 7.5) T 1 FFfE]=
BlIoTTayx U IRE Lk, —k$iik% PB-T TR LWt 4°C TG SH72. YA % 001 M
PBS,pH 7.4 [Zi2 L, RIE TS5 HBIX3 [med L. £k, —kHiiA% 0.01 M PBS, pH 7.4 THAIR
L 1 BFE=SIE TGS, 817 % 0.0l MPBS, pH 7.4 (2R L, =i TS5 0 X3 E¥kE L=, %kt
Yutt b L C diamidino-2-phenylindole (DAPI, Molecular Probes, Eugene, OR) Zf{#H L7=. £ AHKl

(VECTASHIELD Mounting Medium) & % /3—74 5 A (MATSUNAMI GLASS IND.LTD.) %W
TEAL, JA#HLT-.

41




Table 3 i L 7=$Hifk

EARL S Ex s ENEES
anti-C-terminus of DCUN1D2 rabbit IgG : GTX119936 [N2C3] GeneTex 1:200
anti-N-terminus of DCUN1D2 rabbit IgG : ARP68256_P050 AVIVA SYSTEMS BIOLOGY 1:200
anti-E-cadherin rat monoclonal Takara Biotechnology 1:200
anti-pan Na' channel mouse monoclonal Sigma 1:1000
anti- MAG mouse monoclonal Millipore Bioscience Research Reagents 1:200
anti-Glial Fibrillary Acid Protein (GFAP) mouse monoclonal Sigma 1:200
anti-NEDDS rabbit IgG Cell Signaling 1:200
Alexa Fluor® 488-conjugated species-specific secondary antibodies Molecular Probes/Life Technologies 1:3000
Alexa Fluor® 594-conjugated species-specific secondary antibodies Molecular Probes/Life Technologies 1:3000

2—1—6 H£EREYHFOEENFENT

Yefa i, @O EEMEE (BZ-X710; Keyence Japan, Osaka, Japan) & U < (X3S L — 3 —BAMSE
(FV100D IX81; Olympus, Tokyo, Japan) # ] Ui L7=. WEBETIZH D9G22 50 L, #Hat
AT 21T o 7=, T — Z 1T EIEHERERZE (standard deviation, SD) & L C/R L, HIEME O FHFRY
FEBZIZ 1 99.9% DIEHE (p<0.001) ZH > THEE Lz

2—1—7 e

FEERRERIT, FHELSD THR LU, WEHFRIREE L LT, ABMRRSRMEDO KRS 3FE (A,
AB - Ay, AS) MIXZENZNHNOMHETH D Z LN DT — X MO IGHEN 2 L &l L=, &
72, Wd type & CSTKO ¥~V A b HIDO~ T A ThHh D Z &b il T — Z I OXFIGMEN 72 U & W
L, &b, ZNHOFHITIE, BHROBV 2L E 2MEILEITT->TEY, 7N 20 EdH
DI Es, BERHEOFFMITICIE o test 2 A, BIEMEOKF 2RI, MEDLE
PEZZIE L 99.9%DIEHE (P<0.001) b THEE AR L. ZALKFLHITIX, Microsoft
Excel 2003 (Microsoft Corporation) % HV 7z,
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Eo2E E2f BR
2—2—1 v MBI TRAMHRRIZIITS DCUNID2, NEDDS D73 4h

IRT ) — RERy & R Y3 D Pk & VO Cinssilico fi#dTI2 & W, DCUNID2 2Mefidizy 1 &
LChFbniz. 2ok, FTHIERIZEIT S DCUNID2 ORBLAEH LT 57201, U=
ATy MENTZIT> 72, Fig 1A IZ7”3 3 X 512 DCUNID2 1% 30 kDa /3 R & L TRk &
W, 7Y FOERFETR— D GAFMHRARETR— RO ROIEI BiRENM-T. £,
AL ARRR OOl R 4y & B Sy & b9 A b, MIEEAIC LV ZLEENRTWD Z EBbho
7. ZDZ &b, DCUNID2 [IRIEMHREOMIEE /3122 < & E4L, TR & R R
TEREDRELRLZ LR T.

DCUNID2 17 v NOSEMRICEFICEEND Z 0D, SLEMRIZIIT 5 RTEEMEITT 5
eIz, v U AMEMRR L X FE S UEARZ W THREYRE %17 - 72. DCUNID2 X, Edfiimic 2
DO RRICAE A TZRHR 2R REZ R L, T v i b oI FE LTz (Fig. 11B; %
). INOLOFRROFEIL, =Y T ) — RIZREET D MAG DYt & — L iz (Fig
11B; EBGRE). £72, 70 E IS ET D BAKEET M U AF v Xk L “EY
BEATSTRER, TRV U AF ¥y 1A ZEEe L 912 LT DCUNID2 2JREL TS Z & 03bino
7= (Fig. 11B; FEORE). 26 OFEEN S, DCUNID2 BRI AR D /8T /) — RIZFEL TV
LT ENbholz.

