AL S At (BE)

ST B R IZ BT D
HESRAE ST DA & T OFERERTh

2015 A

e A YN N S T2 e 2D e



ER/N

BB LB TR ceoreeerneeessenssssesssssesssssss st et sss st ess s
FLET 2T EORIRIRIER oo,
BE2HET BEBHIEAN oo
B3 HT Cathepsin V..o
B4 BT CONL ittt
FESHT R-SPONAINT .o
FOHT AUFTED BB oo

% 2 F  Cathepsin V @ N-glycosylation & & OEHEIDFEHT ...
% 18 Cathespin V ? N-glycosylation DFERE .....coovvvevveveeeeeann.
%2 Hi Cathepsin V D N-glycosylation 23EREIZ 52 D R4 ..
B3 HT  F LW st
B2 EDIEERTTIE oo

%3 CCNI O O-fucosylation & Z DEEIDFEHT ......oeovven.
F1HI CCNI @ O-fucosylation DFEFD ....coovvveeeeeeeeeeeeeeeeeene,
%281 CCNI @ O-fucosylation 23EREIC G- D2 ...
%3 HI Pofut2 (ZX %5 CCNI1 ® O-fucosylation 2353 WAZH- % 5
BB AT FE LW st
3D TTIE oo

% 4 & R-spondinl @ C-mannosylation D& E| & AL R O FEAT
% 18 R-spondinl @ C-mannosylation DFETE.......ccoovevereveenne.
% 2 #i R-spondinl @ C-mannosylation 23EREIZ G- 2 HRZE. ...
% 3 Hi R-spondinl ® C-mannosylation % filfit3~ 2 %35 O [F] €

........................ 43

B2y
oA

........................ 63



DPY19L3 Ofiif4~% R-spondinl @ C-mannosylation 73

i
AN
=

IPUANT B Z DB oo 89
% 5 Hi DPYI19L3 Ofiifitd~ % R-spondinl ¢ C-mannosylation 73
Whnt/B-catenin 37 F W HAFRIENEIZ 5 2 DR oo 93
B 6 T T L 0D e 97
B A BED FEBRTITIE oo 98
B 5 B B e 105
BB TR oo 111
Eirie

11



1

H
oo
Eb

BT B OFIRE S

B R EITEMORI ERERT DRI D 1 D THY | T OERE
T5HZ LA MBI EEETH ETHATHD, X NIHIT, T A
FIicEPNEBBERCTHDBEETVDIEG, RSN TERSNZT X/ BB
Td 5, 2003 45, Watson & Crick, & L T Wilkins 5 7° Nature &2 DNA ¢
WRSEREIE 22 56 5% L 72 1953 4R 5 50 JAEDHEIZ, b 7 ADOMEGIE TN ES
SNz, B N7 AOFE TICEVIZIFETOBE ORI, a— S
NTNWDE U RTEO—IREE, TRbb7T X BRIV INT, & N7
J LORRFUIF TR BARFOF NV EDOR R E ST L, 5 FAEY TR
T Vo T FIGBHORBIZRELS FEH Lz, LLY ORIV EORE %
Hfg+ 2 BT, 7 LAOMRFEE T TIEA T THo Tz, ERNICEET DX
VRV, BB NI BITH LTSRS AR L D 2 L THID THRE A AT D,
% DF LRI EITIE LWSIREIEZ L D721, ix e b Pl 2500 5,
OO Z L A RRREM &IPS, TR 20X R HITRREE
fiizZITIELSTVEBEENDZ LT, WIOTHWEZAETLHL 120D, DFV
5 R B OREFINCIE, BB EMOBMNLETH 5,

TR E A I BB ORIENFAET D, IV B, ISl 7
TIEEDERICEE T, 57 "V ENNOHLZ I E %Y b L,
EoWZFDOY UL EINT X R EN DR R B VR LTS, D
ST KO ICHEHNITE Z 25802V [1-4], £z, 2 EFF oAb b REN L H
FRILERTD 1 DT, K48 Bla vk F oAkl RV ERIZE S L[5-7]. 7
K63 M= &% F L ALIX DNA BHICEE TH H([8], ZD X 91T, Fix OfifasiE
oy LoV TERT 27201213, FIRRREM 2 B 5 2 & DM EIAR AR T
HY . FRRBEEMONIEIT LY —BZOEREEZH L TETW15,
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EfiTh o, PEHIZ, Bfe., Z "7 BHICKHH 3 OAMBE LI, 1 0
HTHDLER, 52 OEHTHL X R TEEMNTT 2720 TEHN6R0EL
EMBIRN, 5 3 OEHTHLBEHAZ MRS 2 2 &L THIO TRk, 20
. WEE R B OB AEMBR TS ETIEFICHEELEINTE

D, EREZEDTND

PESIEAR T, il - E@A X X7 E TR A, sl - BEE R
KRB DL IE, £ O N KR signal peptide & FEIEIL S, & S+ DBk
M7 X EEDMFIET D, Signal peptide BT 5 ¥ X7 HIE, FHRFZESHIC
/NEARER)EE A Bl L, signal peptide UM &5 Z & T, %< 7 X/ FRITZ ER
W~ E kS5, BER ICHES D EFRIRFZ, H DWW ITHE%,. ER NORESRE
Oy X2 & 0 FESHIER A Z 5[9-11], HESHEM SN Z /37 BHIX, 20k
VPR LA ST, FVVERNTS 5225 LR X[10], £ O%RAMAAS~57
W SHT2 Y HIRRIES Y Y — b Lk S 415 (Fig. 1-1), BESHERILZ X7 8
DT x =T 47 EEM. i, BRRERIEZ IEME L S B 5 B8~
ER—T77 EIZBE L TWB[12-15], D720l % DX X7 BIZHOWT, kE
PEMORBEMNT L, TORREZHEMT L2 L1, WX "I B2 T 5
ETIFFICEEL > TL %,

BUEM BTV D PEBIERTICIE, N, o, ¢ B, 2L TGPl 7 v —
D 4 TN H D (Fig. 1-2), ZDOWN GPI 7> —Ri%, BEEH LR 5 72 D HENE
HEMTHD, GPL 7o —HTE, 7V Iy ViRkAT 7 FUNA ) ¥ b=
(GPDFFED Z /X7 FITHEAA L. S BITIREE D 2/t L il RE &9 5
ZET, GPL T U —RZ N B AEC D7 E LD S REI RO L ) |
i OFESERTI I LR VVRR R & 2 FF D, A . ZORERE TH D GPI
T =RV N OBURE 85 (& i (V-glycosylation) . O T 85 & fif
(O-glycosylation), C BUPHES(C-mannosylation)lZ- DWW\ T, FIEINREFED X >3
7B R A Y TR AT o T2,
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Fig. 1-1. Mechanism of protein glycosylation.
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Fig. 1-2. Variation of protein glycosylation in vertebrate.
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1) N-glycosylation

N-glycosylation % FLEEHY R < fifHT S U2 BEGRIERR T, & DIERR A 1 = X L 0fh
BT BEER IOV T RN 3 A TV D, N-glycosylation Tl 30 2 % 5
DR A2 LB FIZEY FEORM, MY 7B T, BGR LTCHEEIC AR
L T < (Fig. 1-3)[15-18], N-glycosylation X & 9", Hifu’E # ¢ UDP-GlcNAc 7> 5
ER B2 D KU =2—/L U U fB(Dol-P)IZ GleNAc-P 23N 2 HF N HhEF 5,
Z D%, ER E EOMIIE M T GDP-Man 7> mannose 2% 5 #E{HINT 25T,
MansGleNAc,-PP-Dol 23EB 1%, RIC, Z @ MansGleNAc,-PP-Dol 7% ER i |- %

s L CER WEZ A& . & DISHEDMSIN LA L T < [19-21], 2 DR % i
BRI MBS flippase Tdb D RFT1 T H[22], iz L ER PNIERIA [\)
V72 MansGleNAc,-PP-Dol (Z1%, & 51{Z Dol-P-Man 7> 5 ALG3, ALG9, ALG12 (Z
£ Y mannose % 4 FEFIN L. il T Dol-P-Gle 25 ALG6, ALG8, ALG10 {2 & Y
glucose 7% 3 BEAI N9 5[22-28], Z 9 L T GlesMangGleNAc,-PP-Dol & 720 | =
14 B O FESHFITHEIA GlesMangGleNAc, 723 oligosaccharyltransferase (OST)Z L ¥ & o
INTIEDT ANT X (Asn)iEFEITHAE T 5 35 C N-glycosylation 25 Z %[29,30],
I HIZZEDOHD ER £121T TNV VRN TORBERKISIZE D & 522 5O
FU ST TR, L0 R LT REE D SERC T S [10],

N-glycosylation {4 > /X7 'EH D Asn FEILTEH Z D08, ZHUIED Asn X FTH
it Z HERTIEAR N, N-glycosylation (%, Wi - [EE@R % X7 HEDOWN, £D
7 2 BEESHHZ Asn-Xaa-Ser/Thr (Xaa: Pro ZFR<AEBEOT I /YD a &
Y ARSI Z FFOBAEICOAHEZ 5H[10], LnL, 2 ARSI EZ RS2 TO
X N7 B N-glycosylation S#LTCWAHRRTIE AR, v o4 2A/FNIX
N-glycosylation D LB TH Y |+ TILR W,
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Fig. 1-3. Mechanism of N-glycosylation.



2) O-glycosylation

O-glycosylation & N-glycosylation & i OMEHT 3 A TV B FESHIERT TH 5,
N-glycosylation TIl&., Asn HEICEER G T DX GleNAc TH 5 05,
O-glycosylation TlE Ser/Thr FRENZEHERE G DIk~ RFEED & 2[10], #x
H— &7 b DIL. GalNAc 23 EA 9 % b D(0-GalNAcylation) T, AT 2 & hA®
ELTEZL DEFURITE ETHEAINTND, ZOMMIZH mannose 23 F5HT 5
# D (O-mannosylation)<°, glucose 2333 % & D(O-glucosylation), GIcNAc 735
BT %5 H D(0-GleNAcylation) 72 &', W< D0OFEFEDNHE STV D08, K
Tl fucose BFEST D b D(O-fucosylation) |2 fE & Y T 21T - 7272 LItk
AR 2R N5,

1975 4, Hallgren 573t R LY Gle-Fuc D 2 i CTEffisNT- AL A =%
5, L7z Z & T, O-fucosylation 133 H S 17-[31], & D, epidermal growth factor
(EGF)-like repeat Z Fi->#EE D % > /7 E T, O-fucosylation 237K % & & 7z
[32-35] 7% . REAM 72 M 8H O AT DS R . EGF-like repeat (i & 9 % M 851
NeuAc-a2,3/02,6-Gal-B1,4 -GlcNAc-B1,3-Fuc 7> H %5 4 HE T - 72[35], HHNTHE
&Nz Gle-Fue O 2 FERFESRT 24 VRV BITR O AHIOEE TH o723,
2001 4, Hofsteenge © 7 thrombospondin-1 {23V T Gle-Fuc 72 H 5 2 HHIZ L 5
O-fucosylation Z%& i L72[36], Z DFE FIZ X Y . thrombospondin type-1 repeat
(TSR1)Z DX L /R 7 E D Gle-Fuc @ 2 B2 X 5 O-fucosylation 73K 4 & i &
M72[37-39], ZLHDF A5, EGF-like repeat & TSR1 (Z331F % O-fucosylation
DEQRDPEHTEMIND Z DRI, EERIZE R AL 2 BT D5
NZENENIRE S N7 Z & T, O-fucosylation (21X 2 DD F72 HIREEMBIFET D
ZENIRENTZ, T2 5. EGF-like repeat ® O-fucosylation % filfi3~ 2 B% 35 /3
protein O-fucosyltransferasel (Pofutl) Td» ¥ . TSR1 @ O-fucosylation % filt i3 % /%
FEMN Pofut2 TH D Z & D[FEIE I 4172[40-42],

N-glycosylation & [Al4%. O-fucosylation |2 % = > & o 3 AFCHIAAFTE L. Pofutl

W

Tl3¥ EGF-like repeat H @ Cys-Xaags-Ser/Thr-Cys., Pofut2 T(X TSRI H @
Cys-Xaay.3-Ser/Thr-Cys-Xaa,-Gly @ Ser/Thr (Zxf L O-fucose 235 &3 5 [40-42], &



ILEID O-fucose 1%, & D% S HITNAREERE M < Z & THRAARIIZIL, EGF-like
repeat |ZX%f L Cld NeuAc-a2,3/a2,6-Gal-p1,4 -GlcNAc-B1,3-Fuc @ 4 $E23, TSR1 |Z
%t LTl Gle-B1,3-Fuc @ 2 #EDFEA I 5 (Fig. 1-4)[43],

EGF-like repeat

a2,3/2,6-sialyl-

transferase | 92»3 or 02,6

TSR1

B1,4-galatosyl-
transferase

GIcNAc

B1,3-glucosyl-
Fringe transferase

Pofut1 Pofut2 | a1-

-C-X, ~(SIT)-C- -C-X, ;~(SIT)-C-X,-G-

Fig. 1-4. Two independent O-fucosylation pathways.



3) C-mannosylation

1994 4, Hofsteenge &%, & K RNase2 ® 7 & H D Trp 7LD A > R—I/LERD
2ALDKFEZIT LT, RFE-RFEHEG THIED hexose 23T < FrHibFEAI 25 /L L
[44]. & DOEFIZITZ DOFEDS mannose Th D Z & 25 L7z (Fig. 1-5)[45], #H
PEEiCH -T2 Enb . ZD% Y Hofsteenge I L » THEA 72ty 7e S
7ofEk. C-mannosylation 23t b, DA T X  NLZXZ— HLlp PR
YO TITEZ D, W, Bl KRR ETIIEZ 5720 2 L [46],
C-mannosylation ® mannose K7—7% Dol-P-Man T& Y, & D0 ER %% <
GULHSTHD I 78 Y —ABHGICHFET DHREOBSITL VR D Z L0
SNT2[47], S HITIE, RNase2 D 7 HFBH O Trp FREELOT I Ve B R IE
T C-mannosylation 23 Z % 2 & fi X7 F 2> 5. C-mannosylation |3
Trp-Xaa-Xaa-Trp O #ID Trp FEHTHE Z 5 Z & 37K Z41[48]. C-mannosylation
Dy ARFIBRB I N, ZD ORI G, BIfE C-mannosylation ™
A B = A LIRD X H 125 2 5TV 5 (Fig. 1-6), £7°. dolichol kinase (DOLK)
IZ X D dolichol 23 U > i#{k & 41, Dol-P 23 Gk 415, & Z 1T, dolichol-phosphate
mannosyltransferase (DPM)# &5 K1Z X U . GDP-Man 7> % Dol-P {Z mannose 2355
S 4L, Dol-P-Man &R S5, E4UAH3, flippase 12XV ER & ETKRERT 5 Z
& T, Dol-P-Man 23fHf@BE M7 ER WEERIZ <, H#%I(Z. Dol-P-Man 725
C-mannose 5B EEFR 2 KV =2 & o ZELHI E D Trp %5512 mannose 23575
# T, C-mannosylation 235 19 %5[49], EHFIZ720 | FHFHIZEBWT TSRI D
Trp 7% 5512%F9 % C-mannose 8845 & L T Dpyl9 238 S 4U72[50]25, fihd 4
WFEIZ 3V TIFARTE C-mannose BB IR I [FIE S 40T 720,



Fig. 1-5. Structure of C-mannosyltryptophan.
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Fig. 1-6. Putative C-mannosylation pathway.



Krieg 5. 1998 4F|{Z RNase2 @ Trp’ ¢ C-mannosylation O f##T 7> 5
C-mannosylation @ = > & % ZAfEdF| & LT Trp-Xaa-Xaa-Trp % #75 L 72[48]73,
WIREGURERE 7 Th D Co R CT X V7 B I8V TE, Zoarvty
H AEHNZHI] S 7220 Trp & FEIZF VT 3 C-mannosylation 235 LTV B [51],
Julenius [, 2007 4 % TIZ C-mannosylation iR E ST\ X7 HITH 5,
69 » AT C-mannosylation site O JEN DT X J R % FEHHIZFRHT L 7255 5.
Trp-Xaa-Xaa-Cys F D5 A) D Trp 55 T b =i (2 C-mannosylation 258 Z 5 Z &
S L72[52), & Z OAGRSCICHB W T, C-mannosylation DL Z 5 M B4 %
YW« IRE R 2 R 7 B DWW, Trp-Xaa-Xaa-Trp/Cys D = Lt o AFEHI %
i IR R By e

PLED X ST, #HEHEMIIEN T2 ARSI RBE SN TED
FIHTHFEDREAL TV DD L oI bns, L, EEREZITIZIAbD =
TP ARSEALTOTS, BHEMPEZ 5RWEEbH 5, 20, &
B UNTENRED LD IREHEEM A= T T DR, ERRICEA DX NI ]
(COWTHT T 2 B EN DD, Fiz, HEHEMIIRL 22 AL TnD 2 L
Mo, iz D NTIEIZONWT, ZOREBFEMN ED X HITHEL TWDH
. TRENIZOWTEEMARENT 21T O BEDR D DH, £ T TRmIL T, 1)
cathepsin V @ N-glycosylation & % DEE|DOfFEHNT, 2) CCN1 @ O-fucosylation & %
DEENOfENT, 3) R-spondinl @ C-mannosylation D& E| & FEALEER OfFENT, D 3
DDT =< ITOWVWTHIREAT > 1o, WIS, F X N7 HOFEICON TR~ 5D,

%5 3 #ii Cathepsin V
Cathepsin V (CTSV)iZL. cathepsin (CTS)7 7 X U —IZB@TH VAT A 7T
7T—ED1FETH5H[53,54],CTS 7 7 2 U —I¥B,C,D,E,F,G, H,K,L 0,S,V, W,
X D14 FEFENF HTWD D, £ DN CTSD, CTSE, CTSG Lo 11 FifAIT >
ATAvTaT T —¥Thb, £/, CTSE N KV —LA, CTSG 23HIfE R H
ICAFET DLMEAETY VY Y —AIZRIEL, EIZIEXY VY —AIZBITF L5 R

10



7 GRS LT B [55-58], —MRIC CTS EIEARTEEZ2AIBEAR & L CTHAE
AU N Kl pro-peptide 2 UIWr &2 Z & TIEMR & 72 5[57,59], Z DYk
X, U Y Y — Ak SN %, BRI TICS b S nD 2 ETHAEE L,
BAEWIOIMT 256 &, Mo7e 77 —BIcIvblfrcnsiG60 2 @02
0%,

CTS FHOH T HFFIC CTSB I, #EOIEMAL & OB 523 30 FFLL b H) b faf
SNTVDH[58,60], & HIZEDHEDWIFEIZ LD . £Rkx 72 CTS P EFIFEEL L T
WD Z N, B o, BT, M. KRIBE, 27 7 —~< 7R ETHE
ENTWVB[61,62], < DEKRT —4% L EBRIN~ T ZBET/VIZLD . CTS
BT OMET, BEOLELHICL s THERERZRHZRZL TND I EDURS
NTW5H[61,63], & HIZ, CTS FHDORE L~V LEEE O TR RITITAHEDN
HU CTSHEMEOTHE FHTL~—T—I2/0 952 ERENTVH[64],
F#IZ CTSB, CTSL 1ZH & DEERIEM, & LT wPA R EDMDOT v T 7 —E %
LT D2 icE 0, Mgt~ NY 7 A& L, ORI 28
4 565,661,

CTSV 13416, Mg fe UGB T O R B R S AV[53]. % DF4 FAE A I T IE
[ RUBEPR I . PR MER AR & DBIRAR STV 5[67,68], Tl FESO K
FEICB W CEBENHER SN TWA[S3], 52t b CTSV X, woEM L & B
H3mbivd e b CTSL &K 78%DAHFEIMED & 2 Z & 226 CTSV & [FAARIZHE O
HMARIZED > TWD Z EME X HILDH[53,54], EHIZ, ¥U A CTSL &k |
CTSL OFR[EME & Hlg L7z fER, ~ 7 A CTSL & & K CTSV & OHHEMED 235
<. E~T RTIE CTSV FELE L TWARWT E RS- 72[69], 2D DFEE
225, CTSV 1L CTSL & [AERDEEREZ D CTSL IIX 72 W E SR BERE 2 koD T
WAHATREMERE 2 BT D

CTS JAIZ3\ T N-glycosylation SFLCWND Z EDFEH SN TWB X R T &
1IN O H B D3, F DN N-glycosylation DEEDSFHR 5L TWDHDIET v FD
CTSE D& TdH 5, 7 b CTSE @ N-glycosylation I%, TD 7t 7 fifa
WRITE, Z NI EORBICEETHD Z ENRINTWNDH[70,71], FILLIst

U
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® CTS #H. FrlZk b CTS FHIZH VT N-glycosylation DFE|D /RS TWD H D
(ZM|E, B b CTSV 1E, 207 2/ BRHITIC Asn™' & Asn®™ D 2 4 D
N-glycosylation =2 > & % ZfdF A F L T\ 5 (Fig. 1-7), L2xL. T @ 2 AR
N-glycosylation AL TWDENIRINTE LT, ZTOEENZOWTH AT
HD, = Z TR 2 FTlX, CTSV 2% N-glycosylation ZAL T U5 050> % iR
Fri, &HITITEDOEIEICE 2 DB AT 5 2 & & Lz, CTSV 2MECHEIR
R EEBMRNH D Z EAVRIBEEINTWD Z E0v5, CTSV D N-glycosylation
FREMTS . BT 2R BIRIEIE DRI O3 5 Z E I S L 5,
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Asn221 As n292

Cys'38 His277 888 Asn31
W%
1-1718 ——— 113 114 334

signal |/
peIg:iI:e z pro-peptide Putative N-glycosylation sites

Fig. 1-7. Schematic of human CTSV.
A black box, a hatched bar, three asterisks, and two sugar chains denote the signal

peptide, the pro-peptide, active sites, and putative N-glycosylation sites, respectively.
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% 4 fi CCNI1

CCNI1 IZ, W4 Cyr6l & LThHbIL, Mifust~ ~ Y 7 Z(ECM)FEIRICAFTET
HYRVEBLT—HURITBETHY, VATAVNEEICEEND WA
NI ERE, CCN 7 7 2 U —IZJ& T 5[72], CCN 7 7 2 U —|L CCN1~CCN6 D 6
O HAKY | N REGIC signal peptide ZH L, Ft\ T4 DDERE R A A 2 AL
TW 5 (Fig. 1-8)[72,73], CCN1 D Zi B 4 DDIEEE R A A &, ZEhEhnn
integrin, ~/ 7 VAR~ 17 42 5 L (HSPGs), TGF-B 72 & & OfEA<°, CCN
B R BR OSBRI EICBE L TWAH([74,75], D7, MRS
MipLEE A, Wk, =M. mAEEHA. MlaEk, 7R F =Y AR EIEFIZIRHEIC
MEDREREA AT LTV D[72,73,76], CONIL 1ZZ D X ) 72 MSREAZ A LT D Z &
5. FDORFIIEMAL PSR E & W o To, OB IZEHEE LT
WD ZER, HIECHE, PR e & THE STV A[77-79], 2 b O
225, CON1 T DIGHIERIR2 M~ — 1 — & L TCOISHNHR SN TV 5,
Bk CCNI (X TSR1 RAA U ZF L, £727 2/ BEESIH O The** (2 Pofut2
12 X % O-fucosylation @ = & % A4 % A L T % (Fig. 1-8), L72>L, CCNI
® O-fucosylation [T RN TE LT | EDEENZDOWTHH LTI I TR,
Z ZCARFRCHE 3 = TIL. CCN1 A3 O-fucosylation S LT D & fif#hT L.
Z DREREIC 52 5 B8 % 51f L 7=, CCN1 238 D IRIFIEH) LM~ — I —~ L &
AENDaREMEN S D Z L7v5 ., CCN1 D O-fucosylation DFFENTIL., Hriz 72 fEia
WEZHFET 2 ECEBERMALAZRUST 2 Z LR, S BITIXEBRDOIRFE
DT DR D ATREE b D TV D,
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QThr242

B /777 i ] SRBRRRARARARAR W

1 24 25 94 98 164 228 273 286 360 381
B signal peptide B Tsr1

[[] IGFBP N-terminal CT

vwC @ Putative O-fucosylation site

Fig. 1-8. Schematic of human CCNI.

A black box, a gray box, a hatched bar, a checked bar, a dotted bar, and a hexagonal
shape denote the signal peptide, the insulin-like growth factor binding protein (IGFBP)
N-terminal domain, the von Willebrand factor type C repeat (vWC), the
thrombospondin type-1 repeat (TSR1), the cysteine knot motif (CT), and the putative

O-fucosylation site, respectively.
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% 5 #i R-spondinl

R-spondinl (Rspol)iZ 2004 4%, Kamata &2 X > THRA, #&E 4 72[80], & k
23 Tl Rspo IE Rspol~Rspod D 4 FFHNAFAE L, E DT X/ BEBLHIIE 40~60%
DIRIESNTWND, 2TDRspo 77 I U —F U/ Z L, £O N KUl signal
peptide, = D% 2 OO furin repeat K A A > & 12D TSR1 KA A > %47 % (Fig.
1-9), Rspo % 2 2@ furin repeat %41 L. zinc and ring finger protein 3 (ZNRF3) &
leucine-rich repeat-containing G-protein-coupled receptors (LGR) 4~LGR6 (£ #1LZ 41
AT DHZ ENHRE SN TV DH[81-83], ZNRF3 (Xid% . Wnt OZEKTH D
frizzled Z 2 X F oMb L, 70T 7 Y=LK D 0REMRT Z & T, Wnt >
FNERESEDL Wnt V7 F DT X T=A R L THEREL TV 5, Rspo IX
ZNRF3 ° LGR4~6 L EHARZIKT 2 Z L2k, ZOEEEROHMIEN~DE
VAT, FREARKET D Z LT, ZNRF3 O X F 0 U H—BiHEZHE L,
Z DOFER Wnt DZFIKTH 5 frizzled DL EA Z AT H[82-84], L - T, Rspo
IX Wnt FHA0IC@ < Z & T Wnt &7V EBERT 5, Wt 7 2= R MEEDSH
B X TV 5[85,86],

—fRIZ Wt 7 T uiE, WIHIREAESIERRIZAR O 2 DBFEIZB W THE TH
V. Wnt ¥ 7 F U L0 EEGFHE SN DHEEFITIEL, mye R cyclin D1 72 83
%, LrL, o OBRFIERITEICEG T2 2 ¢08lESNTEY, 20
72 Wnt & 7L D B 72 iEMALIE OJRIR & 72 5[87,88], HFIT Rspo & ¥ & D
BIE, ISR D IEFRICH R S LTV 5 [89-91],

Rspol 1%, D7 3 7 EEAIFD Trp' & Trp'™® @ 2 » FFiZ C-mannosylation
Dar Y AEHEZH LTV AH(Fig. 1-9), L>L. Rspol @ C-mannosylation
TRENTELY, ZORELHRESHL TR, € TRMmIH 4 FTIE,
Rspol 7% C-mannosylation S TWDINENZMT L. T OMREIZ G X D8 %
FEMi L 7=, Rspol A Wnt &7 F D7 I=A N ThHsZ N5, Rspol 238D H
PALIZE > TV D AfgEMEILm < . FEBRIZ Rspo EEDOE LG L RS> OH 5,
2F U Rspol ® C-mannosylation DfEHTIZ, R DOFEETERE DIERIIZ 72 D ATHENEDS
b5,
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120 34 8591 135147 207 263

l Signal peptide |:| TSR1

Furin repeat (P Putative C-mannosylation site

Fig. 1-9. Schematic of human Rspol.
A black box, two hatched bars, a gray box, and two hexagonal shapes denote the signal
peptide, furin repeats, the thrombospondin type-1 repeat (TSR1), and two putative

C-mannosylation sites, respectively.
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75 6 Hi AMFIED B

Bk, 22 7Sk H 3 OEMATH DPEHIT. Z 27 BT~ 7k
BB 5 LT, # oI EORME, OV T MmO IIHEREM O S
IR DI BNMATH Do IWFEDORZAEMDIEZEIZLD . VI F U OompkiE R
BREOIEELZ W2 oo BOMENEE 7 74 a7 a7 4 7 A
Wb o>oH 5, L, MEX X7 BRI, /NS 7BEEOM IO
H. FFIZ O-fucosylation X° C-mannosylation D H 1%, FAEDHAT721F TIEREAR
TaTHY, MENITIINETH D, o, oI EHENED X S RpEgE
iz T TWD0NE, 2B AESINL T TIED N6 T, flx s s
ZEIZOWTHERBNZIET T 2 0B o 5, S HITIR, FEHEMN AT 52 %R
BEREDN & N BT H 2 DRI L TR, BT DWW CREM R AT 2
ITORTNIULD N B2, £ 2 TR TIX, 1) cathepsin V @ N-glycosylation
& EDEE|OfFENT. 2) CCN1 O O-fucosylation & & D&E|IDOfFEHNT. 3) R-spondinl
@ C-mannosylation D& E| & FALEER OFENT. D 3 DDOT —< OV THFE AT
STz, TNENNEL, 0L, CHID 3 SOREREIZ OV THIFEZITH Z & T,
PESEMT AR HOW T OB ETRD 57217 Tl < SHESIEMA R OHMEE D
U - FRERIZOWTEREITH, 72, ABERTD 3 DOX RV HITE
B EORBOIGFERSCNAA A~ — I — L LTHEHINL TS DT
HTHY ., FHEHEMOKREIZE 2 2 B2l 5 Z & T, AUFZERR D
KDIREIEOBFC O35 Z E R HER D,
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% 2 3 Cathepsin V @ N-glycosylation & % DO#E| D fif#T

PESHEM O CH S B <HFED 72 STV 5 N-glycosylation [%, k% 7o % >
NWIBETEIDZEDPHESN, TOEEICOVWT LIRS TS, b |
cathepsin 7 7 X U — & L X Z EIZE VT H, cathepsin B L 72 KWV OMIZE
VT N-glycosylation DIFAEIT R STV DN, Z OEEEZ FENT L7-BI% 720,
IZE b cathepsin V (ZB8 L CTld. N-glycosylation D45 4 72 < | BEREARIT & 72 S
TRV, Z ZCH 2 3 Cld cathepsin V 1235 H L. cathepsin V % N-glycosylation
SD D, N-glycosylation SV TV A IGEIZIEE DOEEEIZ 52 5 2B D
TR L7,