DCUNID2 /%, neddylation ® F BTy F+TH 0 ), Z DN neddylation it A HiE & 4
% 29 = o7-, neddylation |ZB85-9% NEDDS8 A [RIEEICKIHIR /ST / — RIZHAiT 50 E
IMMEFRDIOIL, v T AREMRE ZIZS UERZ AW CRERAZIToT. ZORE,
NEDDS X DCUNID2 & [R#kIZ, RHhFHIC 2 2D sURICW A ZRFEEZ R Lz (Fig. 11C; fkfa).
T, WIS T BRI b YR EBA A D, CEREEAOMKE) D, DCUNID2 & I[EEkIC
IS OSIROYEALIE MAG OYtafg b —F L (Fig. 11C; EBRE), BAKFEET MU 7 LAF
¥RV BT L9 IC U THEM LT (Fig 11C; FERE) Z & 225, DCUNID2 &[] U < NEDDS
HREHEI =Y > ONT ) — REFICHFET 22 ERbhrol. ZThonZ enb, I v
D37/ — R TiX neddylation |2 & 2 E/iM T TV D AIREMED RIR ST,
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A Brain Sciatic N. membrane  cytosol
30 kDa— —

B

DCUNID?2

DCUNID2 pan Na

NEDDS

NEDDS pan Na Merge

Fig. 11. Localization of DCUN1D2 and NEDDS at myelin paranodes in the rodent sciatic nerve.

(A) Western blot analyses of rat brain and sciatic nerve homogenates (left) and fractions of sciatic nerves
(right) were performed using an anti-DCUN1D2 antibody. The amount of DCUN1D2 was higher in the rat
PNS cytosolic fraction. (B) Teased fibers of 10-week-old mouse sciatic nerves were double-immunostained
with anti-DCUN1D2 antibody (green) and either anti-MAG antibody (red; top) as a paranodal marker or
anti-pan Na' channel antibody (red; bottom) as a nodal marker. DCUN1D2 (green) colocalized with MAG
(red; top), suggesting that this protein is concentrated at the paranodal myelin. In addition, DCUN1D2

showed some limited immunoreactivity at the node of Ranvier where Na“ channels accumulate (red,
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bottom). (C) Teased fibers from 10-week-old mouse sciatic nerves were immunostained with anti-NEDDS
antibody (green) and either anti-MAG antibody (red; top) or anti-pan Na' channel antibody (red; bottom).
Localization of NEDD8 (green) was similar to that of DCUN1D2. Scale bar = 10 um
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2—2—2 T 2T VHIZEBIT S DCUNID2, NEDDS8 O43Fh

RIZ, N7 —=FPSNDY 2 CaNIZE T % DCUNID2 O RIfE 2 iR % 7o DI fE e ta %
Tofe. va U MRATRT 2 KR I = U A0iE, PRI =) e B R) a 87 b
STV DAl aly b TUA = YPRBFHET D, AO a8y hIx Y ok i
V, YaIv bk T UURIIGMRENFEL, T ) —Z L —7 LRRRICHIa A &
IV VR OB L LT LB BN TWD. LinL, TORAMTAEICR LT
FLEARPRENREZN. ZOFNIZISIT D DCUNID2 35 KO NEDDS O JRTEDH AP 50T 5
Iz, va Iy b Ty —< YPRICERT S 2 L3 BT D E-Cadherin DFLA & HLIZ T
Y 2 ATV R L — - BEMEE T L. Z OFE SR, DCUNID2 OYetafs s —i E-Cadherin
g —EH L CWD Z ENRbhoTz (Fig. 12A; EE). L7>L, NEDDS |X E-Cadherin & 13—3%
L7z~ 7= (Fig. 12B; LE%).

Ta U UREIE I =Y &AL TV A myelinating Schwann cell &, I =V U ZFALL T
U nonmyelinating Schwann cell (24317 541 % . nonmyelinating Schwann cell TiX GFAP Z %88 L T
52 L6, BT GFAP HUikYefa12 - T myelinating Schwann cell & X425 Z & nTx5 9. =
M7=, DCUNID2 & GFAP OHikZ Wi “HREE LTI 2hH, ELLOHUATLUEA
PRI Y 0, YeatER —E LTz (Fig. 12A; FB). F7-, NEDDS JUA T RO YL
BENR Sz (Fig 12B; TE).

PLEDORER DS, DCUNID2 & NEDDS |3 myelinating Schwann cell & nonmyelinating Schwann cell
WAHAELTEY, A TEIT Y NT 7 — Ny, %E CIMRERIKIC o mT 5 2 L0386
mEipolz. £, Y2 Iy b T ¥ —< YR TII NEDDS OAFEITIA 523 Tide o 7273,
neddylation % i3 % DCUNID2 |3/37 / — REfRIZY 2 v b« T X —~ U UPEICFET
LHZEDNDholo, TNHOZ ENHREMHEI Y 2T neddylation EAU7253 23] 5 2>
DEE %2 LGS Z EDNRBI T,
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DCUNID?2 E-cad

DCUNID?2

NEDDS E-cad

NEDDS

Fig. 12. Localization of DCUN1D2 and NEDDS8 in Schmidt-Lanterman incisures and nonmyelinating
Schwann cells.

(A) Teased fibers of 10-week-old mouse sciatic nerves were immunostained with anti-DCUN1D2 antibody
(green) and either anti-E-cadherin antibody (red; top) or anti-GFAP antibody (red; bottom). DCUN1D2
partially colocalized with E-cadherin-positive Schmidt-Lanterman incisures (arrowhead; top), although
their signals were not completely overlapping. DCUNID2 was also present in GFAP-positive
nonmyelinating Schwann cells (arrowhead; bottom) (B) Teased fibers from 10-week-old mouse sciatic
nerves were immunostained with anti-NEDDS8 antibody (green) and either anti-E-cadherin antibody (red;
top) or anti-GFAP antibody (red; bottom). NEDD8 was not found in E-cadherin-positive

Schmidt-Lanterman incisures. In contrast, strong immunoreactivity of NEDDS was present in
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nonmyelinating Schwann cells (arrowhead; bottom). Scale bar = 10 pym

48



2—2—3 PRERHEDKEIZL S DCUNID2, NEDDS8 D455H DE

KRR RN, BB RRARME & IR OV AR S TFAE T 5. TE BN e
AL, BRI RN O LIS O F TR 2 KRS OMMETHR SN TN D, £z,
HIRBHEO R I L I = U OESITITHEWVEE R H 0, SRR & RERHER R (R +I) V)
OO (gratio) 1X—RAIZK 0.6~0.7 FRE TIRIE—EIWCHRT-ND. oF D, BN/ RKVDITE
TV UOESFEL R, NT ) —FN—TOKITE 2 5. £ T, KIZ DCUNID2, NEDDS
DINT ) — R~DRIEN, HEBRHEO R I L > TEWR S D 0T L=, BAARIFET Y ¥
LF v RN T BT ERERIC ACRIZRE LTV 5 AR A DR ZFHTIL, ZhEh o
RAFEORK S D Aa (6 um<) ,AB H DT Ay (3.5-6um) H L<ILAS (<3.5um) fiber & 434
L7z, Adfiber 1%, T Exilin L BED T > RO (f > % — 7 —F) oFSpE< ™7,
<A, BARAAET N U U AT v ROVDBEIREMRICE) 20T 5 72 ORI Y fa S 7 Ji
BEAREHRAE ¢ fibers 23MFAET 5 72, MEHAAED K SBIIZ DCUNID2 D RIEEZ T2 25, ~ T
AR ARRE D AS fiber TIE AW MiEIHE & #72 ) DCUNID2 X° NEDDS8 D & 237 e ta bl d il b 7e
o7 (Fig. 13A).

TEBHNCHEFHENT T 572912, DCUNID2 $iiRIZ L 53T ) — ROYt N Z — % 3 DD T )V
— LT, LT & 2 A, Ad-fiber, AB- & Ay-fiber TIXIZE A ED/NT ) — REZIZE
WCHHOD/RT ) — RGeS T\ 5 (Bilateral) D2t LT, Ad-fiber TIXIZE A E DT )
— RTHa) B SR IREE (Null) 725 72 (Fig. 13B) . NEDDS T 4 [RIER O |7 23558 57z (Fig.
130). ZHHOFEF XY, DCUNID2 X° NEDDS [T AKWABEEMRMEE 8T ) — Ry I B s
WCHET D2 ERRES L.
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Fig. 13. Difference in DCUN1D2 or NEDDS8 accumulation patterns at the paranodal regions of Aa-,
AP & Ay-, and Ad-fibers in mouse sciatic nerves.