% 1 #i Cathepsin V @ N-glycosylation g2

b I cathepsin V (CTSV)D 7 X/ BERdH 27 —Z X—2A LV L, £ ORS
AT L7 2 A, CTSV @ 221 FZFH KO 292 FH DT A/87 F R EN
N-glycosylation @ =1 > > % ZAELF| T 5 Asn-Xaa-Ser/Thr (Xaa # Pro)Z i/ L
Tz (Fig. 2-1), N BUBESHIZZHE D DAL S 41,1 DD N ABESH T L% 2~3 kDa
DEENRHDH, DF V., SDS-PAGE TH "7 E %478 LT-FE. N-glycosylation
DEMIZED T 7 VLT I RPNV ETOX R EOBEIEIIELT S, —,
N-glycosylation DFLZEH| & LT tunicamycin (TM)3E1 5L TUV5[92], % Z T,
CTSV 78 N-glycosylation SV TV 5 E0 %, TM 2B L-BRD7 7 VLT
K7V ETo CTSV & 237 B ORENE TR L 7=,

F£9°. CTSV D C K2 myc X hiss D ¥ 7 Z A L7= CTSV-MH % /37
B ORI BN & 8157 L 72 (Fig. 2-2), & O FIFEIANLIZ N-glycosylation PHLFH
FTHDTM EZIE LT L Z A CTSV ¥ 2 X E DRy B mA~D Y7 hR
B ST (Fig. 2-3), LEDZ L2025, CTSV @ N-glycosylation 23 RIS S 417z,
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MNLSLVLAAF
VWEKNMKMIE
RKGKVFREPL
MFRKTGKLVS
SYPYVAVDEI
DAGHSSFQFY
NSWGPEWGSN

CLGIASAVPK
LHNGEYSQGK
FLDLPKSVDW
LSEQNLVDCS
CKYRPENSVA
KSGIYFEPDC
GYVKIAKDKN

FDONLDTKWY
HGFTMAMNAF
RKKGYVTPVK
RPQGNQGCNG
NDTGFTVVAP
SSKNLDHGVL
NHCGIATAAS

QWKATHRRLY GANEEGWRRA
GDMTNEEFRQ MMGCFRNQKF
NQKQCGSCWA FSATGALEGQ
GFMARAFQYV KENGGLDSEE
GKEKALMKAV ATVGPISVAM
VVGYGFEGAN SNNSKYWLVK
YPNV

Fig. 2-1. Amino acid sequence of human CTSV.
N-glycosylation consensus sequences are indicated by underlines. The locations of two

putative N-glycosylation sites (Asn**' and Asn**?) are indicated in red.
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Fig. 2-2. Establishment of a CTSV-overexpressing cell line, HT1080-CTSV-MH.
Exponentially growing HT1080-neo and HT1080-CTSV-MH cells were lysed and each

cell lysate was electrophoresed and immunoblotted with anti-c-myc antibody. The

membrane after immunoblotting was visualized with CBB.
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Fig. 2-3. Human CTSV was N-glycosylated.
HT1080-neo and HT1080-CTSV-MH cells were treated with or without 10 pg/mL
tunicamycin (TM) for 24 h. Cells were lysed, and each cell lysate was electrophoresed

and immunoblotted with the indicated antibodies.
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KIT, CTSV NHEFRIT N-glycosylation S 4L TV 50370, & TN N-glycosylation
SNDT I VBOKEET DT, BESICK VT Lz, £3. CTSV @R
M2 KERR L, T 08 Fi5 X Y Ni-NTA agarose (2L D7 7 4 =7 «
—fER AT T2, FERLL 7= 7 /L% SDS-PAGE (Z L 0 /0 L, CBB %tz 1T
STy TOFEER. £ 40 kDa 1T CTSV & &2 BN DN RATER S 7= (Fig.
2-4), & Z TR 7 Ukt L N-glycosylation IR )% % C & 5 PNGase
FAUMBE L, S5l27vT7 7 —8Th b Achromobacter protease 1 (API) % ZLEE
HZ LT, RXTF MR b E T2, 267 F R icxk L, MALDI-TOF
MS K& O MS/MS fi#fft 217> 7=, MALDI-TOF MS O#H L 0 | PNGase F ARULE
I ZIXFERE 419, PNGase F AAEERFIZHT 72 ICBLL T2 B — 7 23 2 D(m/z 2123.0 KLY
2292.0) fife 58 < AL 7= (Fig. 2-5), S HIZENEFNDOE —27 O mkz 1T,
*BYRPENSVADDTGFTVVAPGK*? K& (8 **NLDHGVLVVGYGFEGANSDNSK*”
D BB (Z LTI m/z 2123.0 KT 2292.0) & 52412 —% L 72(D I N-glycosylation
STz Asn FRIED N BIGESH S PNGase F (2 X O UIHT &4, Asp R FE~ZL L= 2
ExERT), LELD, CTSV 28 221 FH LKW 292 HFH D Asn FRIEIZEBWNT
N-glycosylation AL TCW5 Z & BI/RIB STz,

CTSV @ Asn®*' TN Asn®? TD N-glycosylation 23R S L7-72 ., THEHD
T T R OECH OfERR & Y N-glycosylation site D[RIE D 7=, MS/MS FEHT
AT -T2, ZDOREE, Fig. 2-6 IR TENENDTF Rt A HIRD b-ions & Y
y-ions WHEFR S A7, HRIC, 221 FH K292 FH D Asn 7%3E1%. PNGase F 4L
BUZ LD DEREACEHEDNZIL LT F Fih & LTlRritta v, DLEL D,
CTSV @RI BAI L 0 R L0 Sz CTSV i, Asn®™' LN Asn®™ D 2
AT\ T N-glycosylation AL TV 5D Z & BRI NT,
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Fig. 2-4. Purification of recombinant CTSV protein from the conditioned medium
of HT1080-CTSV-MH cells.

HT1080-CTSV-MH cells were cultured in serum-free DMEM for 24 h, before the
cultured medium was collected. The obtained cultured medium was incubated with
Ni-NTA agarose, and the bound proteins were eluted with 300 mM imidazole. The
proteins were electrophoresed on an SDS-polyacrylamide gel, and detected by CBB

staining.
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PR o
@ API Fragment 1 :
2 15007 + 213YRPENSVADDTGFTVVAPGK?232
= PNGaseF 221 Fragment 2 :
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Fig. 2-5. Representative MALDI-TOF MS data for N-glycosylation of Asn**' and
Asn*?,

Purified cathepsin V was treated with (lower) or without (upper) PNGase F, and
subjected to SDS-polyacrylamide gels. Samples were digested with API, and the
resulting peptides were analyzed by MALDI-TOF MS. Fragments converting Asn*'
and Asn®? with Asp by PNGase F had the expected masses of 2123.0 and 2292.0,
respectively. Underlined “D”’s indicate Asp residues converted from glycosylated Asn

residues after treatment with PNGase F.
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b, 1148.6
1032.5| by,

2124.2 /7 = 2123.0 MS/MS

(Fragment 1)

b
100
50
5
5,
2 0
2 1000 Yia 2293.3
8 1445.6 Yis
£ Vi3 b b,, 1814.0 m/z = 2292.0 MS/MS
636.1 749.2 Y16 1951.4
b 1658.3 /
500 bs | |848.4 by ! '
5371 947.4 y,,
1125.7
0
500 1000 1500 2000 2500
m/z
5 910 b-ions
Fragment 1 : 213YRPEN-| SVAQ_I D-| TGFTVVAPGK?32
56 789 14 17 b-ions
Fragment 2 : 274NLD |8 |G |V|L |V |V |GY | GFE] GAN | sDNSK?°5
1918 16 1413 1 y-ions

Fig. 2-6. Representative MS/MS data for /NV-glycosylation of Asn?' and Asn*”.

Fragment 1 (upper) and Fragment 2 (lower) (see Fig. 2-5) were analyzed by MS/MS.

Observed peaks of these fragments are indicated b-ions and y-ions. Underlined “D’’s

indicate Asp residues converted from glycosylated Asn residues treated with PNGase F.
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% 2 i Cathepsin V @ N-glycosylation 23MEREIZ 5 2 D %8

1) Cathepsin V 28 F&4K D 31 5678 BLAN e D 1 ~7

W2 EICBWT, CTSV 2 Asn®!' & Asn®™? @ 2 # Ff T N-glycosylation
ENDHZLERLE, 2T, CTSV @ Asn™ N Asn®? 2 ENT V2 3
(GIn)IZZE B X & N-glycosylation 23 Z 572 < L7=ERIR(Z N N221Q KT
N292Q) & . 2 # FTdLIZ Gln ([CE B X 7= FRARQNQ)D CTSV R 7 Bl % f5f
3. L7=(Fig. 2-7), CTSV O HE, mRNA L UL CRIFLE TH D fMlakk 23 E
L(Fig. 2-7 A). IBBEDOERIZHNS Z L L L=, CTSV DX L /RTHE L~ )L TD
ORI, TR & KA R CIXFEIRRE Ch - 7 (Fig. 2-7B), £7-. SDS-PAGE
TOCTSV Z T ED/R 2 ROBE LI N221Q L TIN292Q TidA L L,
2NQ TIHE BIZHM L 7= (Fig. 2-7 B), LAEDZ &6 b Sl CTSV & H
RIS, CTSV ITHIIEANIC BV T H Asn®™! L O Asn®™ @ 2 7 fTC N-glycosylation &
NHZ ENRINTZ, Flz, N221Q TIN292Q & 2NQ DX /X7 /E /R KD
BEIEOE ) D, N221Q K TIN292Q TIZH WIS 9 —J7 D N-glycosylation (3
RSN TND Z LRI LT,
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Fig. 2-7. Establishment of mutant CTSV-overexpressing cell lines.

(A) Total RNAs were isolated from each cell line and semi-quantitative RT-PCR was
performed.

(B) Each cell was lysed, and aliquots of the cell lysates were electrophoresed and
immunoblotted with anti-c-myc antibody. The membrane after immunoblotting was

visualized with CBB.
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2) Cathepsin V D45 FAKD N-glycosylation DS

MNE L7z CTSV OFERIKIZE LT, £ N-glycosylation & fifgzd L 72,
F9, B L ONQ @ CTSV mREIFEHLMAILIZ & L, N-glycosylation FHEHIT&H
% TM ZALEE L | western blotting 1T - 72(Fig. 2-8), € Dt f., 2NQ TIX T™M %
10 pg/mL THRLEE L T4 CTSV ¥ U N7 EOBENEITZL LR h o T, & BITIE,
B A=AZ TM % 10 pg/mL CTHULER L 72 B2 D CTSV & > /37 B OBEIE X, 2NQ D
BT EOBBE & —F LT LAED 2 8255 CTSV 1% Asn™' J2 TY Asn®”
D 2 s FTLAAMTIE N-glycosylation AL TWRWZ &0V RS LTz, ZHUiE,
N-glycosylation ZERUI K% SE TdH 5 PNGase F Z4LEE L7254 T RIEE DG
DIEOLINTZ Lo & 3R S fv7=(Fig. 2-9),

WIZ, N221Q LTYN292Q DA BARA . AU MZE H — 7D N-glycosylation %
REFFL TV D0 E N TR Lo, BPAER . N221Q M TNN292Q BE KD ZNER
(2%t L, N-glycosylation PHLEA| D TM Z LB L 7= & Z A BFARIZ TM % 10 pg/mL
THEELT-BRD CTSV & X7 EOBEE & N221Q KT N292Q D A2 HARIZ
T™ % 10 pg/mL CTHEL L72FED CTSV # U XV B OBEEIT—8T 5 2 & 23\
I NT=(Fig. 2-10), LD Z Enn, CTSV @O N221Q K TN N292Q DA 28 HL{k
1L, BEWITH 9 —F D N-glycosylation ZfRFF L TWDH Z EARENTE, ZHHD
TRz £ &, CTSV OEFAR K R D N-glycosylation site & F£ & 72
% Table2-1 & L TR L7z,
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Fig. 2-8. Inhibition of CTSV N-glycosylation by the treatment with TM.
HT1080-neo, HT1080-CTSV-MH, and HT1080-CTSV/2NQ-MH cells were treated
with the indicated concentrations of TM for 24 h. Cells were lysed, and aliquots of the

cell lysates were electrophoresed and immunoblotted with the indicated antibodies.

CTSV-MH
neo wt 2NQ
(kDa) —G = G - 4 PNGase F
43 ——
365 — -. - ___|- CTSV-MH
28 —

Fig. 2-9. Deglycosylation of CTSV by PNGase F in vitro.
HT1080-neo, HT1080-CTSV-MH, and HT1080-CTSV/2NQ-MH cells were lysed, and
aliquots of the cell lysates were treated with or without PNGase F for 3 h. Samples were

electrophoresed and immunoblotted with anti-c-myc antibody.
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Fig. 2-10. CTSV was N-glycosylated at both Asn**' and Asn*>.

HT1080-neo, HTI1080-CTSV-MH, HT1080-CTSV/N221Q-MH  (upper), and
HT1080-CTSV/N292Q-MH (lower) cells were treated with the indicated concentrations
of TM for 24 h. Cells were lysed, and aliquots of the cell lysates were electrophoresed

and immunoblotted with the indicated antibodies.

Table 2-1. N-glycosylation status of wild-type and each mutant CTSV.

Wild-type N221Q N292Q 2NQ
Asn? @) X @) X
Asn?*? @) @) X X

o and X mean glycosylated and non-glycosylated site, respectively.
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3) Cathepsin V @ N-glycosylation 25 HIAIN JSTEIZ 5 2 D 528

CTSV X, Lo cathepsin 7 7 X U — L [EERIZEIZY ¥V VY —AIZRIEL, Z v
INTEDGRIZEE L TWD Z E DRI LTV 5H[57,58], £ Z T, CTSV D
FRN JSTEIZ N-glycosylation 235228 L TN I & 3l 9 2 72 8 | Sa e e
% T CTSV OHIBEN RITE & MDD 7=, JRTEZ fEND T2 ANV I % 714, CTSV
MBTETDEZ206000) Y —LE, VY Y —AICHEEINDETOF /LT F
T T D IANIRIZOWNTHENDTZ,

F7. P GRASP6S HLik (TN Rk~ — I —) 2 W T IR E FRICHE L
P myc HiikZ VT CTSV ZREICeta L-fE R, BAR KOS LERARDO LTI
BWCliE 3G 2o 7=(Fig. 2-11), LLEDZ L2, CTSV X1y
RIZIZRIEL RN Z ENRERT,

Wiz, VY Y —LDRAEIZE R DB A7 L7z, LysoTracker(V ¥V — LK
R 2 VT VY — A &R L, HTmye ik a AW T CTSV %
FRICYe s U7 S, B4 CTSV Tl At Shgic Iz Ky b
NEHMH S 7= (Fig. 2-12), £7- N221Q ZBFAK CTSV Tl e Sz o
Ry M3 S8, BRI L il U # o838 L= (Fig. 2-12), skt
L. N292Q K TN 2NQ AR CTSV T, LSz Ky MIEE A EHh
H S22 0o 72(Fig. 2-12), LLED Z & 65 CTSV @ N-glycosylation, #5712 Asn™?
O N-glycosylation (% CTSV DV VYV — A~DEREICEE THDH Z RSN,
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Fig. 2-11. Effect of N-glycosylation on Golgi apparatus localization of CTSV.
Each cell was fixed and stained with Hoechst33258 (blue; nucleus), anti-c-myc
antibody (green; CTSV-MH), and anti-GRASP65 antibody (red; Golgi apparatus). The

samples were observed by fluorescence microscopy. Bar, 10 um.
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Fig. 2-12. Effect of N-glycosylation on lysosome localization of CTSV.
Each cell was cultured with LysoTracker (red; lysosome) and fixed. The samples were
further stained with Hoechst33258 (blue; nucleus), and anti-c-myc antibody (green;

CTSV-MH). The samples were observed by fluorescence microscopy. Bar, 10 um.
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4) Cathepsin V @ N-glycosylation 2373 WA 5- 2 5 5 2%

CTSV T & X7 ETH Y Mifash~E i ESnD Z L bbb TV D
% Z C.CTSV OSN3 Z N-glycosylation 23 56289~ 2 NG & G-I 5 72
western blotting £ % T CTSV OFfst oy ih i % 5l L 7=, CTSV DRFAER K&
OV 28 BLR D8 8 76 B AN 2 R 1 375 15 b C 24 BERETRS 2R L, 24 BRI CoO &%
L L= & 2 A, B L bl L N221Q TIEIFIFEE D4y & C & - 7= (Fig. 2-13),
—J5, N292Q KON 2NQ CIXEFAM L bl U, /W B 23] S 7= (Fig.
2-13), LD Z &35, CTSV @ N-glycosylation, 42 Asn®*  N-glycosylation
L CTSV O WICHEHETH H Z LR ENT,
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Fig. 2-13. Effect of N-glycosylation on the secretion of CTSV.

Each cell was cultured in serum-free DMEM for 24 h, before the cultured media and
cell lysates were collected. Samples from the conditioned media and aliquots of the cell
lysates were electrophoresed and immunoblotted with anti-c-myc antibody. The

membrane after immunoblotting was visualized with CBB.
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5) Cathepsin V @ N-glycosylation 23 3ETEVEIC 5 2 D 28

CTSV Zv AT A 7 a7 7 —8 & L TOREREEZ2H 9 5[53,54], 2T,
CTSV @ N-glycosylation 75, BERIEMEIZ G- 55228 % 50 L 72, Bromme & O
5 L7z CTSV OIEVERIEE % 2512, 7-[(Cbz-L-Phe-L-Arg-) 7 X / |-4-A F /L7~
U (Z-FR-MCA) % B & L CHIE L72[69], BFER & KB BIROBEETEIED
BZIX, ENEDY ar vy M2 oI H KR EIRETE L 0 SR L
BN BREERMZADNEND, L., Fig. 2-13 IZ/RL7ZL 512, CTSV O
N292Q X° 2NQ 1%, BpAMS N221Q & bhilg L/ E N B LTz, #&
Z T.N292Q X° 2NQ ZEARDOFERLZ 1%, BF AL N221Q BRIK LV B X% 5~10
EREEEZ < OfiflalEE G2 W TR 21T o7, Fig. 2-14 [ZRT X512, %
AR OB EBR L FRREOREICKM L., 22T, Z0oVaryvr 4
YR EHWT, CTSV OBERIEMFM 21T > 72, £7 . BEREHEAER OB
AEDTD, Y ATA T a T T —EIHERTH D E-64 LB LI Tz
v hwu—L & LT L72[93], DR, BARL CTSV Z2/EH S 7 BRI
SN TWIZHOEIE, B-64 ZHLERS 5 Z L TRl SRl holo 2 D, HE
MITARZRIZEBWT CTSV OFEREEMENRHIE TE TV D I & 3R T & 7= (Fig.
2-14), WiT, BpAEM & KB BARDOEERTEMET 21T > 72, T ORER, N221Q &
FARIZE AR L el U, BLE 7 BIRREISEELS B LIz (Fig. 2-14), —
N292Q K TN 2NQ Z8 BLR | T By AR & beifs U, 1 Fil~2 BIFREE |2 F CBEEE (TIEE AN
D UT=(Fig. 2-14), L EDZ &35, CTSV @ N-glycosylation, 451 Asn®? @
N-glycosylation X CTSV OEERTEMICEHE TH D Z LRSI,
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Fig. 2-14. N-glycosylation at Asn*” is required for the enzymatic activity of CTSV.
Each cell was cultured in serum-free DMEM for 24 h, before the culture media were
collected. The obtained cultured media were incubated with Ni-NTA agarose, and the
bound proteins were eluted with 300 mM imidazole. Samples were dialyzed to assay
buffer for 3 h. The amount of each protein was evaluated by western blotting using
anti-c-myc antibody (inset). Recombinant proteins were incubated with 20 M substrate
(Z-FR-MCA) for 1 h at 37°C, and methylcoumarylamide hydrolysis was monitored at
excitation and emission wavelengths of 380 nm and 460 nm, respectively. Closed
circles, opened circles, closed triangles, opened triangles, and closed diamonds indicate
CTSV-MH, CTSV/N221Q-M, CTSV/N292Q-MH, CTSV/2NQ-MH, and CTSV-MH in

the presence of 10 uM E-64, respectively.
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FIHT Lo

%2 TIL, B b CTSV 2 RIFEHL L 7o fifn 2 FH\ T CTSV @ N-glycosylation
(2D THENT 24T o 7=, N-glycosylation [LEHITH D TM % W 7= EERC,
MALDI-TOF MS (Z X B fi#tr OFEHRA S, CTSV 2 Asn®™! & Asn®* D 2 » T
N-glycosylation S TWAHZ EZMDTHLEMNI LT, S 5HIT, N-glycosylation
23 CTSV DOIEREIZ 52 5 5228 % 51l L 7=, N-glycosylation DFL = 5 Asn FEHk%
Gln |2 W72 NQ ZRAKZ H W72 k) 5  CTSV @ N-glycosylation 7% CTSV
ORI, MRS ~D W, BERIEMRICEE TH D Z 2 b LTz,
Bz, MRS, W, BEREEOWTRICB TS, N221Q (XEFAER L 1F
IERZEThH o= DITxt L, N292Q TIRBHFICE L < Tz, DE V. CTSV ©
B2 Asn®? O N-glycosylation 75 CTSV DA 4 2 HEREAHIEIL TWH L E X Bh
Do
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%2 EOFEBRITIE
1) ffaLssE

b R ERMERE R S HT1080 #iMiX. DMEM (Z 10% (v/v) FBS. 100 units/mL
penicillin G, 100 mg/L kanamycin, 600 mg/L L-glutamine, 2.25 g/L NaHCO; % ¥/
L7zisiz2fEH L, 37°C, 5% CO» 54 T ChsaE L7z,

2) Cathepsin V IBFIFEEL 7T 2 I N OHEEL

CTSV {5 1-1%, HT1080 ® cDNA T4 7 Z U X 0 #Elig L 7=, myc ¥ 7" }2 O\ hisg

270 CRKIG~OBANIL @ LT T7A4~—%=HHL PCRIEIZL VIT->7, myc

% 7 N hisg ¥ 7 OEEHNIE, LLFIRTHEY TH D,

myc: GAACAAAAACTCATCTCAGAAGAGGATCTG

hiss: CATCATCACCATCACCAT

CTSV-myc-hiss (CTSV-MH)i& 1113, pCl-neo X7 % —(Promega)lZ¥%~7 7 0 —=—

¥ T EAT o1, £72.CTSV-MH D42 BAK(IN221Q, N292Q, N221Q/N292Q (2NQ))

DOERIZ, LI RT 7 794 ~v—%2HWTPCRIEIZE VT T2,

N221Q: 5-GAGAATTCTGTTGCTCAAGACACTGGC-3’ (forward)
5-GCCAGTGTCTTGAGCAACAGAATTCTC-3’ (reverse)

N292Q: 5-GGAGCAAATTCGCAAAACAGCAAG-3’ (forward)
5>-CTTGCTGTTTTGCGAATTTGCTCC-3’ (reverse)

3) 3 BLAI AR O A8f 7

HT1080 #fuiZ4~ < A X K% Lipofectamine LTX (LifeTechnologies)% A\ T
B E A L. 400 ug/mL @ G418(Roche Applied Sciences) CEREGFE 21T > 72,
Bdt 2 BAEo@REREZL, RAGREZH N TH 7 v — il
(HT1080-CTSV-MH, HT1080-CTSV/N221Q-MH, HT1080-CTSV/N292Q-MH,
HT1080-CTSV/2NQ-MH) % ft 37, L 7=,
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4) Western blot

FfE I lysis buffer (50 mM Tris-HCI, pH 7.5, 150 mM NaCl, 0.1% SDS, 1% Triton
X-100, 1% sodium deoxycholate, and 1 mM phenylmethylsulfonyl fluoride)% /Il Z i
B AT O Z & Tl Z M L 7o, MITRiEfRR X Coomassie Brilliant Blue
(CBB) G-250 (Bio-Rad Laboratories)% W\ CH NV EREERL, £ 7
WIBE R Z 1=, %57 5550 1 8O loading buffer (350 mM Tris-HCI, pH
6.8, 30% glycerol, 0.012% bromophenol blue, 6% SDS, and 30% 2-mercaptoethanol) %
Nz, 98°C. 3/ O#EMLEE%, SDS-PAGEIZ LV Z L8  Ea yHE LTz, # 2]
7B % PVDF RICEE G, SUAFLINT TTay R 7 7ol | kHUA
IZ1E. $L c-myc HLiR(#sc-40; Santa Cruz Biotechnology). & % M &t a-tubulin HLiA
(#T5168; Sigma)x H 7z, F£7z, 2 WHUKIZIL HRP EEFEHT mouse IgG Hilk
(Amersham Biosciences) Z H V| ¥ 4 (2 /X Immobilon Western (Millipore
Corporation) & FV /=, FJEMHIZ1X. LAS4000 mini (GE healthcare) 2 i F L 7,

5) Cathepsin V DOffifast 7> & O RE 8L

HT1080-CTSV-MH il 2 KEhsze L, MEIMIGEE T 24 FFfajbsse L7, 24 Ky
% . [BIIX L 7= 5%# 1512 Ni-NTA agarose (Qiagen) % /Il 2. CTSV-MH % Ni-NTA
agarose |ZfE & & 72, Ni-NTA agarose (ZfEA 72 CTSV-MH (%, PBS Tb'—
R X< WEHR. 300 mM O imidazole A ¥ L 7= PBS THHH 21T > 72, KD
ffEadix, ¥ 7 v % SDS-PAGE T/rffi#%, CBB R-250 THA§ 5 2 & TIT o7,

6) MALDI TOF-MS fi##T

L 72 7R L 1% SDS ZisI L, 95°C T 5 p[HELER 2179 Z &
TEVEME LT2, 1% Triton X-100 ¥k % T 10 512 AR % . PNGase F (Roche
Diagnostics GmbH) Z ZLEL§~ 2 Z & T, N fehEsH O UK 217 > 7=, N MehEsH ol
TV ORI 7 v O )5 & SDS-PAGE (2 X 0 438 L. CBB Yt %17
72 CBB JfalZ LV, Ny ROBEIBHERINIZZ N EEa 7 AN 6810
L. 0.1 M Tris-HCI, pH 9.0 ', 37°C T 12 B8], 0.2 ug ® APl #4452 & T
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XTF R b 21T - 72[94], & D%%. Zip TipC18u (Millipore Corporation) % F >
THLHE AL L. a-cyano-4-hydroxycinnamic acid 2~ F VU v 7 X & L CREA L.
Ultraflex TOF/TOF MS (Bruker Daltonics) % VN CE &0 2475 7=,

7) RT-PCR

RNA (& Trizol (LifeTechnologies)Z F\ > CHIME L v #iH L 7=, 1 pg @ RNA Z1{#
H L. High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems) % F T
WL G %17 > 72, PCR ¥R (21X rTaqg DNA 78 U A 7 —-8(Takara Bio Inc.)Z{# f] L
7o RT-PCR IZHAWT T A ~— S A 78 7T ==V 7T Table 2-2

\ZRT,

Table 2-2. The sequences of the primers, annealing temperature, and the number

of cycles for RT-PCR

Annealing | Number

Target gene Primer sequence
temperature | of cycles
CTSV 5-TATGTCAAGGAGAACGGAGG-3’ (forward) 56°C 23
5-GTGATGGTGATGATGCAGATCCTCTTCTGAGATGAG-3’ (reverse)
5-TGAAGGTCGGAGTCAACGGATTTGGT-3' (forward) o
GAPDH 5-CATGTGGGCCATGAGGTCCACCAC-3’ (reverse) 56°C 25
8) PNGase F #LEE

AR A 4)DFNEIZHE lysis buffer (ZHAE% . Ni-NTA agarose & U THURG Y
#1772, 300 mM @ imidazole Z ¥/ L 7= PBS THH#. 0.1% SDS. 50 mM
2-mercaptoethanol % & ¢ 50 mM phosphate buffer (pH 7.5){Z3&AT L 7=, @& L=V
TN E 5 Sy BRI L 0.75% Triton X-100 Z 12, & H1{Z 2.5 units ® PNGase
F (Sigma)% iz T 37°C T 3 Wil N BUBESHO U 21T > 72, £ D% 4)DOFIEIC
PEVN western blot (2 X W B L 7=,

9) foE YL ta
BHPI I N —H T A ETHFE L, VY Y — AREOHRIL, Midz EiE
{LATZ, MM IEES 2 100 nM LysoTracker Red DND-99 (Molecular Probes) % Il
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AT 2 WA T 5 2 & TIT o 7, Mz [EE Lk, 0.1% Triton X-100 & MW\ T
I ALER 24TV, 2% BSA TV Ry ¥ 7 %1 7572, CTSV-MH OYEIZ1T 1
WHUA L L CHL e-mye HUIREFEH L. 2 IkPLIA L LT Alexa Fluor488-conjugated
anti-mouse IgG (Molecular Probes)Z i H L 7=, £7-. F/VIRRBIEOMRIZIE, 1
PR & L THL GRASP65 Hifk(#sc-30093; Santa Cruz Biotechnology)Z Fv ™, 2 &
Pk & L T Alexa Fluor568-conjugated anti-rabbit IgG (Molecular Probes) % i fl L 7=,
4% £4121% 2 ng/mL Hoechst 33258 (Polysciences, Inc.) % VM=,

10) Cathepsin V D EEFETH MO I E

% CTSV % > /X7 ' % Ni-NTA agarose & H\V TR L, assay buffer (50 mM
potassium phosphate, pH 6.5, 2.5 mM EDTA, and 2.5 mM dithiothreitol){Z3%AT L 7=,
FENZ1X 20 uM D Z-FR-MCA (AnaSpec)ZfHH L. 37°C, 1 F¢fi] To CTSV O
IKGFRIENEZJNE LT, B-64 ZINZ DG AITHKIRE 10uM L7225 K HI2zx 7z
[93], 1 I§fIf%, 380 nm T & W 7-BED 460 nm O TR E 2 JE L 7=,
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% 3 % CCNI @ O-fucosylation & Z D& EI DT