(A) Representative images of double immunostained teased fibers from 10-week-old mice stained with
anti-DCUN1D2 (green) and anti-pan Na' channel (in red) antibodies are shown. Myelinated fibers are
identified by the presence of nodal Na" channel clusters as shown in the image. These fibers were classified
as Ao-(6 um<), AP & Ay- (3.5-6 um), or Ad-fibers (< 3.5 um) based on the maximum diameter of the
internode. DCUN1D?2 signal was not detected at paranodal regions in Ad-fibers (white arrowheads) that
were in close proximity to broadly stained Na* channel-positive C-fiber bundles. Scale bar = 10 pm. (B)
The pattern of DCUN1D2 immunoreactivity in the three nerve types was examined in adult wild-type
sciatic nerves by double labeling as shown in A. DCUN1D2-positive paranodal regions were classified into
3 groups. In the Bilateral group, the nodes were bilaterally flanked by strongly DCUNI1D2-positive
paranodes. In the Alteration group, the staining pattern of DCUN1D2 was mislocalized from paranode and
diffuse. Representative images of these groups were shown. In the Null group, no apparent DCUN1D2
staining was detected as shown in (A). The total number of counted nodes was; Ad (n = 241; black
columns), Aa (n = 264; white columns), and AB& Ay (n = 264; grey columns). In most of the Aa-, AB&
Ay fibers, DCUNID2 was present in the paranodes. The nodes associated with strongly
DCUNI1D2-positive paranodes were rarely observed in the Ad nerves. (C) NEDDS staining patterns in the
three nerve types were also examined. The total number of counted nodes was; Ad (n = 182), Aa (n = 210)
and AP & Ay (n = 449). The color of each column represents the same nerve type as in B. Similar to
DCUNI1D?2, the nodes associated with strongly NEDDS8-positive paranodes were rarely observed in the Ad
nerves. Each value represents the SD of the data obtained from three animals. A y* test (with 4 degree of

freedom) was performed to determine statistical significance. *, P < 0.001.
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2—2—4 HFEHERBRORBEEMIZBIT S DCUNID2 D55F

SRR D Y 2 U VI TO DCUNID2 O43Ai DAL ZFHR D121, AR TS B
DT v FOREMREE W TRERAEIT>T-. 7 v FORMHRRTE, IV A3ERICE
RS AUhaDH 5. DCUNID2 1%, 4% 0 BlindbAE% 21 BEnlZbhlo > Ty = U MO MBI AF
fEL T/ (Fig. 14A, 14B RBH). 1% 21 BT, v = U UfilaOEE B OMRE Oz I =
U RO /NT ) — REIC BN RO, RER TR SN L 97837 ) — R~DRfE
MERH LAz (Fig. 14B KF1). 4% 21 AREOAFEMHETIE, IV VRO REBRE 4 %
RT)—=ENT X7y a DT LICH L. oz Enh, a2 U fldo DCUNID2
X, IV UORKEERSTRT ) —FNT v 7 g YNBSS NVDEHIZ N T ) — NIZER
T5HTENRIBI N
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DCUNID?2

Fig. 14. Developmental changes in DCUN1D2 localization in rat sciatic nerves.

(A) Double immunostaining of teased fibers from rat sciatic nerves obtained from various developmental
ages was performed with anti-DCUN1D2 (green) and anti-MAG (red) antibodies. At PO, P1, P7 and P14,
DCUNI1D2 was diffusely localized within Schwann cell bodies (arrowheads at top; Schwann cell nuclei
were visualized by DAPI in P7 and P14 samples). (B) At P21, DCUN1D2 started to accumulate in the
paranodal regions (indicated by arrow). Arrowhead indicates perinuclear staining of DCUN1D?2 in the cell

body of the same Schwann cell. Scale bar = 10 pm.