O-glycosylation %, N-glycosylation & I UMRER 2 HEHESD 1 D TH D, —
/)72 O-glycosylation (%, Ser $ L <& Thr Z&I&IZx L, GalNAc 3G LS 5
7 HHEE DM E N THOILS, Lo, O-fucosylation (ZHED LGNS GalNAc T
1Z72< fucose TH Y, FWMER 2 &% ARV O BEMBITOILD,
O-glycosylation DH T FERMERMITH H, CCN1 & > /X7 HE O-fucosylation
DAY AFINER L TR, REZOFIZOWTHEITIZ RS T
Rholz, % 3 ETIEe b CCN1 @ O-fucosylation (Z# H L, CCN1 A3
O-fucosylation AL TV &7, KO DREREIZ G- 2 2 528DV TRl L 7=,

% 1 #i CCNI1 @ O-fucosylation DHEFS

CCN1 /& N RIGlZ ¥ 7 FNR_TF R 3T L5 0WHME NI BT, 7T n
RTF RURIZ 4 ODOWEE RAA V2 HT 55 /X7 EThH(Fig. 1-8), ZD 4
DD RKAALLDOND 1 2T % thrombospondin type-1 repeat (TSRI1) Tk,
Cys-Xaay.3-(Ser/Thr)-Cys-Xaa,-Gly @ =2 & % AEdS| %2 G 5554 . Ser/Thr 5%
FITFUT O-fucosylation 3L Z 5 Z & NAE STV 5H[42], B K CCN1 7
TBEANE T RX— AL VIR L, EORSERT L& 2 A, CCNL @
TSR1 H D 242 FH DA LA = FREED EFLD O-fucosylation D = > L A fd
¥ &7~ L CUWh /= (Fig. 3-1), = Z T, B I CCNI 23 O-fucosylation STV 5 7>
Lz, BEOIIZX VT Lz, £79°. CCNI @ C RimlZ myc T hisg D #
7z L7z CCN1-MH % > 737 B OIS B 2 85z L 72 (Fig. 3-2), Z Z T\
CCNI1 X, MIEREIZ S D~/ T Uil & OFSA DR HE STV AH[75], 4l
BISZ L7z CONI s RPEIAMIL b | @ EE M T Tldk CON1 2558 Lig I HE
BT D2 LTk NN, A~ U EHIICAEY S Z LT, MR
[ZART UHRER T LTRSS LTz CONT 2B piIc it S &2 2 L a3k
7= (Fig. 3-3),
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MSSRIARALA
GCCKVCAKQL
EYNSRIYQNG
VKVTGQCCEE
VGKGSSLKRL
VTINDNPECRL
AGCLSVKKYR
QSCKCNYNCP

LVVTLLHLTR
NEDCSKTQPC
ESFQPNCKHQ
WVCDEDSIKD
PVFGMEPRIL
VKETRICEVR
PKYCGSCVDG
HANEAAFPFY

LALSTCPAAC
DHTKGLECNF
CTCIDGAVGC
PMEDQDGLLG
YNPLQGQKCI
PCGQPVYSSL
RCCTPQLTRT
RLFNDIHKFR

HCPLEAPKCA PGVGLVRDGC
GASSTALKGI CRAQSEGRPC
IPLCPQELSL PNLGCPNPRL
KELGFDASEV ELTRNNELIA
VQTTSWSQCS KTCGTGISTR
KKGKKCSKTK KSPEPVRFTY
VKMRFRCEDG ETFSKNVMMI
D

Fig. 3-1. Amino acid sequence of human CCNI.

O-fucosylation consensus sequence is indicated by underline. The location of putative

242

O-fucosylation site (Thr™*") are indicated in red.

Ry

3
(kDa) go §
43.0 — s

. <— CCN1-MH
36.5—
43.0— e CBB
——— —— ..

36.5— staining

Fig. 3-2. Establishment of a CCN1-overexpressing cell line, HT1080-CCN1-MH.
HT1080-neo and HT1080-CCN1-MH cells were lysed, and each cell lysate was
electrophoresed and immunoblotted with anti-c-myc antibody. The membrane after

immunoblotting was visualized with CBB.
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neo CCN1-MH

(kDa)
= == == <= Heparin (50 pug/mL)
43.0 — w—— <— CCN1-MH
36.5 —
Cell lysates
36.5 — staining
Conditigned 43.0 — e <— CCN1-MH
media 36.5 —

Fig. 3-3. CCN1 bound to cell surface HSPGs.
Each cell was cultured with or without 50 pg/mL heparin, and each cell lysate and
conditioned media were electrophoresed and immunoblotted with anti-c-myc antibody.

The membrane after immunoblotting was visualized with CBB.
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CCN1 IR O~ R T URRERICHE G L T2 2 &b CON1 DFFHRIZ
T~V o7y —A—XE 5D L& L7z, CONI R TUMIE 2 K&
R L, BOJEESMT, ~Y vty —RAb— XL 24 B4 5 2 b

DWENT- CCN1 A~ v 7 7 — A — AL HES ST, 24 B
BE—XZEI L, B —XOPEHE. B, %V T Ni-NTA agarose (L DT 7
4 =T 4 — ka2 T o7, KR L=V 7% SDS-PAGE (2L 0 25EEL. CBB
Qe 21T o7, ZTORR, £ 40kDa F1TIZ CON1 £ B X b DH /N RAHER S
M7= (Fig. 3-4), = 2T, Y7t L N 7o 203252 L ¢, RS
F Fth b z1T 272, 2 H_T7F Rl IZ%F L. MALDI-TOF MS } Uf MS/MS
fEMT 24T > 72 MALDI-TOF MS DR G m/z 2706.4 J O 2868.5 (LI =
2B =213 Th*? i i 2 & 07 F Rifth Tdh % 2 CIVQTTSWSQ CSKT CGT
GISTR™® (25t L. fucose (dHex)M X fucose-glucose (dHex-Hex)MMER S 7= ~27
F RO m/z DFEEFHIE & 5 I — 3 L7=(T 1% O-fucosylation 28 PAR &5 Thr*® %
L., ClI7uvrtr 7 MeENn-v 254 o &2F£T, )(Fig. 3-5), £7-. ¥
HIERT 2 21T TR W F Rl (m/z 2560 X8l S 2ino7z, ULk Z
EXD ., FUWE T4 TO CCN1 1L 242 % H @ Thr 7 T O-fucosylation S 41T
WA ZENRBRE T, F7-. dHex: dHex-Hex DR IT, MS A7 ML LV B
XZ12ThrZ RS,

CCNI1 @ Thr** T? O-fucosylation 23/RIE S N7z, X7 F R OELEI D
78} Y O-fucosylation site D [RIE D728, MS/MS T 247 > 7=, & OFEH. Fig.
3-6 |2/ y-ions MERR S AT, FRIC Y8 A A F TITE EOHEINIMER ST,
y9 A A LB T 146 Da (dHex) % O) 308 Da (dHex-Hex) D& EHE N A HERR S 7=,
LLEX D . CONI BRI BUMAL L 0 RE8L L 723 S 7z CONT L, The? i2ds 0
T O-fucosylation X T\ 5 Z LAVRENT-,
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Ni-NTA

d N &N O
S »
SSEEE S
(kDa) LSS L &
80 —
60 —
CBB 50 —
staining . _ W <«— CCN1-MH
30 —'

Fig. 3-4. Purification of recombinant human CCN1 protein from the conditioned
medium of HT1080-CCN1-MH cells.

Cells were cultured with heparin sepharose beads for 24 h, and the beads were collected.
The proteins bound to heparin were washed and eluted, and CCN1-MH was purified
with Ni-NTA agarose. Samples were electrophoresed on an SDS-polyacrylamide gel

and visualized with CBB.
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5- 229*CIVQTTSWSQ*CSKT*CGTGISTR?> + dHex
2706.4
3 4 229*CIVQTTSWSQ*CSKT*CGTGISTR?*? + (dHex-Hex)
> 2868.5
X 3-
>
‘»
§ 2+ v
=
1-
IL I|l|l - l.l_hl I.IJ. L. A l A
0 1 1 1 1 1 1 1 1 1
1000 2000 3000 4000 5000
m/z

Fig. 3-5. Determination of O-fucosylation site within CCN1.

Purified CCN1 was digested with trypsin, and the resulting peptides were analyzed by
MALDI-TOF MS. The observed masses (m/z 2706.4 and 2868.5) corresponded well to
the expected masses of the trypsin-digested peptide **’CIVQTTSWSQCSKTCGTGIST
R*", which contains a putative O-fucosylation site (Thr**?), modified by dHex and

242

dHex-Hex. Putative O-fucosylation site (Thr"°) is underlined and propionamide

cysteine is indicated in "C.
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Intensity (x10% a.u.)

0.8 1 Y, Y40+ dHex

691.5 1240.8
- 63)/: 5 Yo + dHex | Yn ¥ dHex y1:;9?:lex
P 1112.8 |1327.8 :
0.4 Ys Vs
533.4 865.6 Y4, + dHex
. 1501.9
v

0
1.0 Y7 Y10+ (dHex-Hex) Y16+ (dHex-Hex)
' 691.4 1402.9 2152.2
633’:4 yo + (dHex-Hex) | Y11 * (dHex-Hex)
" 1274.8 |1489.9
0.54 y5 ya
v v 1664.1
0 ILJ.I.AI-Y_I vy ' v..ll
500 1000 1500 2000 2500

m/z

2 T VQT TLS WS QLCLE(IELCIELIE I S T R20

12 11109 8 76 5

Fig. 3-6. Determination of O-fucosylation site within CCN1.

y-ions

The peptides modified by dHex (upper) and dHex-Hex (lower) were analyzed by

MS/MS. Observed peaks of these fragments are the indicated y-ions. Putative

O-fucosylation site (Thr**?) is underlined and propionamide cysteine is indicated in "C.
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% 2 i CCN1 O O-fucosylation 25MEREIZ 52 2 B2
1) CCN1 22 LA 0D 1t Jel| 58 B A oD 4t 37

W3 ISRV T, CONL 28 Th** 128U T O-fucosylation S5 Z & %
R LTZ, £ 2T, CCONI @ Thr**? 27 T = (Ala)llZE 5 &4 O-fucosylation 732
Z o< LIZAERK(T242A)D CCNI1 @RI BLMIIL 2 #6137 L 72 (Fig. 3-7), CCNI1
DHEBLEDN mRNA L~V CRIFRE CTh 5 Mlifakk 288 E L(Fig. 3-7 A). LB DE
BRIZHWD Z L L L=, CCN1 O X N7 BE LUV TORE L, BAR L
T242A 28 5K CRIFREE CdH - 7= (Fig. 3-7 B),
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CCN1-MH

B-actin

B CCN1-MH
v

o Vv

kDa) & & &

43.0 — -
s <— CCN1-MH
36.5 — .
P _staining
36.5 — -——

Fig. 3-7. Establishment of an O-fucosylation-defective mutant CCN1-
overexpressing HT1080 cell line, HT1080-CCN1/T242A-MH cell.

(A) Total RNAs were isolated from each cell line and semi-quantitative RT-PCR was
performed.

(B) Each cell was lysed, and aliquots of the cell lysates were electrophoresed and
immunoblotted with anti-c-myc antibody. The membrane after immunoblotting was

visualized with CBB.
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2) CCN1 @ O-fucosylation 235 fll [l Js7EIZ 5- % 5 78

CCN1 (MRSt~ & 3 S du, HIREIE D~ R T U RRERIZRE & L ORI R ER
ENTNDZ ENFE I TVWAH[T75], Fig. 3-3 IZBWT, ~NU U AL L 7-
BRDOAIW L= CON1 ZHTE-2 b, ZoHEFFEIND, £ 2
T, CCNI1 OMALIERETEIZ O-fucosylation 23584 25 BN Z M 27290,
P a2 IV T CON1 OMRIR R 1E & e 7D 7o, 25 Ml 2 [ & b #% | Triton
X-100 |2 & 5 MEfa B E AL 217312, c-myc FLiA % VT CONI1 Z ki et
L7z, MfBSEI@ AL 21T > TR, PUARITHIIE 2 %iH T & 9, fii
Gho~ & 53 S VIR LIRS A L7z CON1 OA BRI N D, ZOREE, B4
B CONL FFFDH NS 7T AR BRI NI, T242A RERIKTITE O
7 FIVINBEE I LT (Fig. 3-8), £72 2 OFkOHEOE Y 7L, MIlREE 2R
AU CERINT 5 Z L TRIE SN RS Rolc 2 8D, ZpihS 7z CCNI
TRED TN D~/ T il 2 I Lita LT % 2 & 3R S 47z (Fig. 3-8),
b Z ot Mifash~& &l CONT IEHIRENE IZERFEES TR |
CCN1 @ O-fucosylation [T /SEICEE TH D Z L ARSI,
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Heparin (50 pg/mL)

neo

wit

CCN1-MH

T242A

Fig. 3-8. Effect of O-fucosylation on cellular membrane localization of CCN1.
Each cell was cultured with or without 50 pg/mL heparin. After 24 h, unpermeabilized
cells were fixed and stained with Hoechst 33258 (blue) and anti-c-myc antibody (green).

The samples were observed by fluorescence microscopy. Bar, 10 um.



3) CCN1 @ O-fucosylation 7373 WMZ 5z 5 52

CCN1 DOl HIEIZ O-fucosylation NWEI TH 722 L6, CCNI D
O-fucosylation 23HEIRASN~D 73 W2 HlfH L TV D FIREMHE S R S 7z, £ 2T,
X0 EENZRFHEE A 1T 5 728, western blotting 1% FiV )T CCN1 O FRAN 5 Uh B
R L7=, CCN1 OB O T242A B RIROBEIFHEMAZ, ~ U 4L
HEF ., MM E RS HL T 24 BERTRSSE L. 24 BRI oM EA I L= & 2 5, B4
T L B U T242A 2 BARTIELE L % 25%FLE £ TN L= (Fig. 3-9).
LLEDZ &5, CCN1 @ O-fucosylation (%, CCN1 O WMIEHE THDH Z L2
RENT,
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&
kD O
@& & &
43.0 — :
: <— CCN1-MH
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43.0 —
lysates CBB
36.5 — staining
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Fig. 3-9. Effect of O-fucosylation on CCN1 secretion.

Each cell was cultured with 50 pg/mL heparin. After 24 h, each cell lysate and
conditioned media were collected, and the samples were electrophoresed and
immunoblotted with anti-c-myc antibody. The membrane after immunoblotting was

visualized with CBB.
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% 3 Hi Pofut2 IZ L 5 CCN1 @ O-fucosylation 2373 G- % 2 52

CCN1 @ O-fucosylation |Z, TSRl RAA U HTEI 5 Z &5, O-fucose Dix
BlEF#IT Pofut2 TH D Z N TPRIND, T242A ZZEAK CCN1 IELZ D533 41
H N TV =M (Fig. 3-9). T OFEHRIT Thr 2 Ala ICERSE-Z LICL D HED
AREMEZ R E CTE 2\, £ 2T, CCN1 OB ARGE TR BMALIZ BT Pofut2
/v 72U LIEBRIS, T242A ZRRAK L RIBRIC WD D % i 2 7F
flfi L7z, CCN1 OEpARLEFIF B L, EAIOERZR S 2 FEFHO Pofut2 (T
%9 % siRNA, & 5T siCtrl 2L L, Pofut2 % / v 7 # 7 L7z, mRNA L
LT Pofu2 23/ w7 X7 U HR TS Z & % RT-PCR THifgad L(Fig. 3-10 A).
% DT T western blotting 5% VT CCN1 OMfuSN B2 51 Lz, £
SIRNA Z LB L7l . ~ XY AU | Mg T HLC 24 IEfHIERFE L, 24 I
WCTONWEEIIE L& 2 A, siCtrl 208 L7 fifa o ying & g L, 2 FE
D siPofut2 ZALH L7 Ml TlX, EH 6 b LKL 20%FRE £ THWEN B
L7-(Fig. 3-10 B), ZAUE, T242A ERAKDOFERE —F LTz, DLEDZ Lk,
CCN1 @ Pofut2 {Z £ % O-fucosylation £, CCN1 D/ EETHD Z ENRS
i,
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B g g
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kDa) F § X
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Fig. 3-10. Knockdown of Pofut2 decreased CCN1 secretion.
(A) Knockdown of Pofut2 using siRNAs. HT1080-CCN1-MH cells were treated with

the indicated siRNAs for 72 h. Total RNAs were isolated from each cell line, and
semi-quantitative RT-PCR was performed to confirm the knockdown efficiency of each
gene.

(B) Effect of knockdown of Pofut2 on CCNI secretion. Each cell was cultured with 50
ng/mL heparin. After 24 h, each cell lysate and conditioned media were collected, and
the samples were electrophoresed and immunoblotted with anti-c-myc antibody. The

membrane after immunoblotting was visualized with CBB.
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FAH £

% 3T TIE, B b CON1 Zi@REI5 B L 7= #ifu & F\V T, CCN1 @ O-fucosylation
(ZDUWTHRIT 24T > 72, CONT R BIMIfL L VR L7z 2 v ) b2 o
7' MALDI-TOF MS (2 X D6, 3 Si=4 T D CONI X Thr*? T
O-fucosylation 315 Z L 2O TH LT L7, & B2, O-fucosylation 73 CCN1
DOIEBEIC 5 2 B8 23 4Mh L 7=, O-fucosylation Dt Z % Thr 4% Ala (TR
SH7- TA BERIKEH W3R 5. CCN1 @ O-fucosylation 75 CCN1 O #ll i [l
JRITE. WIS ~D W EE THL 2 L2 LML, &5HI1T, CON1 @
O-fucosylation =372 Thr** 78 TSR1 R A A ' HIZFE(E L, Pofut2 12X 5
O-fucosylation 252 Z 5 Z & N PRI N7, siRNA & HW T Pofut2 %/ v 7
Zo Lz, Pofut2 D/ v 7 X7 AW TH, CON1 O/ ibElE TA BRK L
[FFLEE T Lz, D% D, CCN1 @ O-fucosylation I Pofut2 (Zfitfit X, +
@ Thr** 281} % O-fucosylation 78 CCN1 DM ZHIFEI L TV D EEZ BN 5,

58



%3 O IR IE
1) FfaksE

b R ERMERE R S HT1080 #iMiX. DMEM (Z 10% (v/v) FBS. 100 units/mL
penicillin G, 100 mg/L kanamycin, 600 mg/L L-glutamine, 2.25 g/L NaHCO; % ¥/
L7zisiz2fEH L, 37°C, 5% CO» 54 T ChsaE L7z,

2) CCN1 @RI 7T 2 I R OREE

CCNI1 #&fsF1%. b bILFEEHE MDA-MB-231 il cDNA T4 75 U X 0 #
g L7, myc ¥ 27 KN hiss # 7D C K ~DEANX, # L7277 A ~—%HH
L PCRIEIZEVITo 72, myc Z 7 J O hisg ¥ 7 OEcHNL, LLFIRT@D TH
a3

myc: GAACAAAAACTCATCTCAGAAGAGGATCTG

hiss: CATCATCACCATCACCAT

CCN1-myc-hiss (CCN1-MH)i& 1= 11, pCl-neo X7 % —(Promega)lZ ¥~ 7 0 —=
VT EATo T, F7o, CCNI-MH OZRK(T242A)D/ERIL, LI FICRT T T A
~—% MW TPCRIEIZEVITH T2,

T242A: 5-GTCCCAGTGCTCAAAGGCCTGTGGAACTGGTATC-3’ (forward)

5’-GATACCAGTTCCACAGGCCTTTGAGCACTGGGAC-3’ (reverse)

3) 3 BLAI AR O A8f 7

HT1080 #fuiZ4~ < A X K% Lipofectamine LTX (LifeTechnologies)% F\ T
B E A L. 400 ug/mL @ G418(Roche Applied Sciences) CEeRES TR 21T > 72,
Bdt 2 AEo@EREREZL, RAGREZH N TH 7 v — il
(HT1080-CCN1-MH, HT1080-CCN1/T242A-MH) % #f 37. L 7=,

4) Western blot

FfE I lysis buffer (50 mM Tris-HCI, pH 7.5, 150 mM NaCl, 0.1% SDS, 1% Triton
X-100, 1% sodium deoxycholate, and 1 mM phenylmethylsulfonyl fluoride)% Il X i
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B AT O Z & Tl Z M L 7o, MR X Coomassie Brilliant Blue
(CBB) G-250 (Bio-Rad Laboratories)& W\ CH > NV EREZERL, £ 7
WIBE R Z T2, %57 5550 1 8O loading buffer (350 mM Tris-HCI, pH
6.8, 30% glycerol, 0.012% bromophenol blue, 6% SDS, and 30% 2-mercaptoethanol) %
Nz, 98°C, 3 /W DEMLER, SDS-PAGE (2L 0 # L I EuIyBELT=, &%
78 % PVDF JRICERE L, S%UAF LIV TTay X T &2{Tol, 1 Rk
IZ1Z. T c-myc HUAMHIEL0, DSHB) % v 7=, F£7-. 2 RHPUAKIZIT HRP FEikHT
mouse 1gG HTfA(Amersham Biosciences)Z VY, Z 12 (% Immobilon Western
(Millipore Corporation)z FV 7z, FEJEHHIZ1E, LAS4000 mini (GE healthcare) %
fEH L7z,

5) CCN1 O HiRas 53 WD H

BN 50 pg/mL O~/RY o AMUERL | B TERS T 24 BEEEEE T H 2 &
T, MRSt~ & o LRI D~ T il &S A L7c CON1 & it < w7,
24 WEffE, B53% BIEZ R L, HIZHEVY western blot #1795 Z & T, L7
CCN1 z it L7z,

6) CCN1 Offfastn> & O fE S

HT1080-CCN1-MH il 2 K557 L. HEIMIFHZHZ 1% (v/v) heparin sepharose
6 fast flow (GE Healthcare) Z ¥ 0 L | 24 FFfEEE#E L 72, 24 IKffE#% | B L 72 heparin
sepharose % PBS T XL < #&#% L. buffer A (900 mM NaCl, 2.7 mM KCI, 10 mM
Na,HPO,, 1.8 mM KH,POy4, and 20 mM imidazole)% T CCN1 Z¥wH L7=, 21
IZ Ni-NTA agarose (Qiagen)% /2. CCN1-MH % Ni-NTA agarose |Zfi5 & S H 72,
Ni-NTA agarose (Zf& & S H72 CCN1-MH (&, buffer A Tt — X% X < YEE%. 500
mM @ imidazole % s L 7= buffer A TR Z1T -7, MHOEZRIX. V71
% SDS-PAGE T/yfi#%. CBBR-250 TYfad %5 Z & TITo7z,
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7) MALDI TOF-MS f#4T

FER L 72 Y > 7L % SDS-PAGE IZ LV 73 L. CBB Y4fa 21T >7-, CBB 444
B, ZUNTEN RESANBEY H L, 0.1 M Tris-HCL, pH 8.0 1, 37°C T
12 F¥fE], 0.05 ug @ sequencing-grade TPCK-trypsin (Worthington Biochemical) % 4L
52 L TRTF FEAEZATV, feld TEIXL 7 v 407 X Meziro 7,
< D%
o-cyano-4-hydroxycinnamic acid Z~ ~ VU » 27 2 & L THEH L., ultrafleXtreme

Zip TipCl8u (Millipore Corporation) Z F \» T it ¥ {b L .

TOF/TOF MS (Bruker Daltonics)% i\ CE &DHT 21T - 72,

8) RT-PCR

RNA (& Trizol (LifeTechnologies)Z F\ > CHIME L v #litH L7=, 2ug @ RNA Z1{#
H L. High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems) % F T
WHRE % 1T > 7=, PCR FEEIZIX Quick Taq HS DyeMix(Toyobo) % i ] L 7=,
RT-PCR (W2 T T A ~— FA 7V 7 ==V 7RI Table 3-1 175
R

Table 3-1. The sequences of the primers, annealing temperature, and the number

of cycles for RT-PCR

. Annealing Number of
Target gene Primer sequence
temperature cycles

CCN1 5'-ATGAGCTCCCGCATCGCCAGGGCGCTCGCCTTAG-3’ (forward) 63°C 25
5-GTGATGGTGATGATGCAGATCCTCTTCTGAGATGAG-3’ (reverse)

Pofut? 5-ATGGCGACACTCAGCTTCGTCTTCCTGCTGCTG-3’ (forward) 63°C 31
5-TCAGTAGGTGATCTTCCAGTGGGTGGGTTGCTC-3’ (reverse)

B-actin 5-CTTCTACAATGAGCTGCGTG-3’ (forward) 58°C 20
5-TCATGAGGTAGTCAGTCAGG-3’ (reverse)

9) S HOLYL
BRI N—H T A L THFE LT, Mz EE(big, RgEAs3qTo 7

IZ. 3% BSA T7 1 v ¥* 7 %4757, CCNI-MH OYalZiE 1 kiR & LTht
c-myc FUAAZMH L, 2 Pk L LT Alexa Fluord488-conjugated anti-mouse IgG
(Molecular Probes)zf#H L7z, #Z4«talZ1% 2 ug/mL Hoechst 33258 (Polysciences,
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Inc.) & T2,

10) Pofut2 @ / v 7 X7

HT1080-CCNI1-MH Izt L, 20 nM @ siRNA % Lipofectamine RNAIMAX
(LifeTechnologies) % AV CE A L7z, siRNA OEAZIZR (L, 8)0 RT-PCR IZHEW
W& 1T -7, [ L7z siRNA OEEH & LLFIZRT,
siPofut2#1: GUACUACAGAGGAUGGUUUATAT
siPofut2#2: CGUCAGAAAGGAAUAUGAAATAT
siCtrl #4611G)1Z Life Technologies & ¥ il 28N L7z,
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% 4 & R-spondinl @ C-mannosylation O E| & FHALIESE DAY

C-mannosylation (3, 1994 EIZ )& T A7z, FBgHIET LWEERI TH 5,
C-mannosylation (%, FFED X NI EHD N T N7 7 VEED A R—/VER
D 2 NLDORFEEN L, HEFO manmose 78 C-C fEATHEAT D E VI,
N-glycosylation <> O-glycosylation |Z | X VR 704515 2 A 3 5 (Fig. 1- 5), — 7.
C-mannosylation OFEREIZEI LTIk, 1 & A EHE I TV, R-spondinl #
> 737 & 1% C-mannosylation D =2 & > s %459 % A3, C-mannosylation &
TV DE DT OW TN I STV o 72, 5 4 ETIE e b R-spondinl
@ C-mannosylation {27 H L. R-spondinl 7% C-mannosylation & 41 TUN2 M50,
KO OREREIZ G- 2 % 52 B DWW TRl L 72,

% 1 #i R-spondinl @ C-mannosylation D HEZFS

t I R-spondinl (Rspol)D 7 X/ BERlHIZ T —H X=X LV EGE L, £ ORS
BRRMT L7=& 2 A, Rspol @ TSR1 H1d 153 FHH KL 156 FHH D Trp FEIEN
C-mannosylation D = & AFEH T % Trp-Xaa-Xaa-Trp/Cys Z i 7z L TV 7
(Fig. 4-1), = Z T, E b Rspol 7% C-mannosylation &IV CW 20 EN%E, E&sy
Hriz L Vit L7z, £, Rspol @ C KimlZ myc &N hiss DF¥ 7 &N L7z
Rspol-MH % > /37 B O Fell 36 Bl fcd 2 #5f 37. L 72 (Fig. 4-2), Rspol I3, MfufEZR
A& D~/ NT Rk & OFEE DS STV 5H[95], A EIEL L 72 Rspol i
MR S . B EEER S T Tl Rspol 873 EIEHICHER T 5 2 L idHi k2
MoTey, ~RY AR T 5 Z & T, MEREIZA~ T g A I
L Tt LTz Rspol ZifighfE =& % 2 & 23 k7= (Fig. 4-3),
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MRLGLCVVAL
NGCLKCSPKL
HCEACFSHNF
SEWSPWGPCS
VRRVPCPEGQ
QGTVGPLTSA

VLSWTHLTIS SRGIKGKRQR RISAEGSQAC AKGCELCSEV
FILLERNDIR QVGVCLPSCP PGYFDARNPD MNKCIKCKIE
CTKCKEGLYL HKGRCYPACP EGSSAANGTM ECSSPAQCEM
KKQQLCGFRR GSEERTRRVL HAPVGDHAAC SDTKETRRCT
KRRKGGQGRR ENANRNLARK ESKEAGAGSR RRKGQQQQQOQ
GPA

Fig. 4-1. Amino acid sequence of human Rspol.

C-mannosylation consensus sequence is indicated by underline. The locations of two

putative C-mannosylation sites (Trp'>> and Trp'°°) are indicated in red.

o
(kDa) & &

28.0—

————t——— <— O-tubulin

Fig. 4-2. Establishment of an Rspol-overexpressing cell line, HT1080-Rspo1-MH.