2—2—5 CSTKO~TUAKRMIxTY IZHBIT5 DCUNID2, NEDDS8 @ FREEA

AR L72 & 912, CSTKO vV AEI = U Y OFEFER S ThDH AN T 7 F Ra KB LT-RER,
RTG )= ENT ¥ va VAR R LY, 8T ) — FICEET S5 F O RELbE2 R .
SRR L= ) — RRTES 1 TédH % DCUNID2 X° NEDD8 O3 A /NT ) —H Ny
Y7 arORFEIZIoTEDL D REEZE 5T 50572912, Wd type & CSTKO ~ 7 A
DOHFRRRE & Z1FE < UTREARZ W THRIEYIC X 2T 24T ->7-. DCUNID2 <> NEDD8 ® Wd
type TOHAAIL, 2 —2— 1O Fig. 11 TR L7 XD ITENMEKIFET MY U AF ¥ XV OEFRE A
s HikTe X 51287 7 — RIZRFE L Tz (Bilateral (ZFH2Y) . xFHRAIZ, CSTKO ~ 7 A Ti,
DCUNID2 23737 /) — RO RO FIEFET 5 70 EYEAE N ZE(L L TS B @ (Alteration [ZFHY),
H DTSRG EMEAZ R I 20 E O (Null [I2HHY) 3% < A b7z (Fig. 15A;a, b, ¢) . NEDDS
DAL TY, FETH-7- (Fig. 16Asa,b,c) . 2-2-3 L[FEEEIC, BAMKEMET FY U A
F ¥ L EFREEIZ LT, Wd type & CSTKO <~ 7 A® DCUNID2, NEDDS D JS{E/F — 2 % 3
DT N—T Vo3 F TR URRFHRNT 21T - 72, IEH 72 Wd type TEL Abhb ki, T/ —
R OWANZEEFEN A B4 D 7 /b—7" (Bilateral) 1%, CSTKO ~ 7 A Ao-fiber, AB- & Ay-fiber 235
WTHEIZHED LTV, 2RI LT, NT7 2 — ROFOIRICERBT D70 ERTEELDB RS
b 7 —7 (Alteration) CEFEN 2L A oW L—7 (Null) 1%, CSTKO + 7 A Ao-fiber
R AB- & Ay-fiber IZFBWTHEITHMA A & D Hivlz. CSTKO ¥ 7 A D Ad-fiber IZHWTH, Wd
type (ZEEXT Alteration 7 /L —7 OFE /A & Null 7 v —7 O BERBEIMBRO b (Fig.
15B) . NEDD8 O 37 /) — R cBI 2 REICE L TH, As-fiber Tix Wd type & HE /2 7EM
D BRI T2, LIS OFFREARMETIX DCUNID2 & [AIfk7e M 2~ L7= (Fig. 16B) . =
NWHDFEREIY, NT ) —=FNTx 7 v a rOFELHBGIMED K X7 neddylation B 5y
FDORMIRELSKEST DL LIRENT.
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Fig. 15. Altered localization of DCUN1D2 in CSTKO mice.

(A) Representative images of double-immunostained teased fibers of adult CSTKO mice with
anti-DCUNID2 (green) and anti-pan Na' channel (red) antibodies. DCUNID2 clusters were either
mislocalized (a), diffused (b) or not detected (c) in CSTKO sciatic nerves. Scale bar = 10 pm. (B) The
DCUNI1D2-positive staining patterns in the three nerve types of adult Wd-type and CSTKO mice were
examined. DCUN1D2-positive paranodal regions were classified into 3 groups as described in Fig. 13. The
total numbers of counted nods was: CSTKO (n = 873; Aa:264, AP & Ay:368 , Ad: 241) , Wd-type controls
(n = 2074; Aa:301, Ap & Ay : 511 , Ad: 389). The percentage of nodes associated with strongly
DCUNI1D2-positive paranodes (Bilateral) was significantly decreased in all the nerve types in the CSTKO
mice. Each value represents the SD of the data obtained from three animals. The y” test (with 4 degrees of

freedom) was performed to determine statistical significance. *, P < 0.001 vs. control.
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Fig. 16. Altered localization of NEDDS in CST-deficient mice.

(A) Representative images of double-immunostained teased fibers from adult CSTKO mice with
anti-NEDDS (green) and anti-pan Na' channel (red) antibodies. NEDDS clusters were either mislocalized
(a), diffused (b) or not detected (c) in CSTKO sciatic nerves. Scale bar = 10 um. (B) The NEDD8-positive
staining patterns in the three nerve types of adult Wd-type and CSTKO mice were examined.
NEDDS-positive paranodal regions were classified into 3 groups as described in Fig. 13. The total number
of counted nodes was: CSTKO (n = 1445; Aa: 540, AP & Ay: 653, Ad: 252) , Wd-type controls (n = 841;
Aoa: 210, AP & Ay: 449, Ad: 182). The percentage of nodes associated with strongly NEDDS8-positive
paranodes (Bilateral) was significantly decreased in CSTKO mice. Each value represents the SD of the data
obtained from three animals. The y* test (with 4 degrees of freedom) was performed to determine statistical

significance. *, P < 0.001.
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BoE HFI3E BE

AREE T, neddylation Bi# 5y 7 CTd 5 DCUNID2 & NEDDS (25 H L, KR CTOREL,
TR LHEAEE O K4H L 7= CSTKO ~ 7 AT H (T D JfE DA % ffhT L 7=

NEDDS (I~ U ADWEAEM DM TE L FEHL TOHH T & LTRLENMN ), BT A
IR & IR 2 22 M CRIRRIZIERIIC RO 5 2 E 3 ST 7 dcidmpigiiie s~
AT O PSDY5 O neddylation 73 2 F 7 A TORPRIEE DI RESLIRFFHIMETH D Z L3RS T
WD COWEEMR A T = X AT EE BTV RV, neddylation D FREI R4 TR Mz A T T
bk 72l 7O T THRO LN TH Y, SRR L OB LIS STV 5. NEDDS OREEICIE
EONDOGFINFEESITND D, ABAYZR 5T TO neddylation DR FNZES L CIE AR 72 A3
2V, ZAVE TITHR B RIS AENT 23T O T D RFEHY 72 neddylation DFLE & LT cullin family
member 3% 5. cullin |% ubiquitination (2 B %72 ubiquitin ligase DE SRR 57 1D —-> & L TAHI
STV 5. cullin 25 neddylation &415 & cullin-RING E3 ubiquitin ligase & AOIEMELIFZ 0,
ubiquitination 2MEHE S5 ™. DCUNID2 1ZZ @ cullin @ neddylation Z{EiEd % Z &2k b,
ubiquitin ligase B &R DIEMEFEIZ1X72 6 <. FEOHFFETIL, neddylation |3 ubiquitination 7217 C
72 < tyrosine kinase signalling, apoptosis, DNA damage signalling X> nucleolar stress signalling & VN> 72
SR T FIARERERET D Z LB TE TS ™. AHFFETiE, DCUNID2 & NEDDS
RO > = U il OMIaR & XZ 7 — RITBIEL, £ OEAL T neddylation 2317441 TV
HAREMEAZ R LIz, S Y vonT ) — R a2 Fi b, S oL —7EL—7%>
A= T a BRI ORE I Y U ERAST D axo-glial V¥ T va VFIET B.
7o, STV NRT )= FN—TITMIRESFEL, MR E I =Y COMAEEN 2%
T, STV UEBE Y 2T HIRR S O OWERERE E LTE B2 Tngd. I
> CD neddylation DFEEIXE A TH L0, N7 ) —RKar X7 NI AZRIET 591
DEME LTHITHND.

NEDDS8 D FEE & OfEA it 7= %, NEDD8 Ofiia (neddylation) & £ (deneddylation)
W2 Lo CTHBEOHE 2T 5. TGFBRIL (TGFP type II receptor) (£Z D X 9 72 neddylation &
deneddylation T X Y #¥REDNFHET 41553 FD—-> T, neddylation |Z &> T TGFBRII A %&bk L v
7 FIVOVERBEBINER 5 L s S Tw5 ™. —7, deneddylation % TGFPRII ¢ ubiquitination
ZREL, VE Y RT7 7 bR caveolin #7 L7-Tr KU A h—3 A2 X > T TGFBRII D53 iR % A2
HEEs5 P IR o> Epidermal growth factor receptor (EGFR) % neddylation (2 & ¥
ubiquitination 234N L, = RH A F—3 R L HWIEMDMEES NS ). & 51T invitro D FEER
IZBWTC, ZFEhA ZRIEO 1 FTH 2 CXCRS @ neddylation (2 L B EHiAY Z D= FIKOHAD
fE~DZ—47F ¢ L ZICBE L, ZOEMBOBEIL AL BT S EoRERHL . Zh
LD END, /NT ) — R BHIEIR~DRE Y o X7 OO 53T ) — R~DfE &
/X7 O neddylation (28 - T S D ATREMED B 5. Z OFIERIRIEAT O£ D 5 72 2 fift ]
Wi, KRR I =V > CTO neddylation DIEE L7253 1 ZFAETDHZENEETHS.

Flr, HEERBEMAMEOREMREEORIEIZI =Y & /37 E D ubiquitination 23B5- L T
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HEDHRENRHD. ZDOd, I =Y 2 TO ubiquitination 7 neddylation (2 X 25l &4 5 17 50 E

IMEFERT D LITHEETH D, KR TIE, ubiquitination I[ZBAF%3 % 20S proteasome (2
ST HPURILI Y B OE AR AT B0, HTHERC T ) — RO Ra S5 .
Z DY — 0%, AER L7z neddylation BAEE Sy D RITE L —379 5. trembler J v 7 A%
Charcot-Marie-Tooth (CMT) disease type 1A (BiEEHR)DOEHET /L & LT HALTI Y, proteasome
DOIEMEAR FIZ £ Y ubiquitinated PMP22 (peripheral myelin protein 22)X°> myelin basic protein (MBP) 73
EDI Y L BF R EOBERNERT S Y. & 512, myelin protein zero (MPZ) gene 0> HI0P
DTN L D BHIFESED CMT type 1B & OARN#RHFE TIX, ubiquitinated MPZ DE AR ERI L,
Bl 2 PED 7R VR B MERRO b ¥ bz Lok, I U /327 O ubiquitination
DOBFEIL, KAEFREEORA L BE#ENH S, DCUNID2 (2L 25 ubiquitin E3 ligase &K D
neddylation 732 @D X 9 72fRHEICEE G- L TV D NI ELE A TH A0, KM TORAYZREEIC
17 % neddylation DEENZHDOWTAHZRMERT L EDBRETHDH.