HT1080-neo and HT1080-Rspol-MH cells were lysed, and each cell lysate was

electrophoresed and immunoblotted with the indicated antibodies.
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neo Rspo1

(kDa) — + — + Heparin (50 ug/mL)
389 —
- o= } Rspo1 Intracellular
313 =
9= <€ Rspo1
38.9 d P Extracellular
313 —

S S e e & a-tubulin

Fig. 4-3. Rspol bound to cell surface HSPGs.
Each cell line was cultured with or without 50 pg/mL soluble heparin, and all lysates
and conditioned media were electrophoresed and immunoblotted with anti-c-myc and

anti-a-tubulin.
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KAZ Rspol 2% C-mannosylation S LTV DG E B EOHTIZ L D ST T2
728, Rspol WEPRBMIE KREREE L, ~XU U 2UN L7 B jERE < 24
P59 5 Z & T, Rspol Z 557 LIFHIC el S 72, Ut S 72 Rspol %,
Ni-NTA agarose Z HHWTT7 7 4 =7 4 — kR L7, KRLEEY T 1%
SDS-PAGE (Z L ¥ 73ff L, CBB YLt 21T o7z, Z DfER. #J 38 kDa {3 1Z Rspol
EEZBND NN ROHER SN 7= (Fig. 4-4), T Z C Y7L b Y 7
vk Asp-N ZALEET 5 2 LT, XTTF Rth{bz1T-72, 2 b7 F Kl
A2k L, LC-MS } X MS/MS fi##T %217 > 72, Rspol % KU 7T & Asp-N T
RTF R {b4 % & . C-mannosylation 28 FAE S LD Trp'” O Trp' e 2 &
T~ Kl & LCik PEWSPWGPCSK'®! 33 b5, 2 ORER~T T R
D 24lliA A > D m/z 1% 624.27 TIH2HH, LC-MS TIEZLD L 9 72~T7F FHRD
B i3t & e oz, —J7, "PEWSPWGPCSK' 12X L 1 DK 2 2D
mannose (Hex) 2MER S 4L72 X7 F KD 2 lfiA 4> (m/z 705.31 KX 786.33) B Z 41
B 7z (Fig. 4-5), bz & X, Sz TO Rspol X
C-mannosylation LTV 5 Z LRI S L7z,

Rspol @ C-mannosylation 23/ R"WE S iL7z728, X7 F Ny RS OREFE & Y
C-mannosylation site D[FE D 7=, MS/MS T 21T - 7=, FDOFER. Fig. 4-6 |2
RY y-ions DHER ENT=, £9°. 12D mannose DIEAfi A TR S 117= m/z 705.31
DT F RHKD MS/MS T, y8 A 4> % TIZ mannose DEAHIZ LD 162 Da
DOEINNEEN = & D3R S 7= (Fig. 4-6 A), > F Y. 150 mannose |3 Trp"® T
1372 < Trp P ITHEA LTV D Z VR ENT2, WIT, 2 50 mannose DIERA
Iz m/z 78633 DT F REHED MS/MS T, y7 X WNy8 A A2 T1 oD
mannose 4 D'E & O NHEFE S 4. C-mannosylation THRHANIZELHI S 5
cross-ring cleavage |2 & 5-120 Da ® &' — 7 & [6]Rf | 2B & U7 (Fig. 4-6 B)[39],
SF D, 250 mannose 1 Trp'® L Trp 12 1 > FofEA LTV D Z & DV HER
STz, XY | Rspol imFIZEIAMM L 0 KR L 7243 W S U7 Rspol 1%, Trp'>?
? F 7% C-mannosylation S 172 % D & Trp'™ KX Trp™® @ 2 » prdtic
C-mannosylation 726 DO 2 FFENGIET D Z LRSI N7,
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CBB
staining

<— Rspo1

Fig. 4-4. Purification of recombinant human Rspol protein from the conditioned
medium of HT1080-Rspo1-MH cells.

Cells were cultured with 50 pg/mL heparin for 24 h, and the conditioned medium was
collected. Secreted Rspol-MH was purified with Ni-NTA agarose, and samples were
electrophoresed on an SDS-polyacrylamide gel. The gel was visualized with CBB

staining.
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Fig. 4-5. Representative LC-MS data for C-mannosylation of Rspol.

Samples were digested with trypsin and Asp-N, and the resulting peptides were
analyzed by LC-MS. The selected m/z (705.31 (A) and 786.33(B)) and the retention
times were shown. Putative C-mannosylation sites are underlined. 'C indicates

propionamide cysteine.
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Fig. 4-6. Representative LC-MS/MS data for C-mannosylation of Rspol.

The selected ions were further analyzed by LC-MS/MS. Indicated y-ions were detected,
and only Trp'>*- (A) and both Trp'>- and Trp'**- (B) C-mannosylated peptides were
observed. Putative C-mannosylation sites are underlined. "C indicates propionamide

cysteine.
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% 2 i R-spondinl ¢ C-mannosylation 23MEREIZ 5 2 5 242
1) Lec15.2 HIIE & FH N 720 W~ D B D st

DIRTOHE DS punctin-1 {235V T, C-mannosylation 2377 W% fillfEl L T\ 5
ZEDUREINTUVA[39], & Z T, Rspol @ C-mannosylation & [RI4R 1534 % il 45
LTW5B Z EnE 2 5Lz, C-mannosylation |, mannose KF7— & L T Dol-P-Man
EROWTWD Z ERHE INTE Y, Dol-P-Man & IEHEDKHH L7z CHO-KI
MO EEAR & LC Lecl 5.2 Ml A E STV 5[47], €2 T, Zhbiiiaz H
U "C C-mannosylation 2% Rspol D3I 5 2 2% 8% 5Pl L7,

Dol-P-Man A TG D K 481X N-glycosylation ~D 8 4 i & X TR Y [96].
F 72 HATHFZED S Rspol D N-glycosylation 23732 BUZHIE L T\ 5 Z &R
S TUWA[97], %= Z T. N-glycosylation D58 % [R4h4 % 728, Rspol D Asn'"’
A 2 (GIn)ICZE B S N-glycosylation 23 Z 572 < L 722 BAK(N137Q)
ZHNTZ[97], BERTH S CHO-KI #ifd, M UE OHRK Lecl5.2 A% L,
Rspol/N137Q % —i#HIIZ@FEPREL L, Z OMfas /3 ih &% western blotting 75 %
FAWTEHli L7z, ZDfEE. Dol-P-Man & IEMED KHEIZ L Y C-mannosylation
D Z 572 < 72572 Lecl5.2 #la Tl. Rspol/N137Q D4y ASBHE T L
(Fig. 4-7)s LA EDFER S| Rspol @D C-mannosylation 73, Rspol D/ UhIZEE T
bDHZ LRI,
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Intracellular

365 —um. . & < Rspot/N137Q
28.0 -

Extracellular

s s <— a-tubulin

Fig. 4-7. Effect of C-mannosylation on Rspol secretion using CHO-K1 and Lec15.2
cells.

CHO-K1 and Lecl5.2 cells were transiently transfected with
pCl-neo-Rspol1/N137Q-MH vector for 6 h and then cultured in serum-free medium with
50 upg/mL heparin for 18 h. The protein samples were electrophoresed and

immunoblotted with anti-c-myc and anti-a-tubulin.
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2) R-spondin1 28 ¥4 oD 3 F) 278 BLAM el D 8 ST

¥4 % E 1 HICHBWT, Rspol 2 Trp'® KO Trp'™® @ 2 #FFIcH W T
C-mannosylation S5 Z & &L, £728 4 7 5 2 fii HIZHBWT Rspol D4y
WA 75 C-mannosylation ([ X VIS TWDH I 2R L, £ T,
C-mannosylation DFEREZ KV FEMICHENTS 5 726D, Rspol 28544 0D i el 8 H
fal 2 fNE L7z, ATECH U Lecl5.2 MifaiE N-glycosylation ~D 52838 5 Z &
725, C-mannosylation BIROBEREMENTIZIIAR M & TH o7z, £ T, Rspol @
Trp' X Trp"™® % 7 7 = (Ala)lCZE B & C-mannosylation D% Z 572 <
L 7= BAR(WI53A/W156A: 2WA)D Rspol 8% % ELAMNE 2 48 37 L 7= (Fig. 4-8),
RT-PCR 12X Y. Rspol MFEHED mRNA LU CTRIFEE TH 5Lk %8¢
L (Fig. 4-8 A), IEDOERIZH N Z & & LT,
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36.5— .. _I Rspo

28.0 — |

. s e <— o-tubulin

Fig. 4-8. Establishment of a C-mannosylation-defective mutant Rspol-
overexpressing HT1080 cell line, HT1080-Rspo1/2WA-MH cell.

(A) Total RNA was isolated from each cell line, and semi-quantitative RT-PCR was
performed.

(B) Each cell was lysed, and aliquots of the cell lysates were electrophoresed and

immunoblotted with the indicated antibodies.
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3) R-spondinl @ C-mannosylation 23HIfN JSTEIZ 5 2 D 2

Rspol [Ty W% L X CTH D 2 L b, N TR/ MBIRER) S 5 %=
NIHRICRTET D22 ENRTHEIND, £ T, Rspol OMINFETEIC
C-mannosylation 23522F 2 NE0E i T2 7280, st iaiEs Huv T
Rspol OHMIFENJETEZ HED D T2,

F 9. $1 KDEL HUIK(ER v — 7 —)Z H T ER ZRICYE L, BT mye Hiik%
FWT Rspol ZFRICY LTz, ZORES, BpARCIImE LA I v d o
TeDITR L, 2WA BRI TIT 08 LYt S 72 (Fig. 4-9), UL EDZ &b,
QWA ZE 54K Rspol 13F D —EB8 ER IZRTET 5 Z L AVRENT-,

WIZ, TIVIRDRTEIZ G 2 5% MM L7=, Bt GRASP65 HLik(=Z /LUK
~—H =) AW T IV IIRETRICYE L, HTmye HLi % T Rspol ki e
‘L7, ZORE., B4R Rspol 1T7ERICHPEEBINTZDOIIKT L, 2WA £ BAK
TIE—HF A B S, R0 ISR 2IRIT IR > TV D BT 038152 S vl (Fig.
4-10), 2WA ZEHAK Rspol O I /L IARIZRITEL TWRWH o7 B X, Fig. 4-9
DFEREZF A2 DL ER ITRELTWA LD EEZ N, U EDZ b,
Rspol @ C-mannosylation (% ER 725 /L UARASDEGEICEE TH D Z L AVRS
nie,
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Rspo1

neo 2WA

Fig. 4-9. Effect of C-mannosylation on ER localization of Rspol.
Cells were fixed and stained with Hoechst 33258 (blue), anti-c-myc antibody (green),
and anti-KDEL antibody (red). The samples were observed by fluorescence microscopy.

Bar, 10 pm.

Rspo1

neo 2WA

Fig. 4-10. Effect of C-mannosylation on Golgi apparatus localization of Rspol.
Cells were fixed and stained with Hoechst 33258 (blue), anti-c-myc antibody (green),
and anti-GRASP65 antibody (red). The samples were observed by fluorescence

microscopy. Bar, 10 pm.

75



4) R-spondinl @ C-mannosylation 2373 WAZ 5 % % 52788

Rspol D ER 7> &5 F /L AR~k 12 C-mannosylation S EE TH 722 LD,
Rspol @ C-mannosylation 23HfEdZh -~ 53 % #ill4H L TV B AIHEMENRE 2 HivTz,
% Z C. western blotting 1£% F\ )T Rspol DOFMAESN /> W& % 3 L 7=, Rspol @
BRI O 2WA RRAOBFESMIZ . ~ U LET | B IEE T 24
RFRIE R L. 24 R CONWEZ B L2 L 24, BAM L L 2WA T
B I Z 20%FE F THWEIN D LI=(Fig. 4-11), F7=. Rspol Oy |5
X % C-mannosylation D522 % FHIT 572, Rspol DIrWhe % #eiki 22t TRl
L7z ZTOREE, BAT L il L 2WA ZBIKTIE, Rspol D4y WsEEE )N HHZE 1C
W U7z (Fig. 4-12), YL EDZ 225 Rspol @ C-mannosylation (&, Rspol M4y
WOREEICHETH D Z LR ENT,
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S ——  <— O-tubulin

Fig. 4-11. Effect of C-mannosylation on Rspol secretion.
Each cell was cultured with 50 pg/mL heparin. After 24 h, each cell lysate and
conditioned media were collected, and the samples were electrophoresed and

immunoblotted with the indicated antibodies.
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Fig. 4-12. Effect of C-mannosylation on the kinetics of Rspol secretion.
Cells were cultured with 50 pg/mL heparin, and conditioned media were collected at the

indicated times, electrophoresed, and immunoblotted with anti-c-myc antibody. Protein

bands were quantified by using ImagelJ software. The amount of wild-type Rspol at 24
h was defined as 100%.
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5) R-spondinl ® C-mannosylation 7% Wnt/p-catenin 3 27" VARG 2 5- 2 5 2

Rspol |Z Wnt3a & Hafici< = & ¢, Wnt/B-catenin > 7" J/L % FH M) (2 1Y
T AIEMNE AT D 2 LS STV 5[85,86], & Z T, Wnt/p-catenin ¥ 2 )
VD VIR —H—"To % TopFlash % V> T, Rspol @ C-mannosylation 73
Whnt/B-catenin 3 27 /VHEIRIENEIC 5 % 2 528 A 5l L 72, Fig. 4-11 IR LT &K 9
12, 2WA (K Rspol [XHFAER & Lhig U, W ENBE I LT, £ 2
T, BRI L QWA RIS TR O Rspol % VT Wnat/B-catenin > 7 F /L EE 58
TEPEIC 5 2 2 B A FHA 3 5 72D, BPAER R OV 2WA 8 BAR O 58 LA % 2
NENREREEL, £V arerr N7 EE R L T-, Fig. 4-13 (TR T
oIz, B L OWA ZERARDRIFREOREICHRR., £Z2 T, 2oV =
> B2k Rspol ZH\WT. Wnt/B-catenin > 7 /LHEFRIEMEIZ 5- 2 5 52 % 5T
i L7z, TCF/LEF I&ERSIOHIE Ty 7 =T —VBaf a2 MmA LT LR
—H =7 X —"Te 5 TopFlash, & D\ &% D TCF/LEF &SN R % Nz
T VR—H—_J ¥ —Td % FopFlash % 293T (A EHA L, [FIKEHZ Wnt3a
LOKERI L7V 22> b Rspol ZALELTHZ LT, V7 =7 —BiE%E
HEST D Z L2k Y, Rspol @ Wnt/B-catenin ¥ 7 F /VHEFRIEME A2 B L7-, *
DOFESR, B Rspol OIEMA LR &l L, 2WA ZERIKTITB L2 15%FE D
[EMEAL ToH - 72 (Fig. 4-13), LA EDZ L7226 Rspol @ C-mannosylation [ Rspol
7 Wnt/B-catenin > 7 F/VHETRIGTEICEHE CH 5 Z L R ENT,
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Fig. 4-13. Effect of C-mannosylation on Rspol-mediated enhancement of Wnt
signaling.