AWFZEIZ LD, CSTKO v 7 ATl DCUNID2 & NEDD8 D/XF / — N{4pIZI61T 2 Yuta i3 g
FIHD L T0DZE&mR LT, CSTKO vV AII Y Y DRANLT 7F RAKRE LIREER, K
PR & RAERR L BTN T ) —F NV s va VICEERBRE LT S5 1O gk
DFIEYLEDIEHT £V, DCUNID2 & NEDDS (3 = U U RO AMEBE TV v v 7 v a VM Bk
ENDEIZNRT )= RAFRET D, 20w, CST KB~V ATRLID 25 Do,
NG ) =ENTx 7 aORIAICE > THERIENTWD AR EZLONS. Ll
Mo, NT =BTy T v ar OFELITEBRIZ, AVT 7 F RREFOMOBEREENE 722
ST EITE Y T D DG FDJRMELEE U aTREVEIC OV TEBRS TE TV, 2Lv7 7
F RIZVY By FF7 & LENFISS O/8T ) — RO RIS L CREREHZHFOY. 6 L,
DCUNID2 X°> NEDD8 D37 / — R ~OMikl ANV 7 7 F REET 50 CThiuf, Fig. 15
R Fig. 16 TRAOLNZ X HIZ CSTKO ¥ T AZBWTINE DN FD/RT ) — RO JFTE BRI
BN Z BB TE 5. £72, TGFPRIL 7¢ EDZRIKDIFE~D X — 77 4 7" H neddylation
X° deneddylation TSI X415 D & [FIEEIZ, NF155 O#fiik ) neddylation (2 X » Tz 15 2 &
HEZOND. WTHOHBEITE TS, HB{LFENSE ) neddylation BHHE /> 7- D /fE L2/ L T
I Y UHERBICE ST AR DL B R DL, AR IBITHRET L TWBELRH L.

FEEBBE DO AR MREIZ I T, TGFBRI OHIFIT KV 2 = U MRS OMIBIIERHEFE D I < h
TWBZ BB TND ¥, SEOGREYREIC L 5 FEBME ORI ROMITC, £ FHo
v 2 U MR S DCUNID2 =° NEDD8 MFET 2 Z &2vh, ZORHIZIIT 5 TGFPRIL 72 £ D
Z RO neddylation & OBV ¥ BRI .

PLE, ARETIX neddylation BiH4sy - T& % DCUNID2 & NEDDS IZFHH L, ZTH#uHn
nonmyelinating Schwann cell X°> myelinating Schwann cell DFfEARDOMIZ, KIEMHEI =Y > D/XT
J = FECRET 2 2 & &R L, & HICEDREICHBEHEIRE N HEE THH 2 L 2R LT,
A%, MEBEHEREN DL S L T OHIIE OIS T OEFREIZITTZ 6 ONE L)
(295 & 312, neddylation NEERRH D VITIRAIREEIZB W T I = U U CRAETHEE 2TV
STEDEETHD.
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BoE HAH /A

RETIE, KRR 27 Ufifdo /3T 2 — RiZE1F 5 DCUNID2 & NEDD8 D RifE L AL 7 7
F FRIBIZ & D REZEIZOW TR LR, BLTOmMB ARG ORIFFERCRIE, (RIFFERRR
IZ, Proceedings of Japan Academy, Series B, physical and biological science, 92, 56-68, 2016* (2 # L
7).

1. DCUNID2 (IR RIS E R 722 < AFET 5.

2. DCUNID2 IIRMMHEI =Y DT ) — K, vaIv b T ¥ —< HPEO B LN
o U HilE ORI BET 5.

3. NEDDS [ZHRAHMRE I =V L D/XT /7 — L & MR RTET 5.
4. DCUNID2 & NEDDS i nonmyelinating Schwann cell CIIMIEARERIZONE AMEICHIET 5.
5. DCUNID2 & NEDD8 /3, MiE#HERRWVE L/ RT ) — FERS TOERNZ .

6. JEEEXMETIEZ, DCUNID2 & NEDDS 3% 0 Hilnm b v = U Uil ofiikic Lo, 2=
U UTERE DA% 21 HEEEIZ X T ) — RIZEFRET 5.

7. 2V UOREBRCFERENKREBL, T ) —FLTxr 7 va URNEFICERI LD
CSTKO ¥ 7 A Tl%, DCUNID2 & NEDDS D/ 3T ) — REM COERBELONED HND.

8. LEDZ LM AMIETIE, REMEI =V 23T 7 — N7 12 neddylation BEEL 57~ 3 EEFE
T5HZ EEHITH BT L, neddylation (K DAERfDS Z DSy T & D& FI 2 57 3 "] REM:
onLic. E£72, RIFHRERIZEWNT, RBFEEER I =Y /37 ) — N5 ~® neddylation
By FOHEMICEE TH L Z L ZH LN L.
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B

AT, IV OFEEHERIEE THLANL T 7F RBLOCST TEKEN5S POA DK
=1} &9$E%ﬁ¥kioxm@ﬁ¥ BID7 VT OECEMITL, LLTFOFHMA 5T,

51 B TiE, CSTKO ~ 7 AHBUHRRIZ IS 1T 2 Hilh 5% J& PH o0 FARAie R 277 U 7 i ~ D 52T DU T
Bat L7z, ZORER, JEEEME CHMBRMNICIEEE L CTE 72 OPC OBFENTLIET 5 2 &, & BIC
® OPC OEEMMAEIC BT 24V 7 Ra¥A MEoOBMIMIE G 2 afstErr S iz, 1=
U UTERRICOWTITZIENLBRBDO 6D Z e, AT 7F R34 ) 257 Rat A F Rt
OHFE L I =V UIEEEHOREICEDL Z EEH LN L. Fe, XTI —FNTx T
3 VTR AIRREIZ BV T, BRICER T D BAAKGMEA 40 T ¥ RV O REE b E AT, R
BREICHE AL 5250, MR TIXT A hat A eI 7m0 7R o7 ) 7 fifa~o 5
IR NN EEH LN L.

B2 ETIIRMHER I =Y 08T ) — NELICERT 2 81727257 F DCUN1ID2, NEDDS (2
HHL, MBLPERERE~T 2D 7Y 7TRNIZEIT 5 2105 O neddylation B# 5y 1D (FEZE L &
fi#HT L 7=. DCUN1D2 % neddylation O IEDFHEIK 1 & Wi TV D KWL OFE S D> 5, neddylation
DIBEESK - & 72 5 NEDD8 7% DCUNID2 &K IEI = U o D/RT 7 — R Y = T Al
HEOFILRICAFET D2 LD, T HOEMLITO NEDDS (I X 5 & v 37 BRI %A D
AIREMEDN R STz, FEEEMEICR T DN NS, To DN I = U UKD KB TR T
J— RICERT S5 Z &, RO KENKWVIEE ZNLDEBNEL N L NbhoTz. &5,
CSTKO ~ 7 ADAKIEFETIX, DCUNID2 & NEDDS8 DF3HLDJAD & RFEZLNFRD Hiiz.
neddylation (2K % % > /X7 B OFFREEMIZLLERIHT LWV E T, 20501 A0 =X LEHH
HDHVITHEAPREBICB T 2 FENIEEARAHAZEANZ . SE, IV BV TRATNIC
neddylation 234 U2 AIREMEDNRENTZZ L, 5%NT ) —F NI v 7 va VB E O
PEPEM A Z T D HE X NIV EREZHONCTLHZEICED, AVT7FROITY B
TORER Y v T v a BT AHNR—7 U THEAER OISO LB 2 b,

LIk, AWF7EN 5, CSTKO ~ 7 A % AW T H AR IS K OSRIHMRR OfT 217 9 Z L2 &

O, ZVT7ICBTOMBHEEEOEERZHA LN T LI ENTERL. £z, RIFHERICE
\7 % neddylation (2B L CHiI7- A A ZI-RTH 2 &N TE 2.
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L

ARWFFEDOEMIZHT= Y, WIGHBE 2 258, HMRELZG Y, AR SCOMBHE 2288 T
B L CHE £ LR, BOERRTY: BHAFE3IRICIRIE R DI OE 2R LET.
ARWFFEDZATIZ H 7= RAGTE O 2R, WHisEZ B0 £ Lo B4, M54, o
TR e AR L.

insitu NAT VXA B—a EERATOICHIY, HEEE, EEHEL R £ L H AR AR
ABREEOPIEET b deds, MRk TEAE CGREERERT) IS0 bREHE L £

S DICAGRMERIC H 72 0 B S, W EE £ L7oERE R R EE OB .00 HEHFLH
LEFET.
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