Recombinant Rspol and Rspol/2WA were purified from each cell line, and the
amounts of proteins were equalized by western blot (inset). 293T cells were transfected
with TopFlash or FopFlash in the presence of 10% Wnt3a conditioned medium and
treated with equal amounts of purified Rspol. After 24 h, luciferase activities were
measured and normalized to Renilla luciferase. Non-C-mannosylated Rspol slightly
enhanced Wnt signaling activity. Data shown are means + s.d. *, P < 0.05 compared
with FopFlash of vehicle control treatment. **, P < 0.05 compared with TopFlash of
vehicle control treatment. ***, P < 0.05 compared with TopFlash of vehicle control and

wild-type Rspol treatments.
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% 3 i R-spondinl @ C-mannosylation % fillfiit4~ 2 B35 O [F] &
1) S2 el & F N 7o i el 8 B 52 BRI K 2 MRiE

VAR, BHBICBWT TSRI RAAL O RNY 7 h7 7 U RRICRT 2
C-mannose DEFEEESE & LT, Dpyl9 FEIEIN/Z[50], L7L, B MZBWT
IZA72 C-mannose IR IIFEIE STV ey, BRHRO Dpyl9 Ok hAEBR S
& LTIE, DPYIOLI~L4 @ 4 DDT A V74— H5H, DF£D, t I Rspol
@ Trp'? e O Trp"® D 2 -5 C-mannosylation (B L T%. & k DPYI9LI~L4 O
WU RIBES B ATREMEDN o 7=, & Z TWKRIZ. Rspol @ C-mannosylation %
filid~ 2 fE S D[R E & AT,

TauYa UNZREROMAETH S S2 MidiX, #% C-mannosylation [
IHRNWI ENRME I TUVA[46], Lo L, S2 MiiNlZ C-mannose %R %
B E AT 5 Z & T, C-mannosylation Z 5| & Z 9 Z & A H 3K, Buettner 523
#R D Dpy19 7% C-mannose ¥ E%5E Th 5 &S L7-BRIC S S2 /a2 v s i
TWA[50], =2 T, S2 fifict - DPYI9LI~L4 #F N ZF @l FEA L, H
EMBEERNTEL Y v a v &1TH 2 & T, DPYI9LI~L4 DOEmFIRBLMAE %
iz, FmPEZEHAM O/NIIL, RT-PCR (2 X Y 38 L7=(Fig. 4-14), T HOD
AAEIZ, B b Rspol BIEFZ2FEAL, ZOH#E EIFLD Rspol ZFER L7,
R LY 7 EE 43 B 1o LC-MS & RO FIETHRITZiT-7-, %
. DPYI9L1~L4 OV b FEE L TV WAl (mock) L Y Rspol k55l L
LC-MS AT 4T > TofiE Fe. RIEMFRTTF RO AN X4, mannose DN
sl S V72> 7 (Fig. 4-14), ZOFER, T ETOHRE & —F L. S2 Ml TIX
772 C-mannosylation 232 Z & 722 & DSHER S 47z, RIZ, DPY19L1~L4 @
KB BLAIE L 0 K58 L 72 Rspol @ LC-MS T 21T > 7=, TORER, WIh
OFfE X 0 AERL L 7= Rspol & RIEL~TF RAEM S 7= (Fig. 4-14), Mz T,
DPY19L3 O FIFEBMAL LV FEHL L 7= Rspol DA, 1 -2 mannose D117
B S 7= (Fig. 4-14), 2 @ mannose 17" F RIZB L TlE, W ol X
DG L7 Rspol THIRH S 472702 o 7= (Fig. 4-14),
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Fig. 4-14. Identification of DPY19L3 as a C-mannosyltransferase of Rspol.

Human DPY19L1-L4- or empty vector (mock)-expressing Drosophila S2 cells were
transiently transfected with pMT-Rspol-MH, and protein expression was induced by
200 uM CuSO4 for 72 h. Rspol-MH protein was purified by tandem affinity
chromatography, heparin sepharose, and Ni-NTA agarose. The samples were digested
with trypsin and Asp-N, and the resulting peptides were analyzed by LC-MS/MS.
Mono-mannosylated peptide was observed only when the protein was synthesized in

DPY 19L3-expressing S2 cells. "C indicates propionamide cysteine.

82



I, 150 mannose 173 Trp'? KX Trp* D EH 5 T Z » TV B 0% [A]
ET ST, MS/MS fRHT 21T > 72, MS/MS fFHTIZ. DPY19L3 oD it I3 H il i
KU L7z Rspol OREL~TF R, KO 1 20D mannose DFIINDHEZE S 41
T F RICXF ULITo T2, EOREHE. Fig. 4-15 127”7 y-ions DR S Lz, £
T\ y5 A A > F TIZ mannose DERFIZ X 5 162 Da DM TN & DR I
7o Flo, REMHTF N CTEIM STz y6 A 4223 1 O mannose D&~
F RTIEHBIH s 72 holc 2 & L WyT, y8 A A 2 Tld mannose (2 & % 162 Da
DIEMND 5 cross-ring cleavage (2 X 5-120 Da #7 L 5| =, 42 Da OO B —
ISR b, 2D 1 O® mannose 1 TrpC ICFEA L TW5D Z &0
ez S 7= (Fig. 4-15), LLEX Y. Rspol @ Trp"® 1254 % C-mannose 555
& LT, DPYI9L3 A [AIE S 417,
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Fig. 4-15. Identification of DPY19L3-mediated C-mannosylation site of Rspol.

Unmannosylated (upper) and mono-mannosylated peptides (lower) derived from
DPY 19L3-expressing S2 cells were further analyzed by LC-MS/MS. Indicated y-ions
were detected, and signals resulting from the characteristic cross-ring cleavages were
observed at the y; and ys ions in mono-mannosylated peptide. "W and "C indicate

C-mannosyltryptophan and propionamide cysteine, respectively.
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2) siRNA & 7=/ w7 2 VSEBRIC K 2 iRk

S2 i % FAVN D Z & T Rspol @ Trp'** (2% % C-mannose #fsl#sE & LT,
DPY19L3 A[REIE Sz, = Z Tk MIZHE W TH DPYI9IL3 A% Rspol @ Trp'*°
IZ%I 4% C-mannose i5f8li%dE & U THRE L T\ B @2 MiGE LT-,

F9°, AL L7Z Rspol iBEIFEEL HT1080 MifaiZ3517 5 DPY19LI~L4 D
mRNA J8i& %4 RT-PCR TH#Z L7z, ZORER, DPY19L2 I%, % Dflid> DPY19
77 VBTl L, BEENK) o 7(Fig. 4-16), 7o, @EORE D
5. DPYI9L2 (FHEHEF A 72BN E ST 5[98], S2 Al 2 H v 7= 526k
12X > TH, DPYI9L2 IZ Rspol (Zx%FF % C-mannose HfEfER TlLRW 2 & 23R
BENTEY, ZNHDOZ LEBE L ET, UkOERTIX DPYIIL2 [TER
KR DRI LT,

x104

(=}]
»

F -8

N

MRNA copies
(/10 ng RNA transcribed)

300

Fig. 4-16. Expression of DPY19 members in HT1080-Rspo1-MH cells.

Total RNA was isolated from HT1080-Rspol-MH cells, and semi-quantitative (left)
and quantitative (right) RT-PCR was performed. Absolute copy number of mRNA
transcript per 10 ng of total RNA was calculated by quantitative RT-PCR. DPY19L2

expression was lower versus the others.
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IZ DPY19L1, DPY19L3, DPY19L4 % / > 7 X' 0 > LAl OB R L Y
Rspol Z 58 L MS fi##T 217 9 Z & T, Trp"® ™ C-mannosylation 235803 % 257
MEFHMI L7z, £79°. & siRNA Z0B L7/l T, ENEnoBmE 128
FRELROIZ ) v 7 X IR TS 03 %  RT-PCRICE VER LT-, ZDFEHE., £
NEIEN) & T BB T2 RRIIC ) v 7 F 0035 2 &K= (Fig. 4-17),
Z DX TIZBWT, £ siRNA ZALEE L 7=l o ks B XL v RS L 7= Rspol
® MALDI-TOF MS f##r #4T7 -7, %5 4 % %5 1 fi T LC-MS (2 L 0 #EiB S - fl
B LFERE, &2TOH L FIZBNT Trp'™> DA C-mannosylation S 17227 F
R(mono) & Trp'*® & Trp'*® @ 2 »# A% C-mannosylation S 17227 F R(di)D 2 F&
O — 7 BNEN S (Fig. 4-18), 202 EOEY—7 %, ¥— 7 HEIC
KV EE LB LR, siLuc ZLEE Tl mono: di 13 42: 58 TH 72D L.
siDPY19L1 2 (" siDPY 1914 4LEE Tl 44: 56, 55:45 &, R& < BbLT5 2 L il
Mo 7= (Fig. 4-18), A% L. siDPY19L3 ZLEE Tl mono: di 1d 92: 8 & K& <
22t L. Trp"® A% C-mannosylation & L7227 F RN K& <8 L 7= (Fig. 4-18),
UbozZ &6, v MlIZEH TS, DPYI9L3 728 Rspol @ Trp™° ioxt4 %
C-mannose BB £ L L THEREL TWA Z EH LN E 7o T2,
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Fig. 4-17. Knockdown of DPY19L1, DPY19L3, and DPY19L4.
Total RNA was isolated from each cell line, and quantitative RT-PCR was performed.

Significant knockdown efficiency was observed for each siRNA against its target gene.
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Fig. 4-18. Identification of C-mannosyltransferase of Rspol in human cells.

HT1080-Rspol-MH cells were treated with the indicated siRNAs, and conditioned

media were collected. Recombinant Rspol was purified with Ni-NTA agarose, and the

samples were digested with trypsin and Asp-N. The resulting peptides were analyzed by

MALDI-TOF MS. siDPY19L3 changed the ratio of 2 peptides compared with siCtrl:

the signal intensity from the di-mannosylated peptide at W' and W'° (m/z 1919.0)

declined, although that of the mono-mannosylated peptide at W' (m/Zz 1756.9)

increased. "W and "C indicate C-mannosyltryptophan and propionamide cysteine,

respectively. The ratio of mono-mannosylated: di-mannosylated Rspol was calculated

from each peak area.
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% 4 #i DPY19L3 Ofiliid~ % R-spondinl @ C-mannosylation 7373 WAZ 5- 2 5 2

FA4T F2H DALV 4IZEBWT, Rspol @ C-mannosylation (L7 WAIZEE T
bHZ EEkR LT, £, FH4E E3ETIL. Rspol @ Trp'™® D C-mannose #x
Blg# & LC DPYI9L3 Z[FE L7z, & Z T, DPYIIL3 (X % Rspol & Trp'*
? C-mannosylation 7% Rspol D53 WMZ 52 2% 8% 50l L7,

F 9", Fig. 4-17 T L7z siRNAs & W CHKElE %/ v 7 # 7  L, Rspol
DTN -2 D BEZFHE L=, £ DR, siluc & H#Z L, siDPYI9L1 KR
siDPY19L4 DALEE T332 kiT 72 <. —J7 siDPY19L3 DALEL T Rspol
DIy WITTAE (2D U= (Fig. 4-19), &I AT7 X —7 v MR E2ZE L,
siDPY19L3 & 3B DS % A9 % DPY19L3 (Z%f9 % siRNA(siDPY 19L3#2) % 1B
MU, [AEOEREZIT- T2, TNEID siRNA 23, DPYI19L3 ZFRAIZ ) v 7
XU KT WD % RT-PCR IZ KV fERR L7IHER., 024 siRNA X
DPY19L3 D&z RN / > 7 #7 > LT=(Fig. 4-20), & Z T, 215D siRNA
ZALER LTZBRD Rspol D3N X DB AFHA LTz, TO/RE, EHHD
siDPY19L3 ZLFE L72B8 T % | [AEEIC Rspol DA TEEZE 128 L 7= (Fig. 4-21),
L EDOFE R, DPY19IL3 12 XL % Rspol @ Trp"® @ C-mannosylation 73, Rspol
DIWNCEHETH D Z EDRENT,
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Fig. 4-19. Effect of knockdown of DPY19L1, DPY19L3, or DPY19L4 on Rspol
secretion.

HT1080-Rspol-MH cells were treated with the indicated siRNAs, and cell lysates and
conditioned media were electrophoresed and immunoblotted with the indicated

antibodies.
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Fig. 4-20. Knockdown of DPY19L3.
HT1080-Rspol-MH cells were treated with the indicated siRNAs. Total RNA was
isolated from each cell line, and quantitative RT-PCR was performed. Significant

knockdown efficiency was observed for each siRNA against its target gene.
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Fig. 4-21. Effect of knockdown of DPY19L3 on Rspol secretion.
HT1080-Rspol-MH cells were treated with the indicated siRNAs. Each cell line was
cultured, and cell lysates and conditioned media were electrophoresed and

immunoblotted with the indicated antibodies.
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% 5 Hi DPY19L3 Ofifift9~2% R-spondinl ¢ C-mannosylation 7% Wnt/B-catenin
T T IVETRIEVEIC 5 2 D R
B4 2= E 2 8 5ICBWVWT, C-mannosylation DL Z B2 WERIKTH D
Rspol2WA % V%5 Z & T, Rspol @ C-mannosylation | @ Wnt/p-catenin > 2
FAERIEMEICEE THH Z L ER LI, L, ZHUE 2 # 7D Trp % Ala
(CERSEILZLICE 2RO G ETE RV, TI T, ZOREMEL
bRV D720, LLTFIZRT 2 FEO HiE TR 21T - 72,

1) S2 el & F N 7o i el 8 B 52 BRI K 2 ARiE

AT EIEH DTORLELIIC, Yavla v flikTH D S2 Mz
% Z & T, C-mannosylation D2 Z > TV 720 Rspol Z/ERICTE | F 72 S2 M
FilZ DPY19L3 2 A9 % Z & T, Trp'® ™7 C-mannosylation & 4172 Rspol Z 1
T X 5 (Fig. 4-14,4-15), 22T, 2 b &R L, %&ED Rspol ZHWLH Z &
T.DPY19L3 {Z & % Rspol @ Trp'*® ¢ C-mannosylation 7% Wnt/B-catenin 37" /L
HERIEMEIZ G- % DR B A3 LT, 5 4 % 25 2 8 5) & [RIER D 71k TRkl L 7= 4%
. DPYI9L3 A FH L7= S2 fifd L v KM L 7= Rspol (%, mock & bl L,
A EITIEMED N U= (Fig. 4-22), BLEDZ &E25, DPYIIL3 (2L % Rspol @
Trp'>® @ C-mannosylation 7% Wnt/B-catenin > 7" /VHRIEMEICEE CTH D Z &N
ANy (0
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Fig. 4-22. Effect of C-mannosylation of Rspol at W' on Wnt signaling enhancing
activity.

Recombinant Rspol proteins produced by mock- or DPY 19L3-transfected S2 cells were
purified, and the amounts of proteins were equalized by western blot (inset). 293T cells
were transfected with TopFlash or FopFlash in the presence of 10% Wnt3a-conditioned
medium and treated with equal amounts of purified Rspol proteins. After 24 h,
luciferase activities were measured and normalized to Renilla luciferase.
C-mannosylated Rspol at W'° (produced by DPY19L3-expressing S2 cells) had
increased activity compared with non-C-mannosylated Rspol (produced by
mock-transfected S2 cells). Data shown are means + s.d. *, P < 0.05 compared with
FopFlash of vehicle control treatment. **, P < 0.05 compared with TopFlash of vehicle

control treatment. *** P < 0.05 compared with TopFlash of vehicle control and

mock-produced Rspol treatments.
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2) siRNA & 7=/ w7 2 VSEBRIC K 2 iRk

HAT EIE ) TR LEL T, DPYIIL3 2T % siRNA A 4LH L 7= Hif
DEEFE ETE X 0 FERL L7 Rspol 1%, I Trp'™® D& AY C-mannosylation S 41TV
% (Fig. 4-18), = Z T, 4% siRNA ZALEE U 7= D 5528 1iE 1 0 Rspol A k58I L |
S8 Rspol Z W5 Z & T.DPY19L3 (2 &L % Rspol @ Trp'*® ¢ C-mannosylation
2% Wnt/B-catenin 7 F /VHETRIENEIZ G- 2 DB A7 Lo, 55 4 & 55 2 & 5)
L RIER D 5L Rl L7255, DPYI9L3 &/ v 7 X o v Ll L 0 kS L 7=
Rspol =1 b o— b & il U, iR 28 kIE 72 2y > 7= (Fig. 4-23), £ 0 | Trp'™>
D H C-mannosylation = 4172 Rspol (£, 2 # Fr3kiZ C-mannosylation & 4172 Rspol
EREOEEZA L T e, VL EORREATHOR REE,E 2 5 &, Rspol D
Trp'> & Trp'>® @ 2 » Fir® C-mannosylation O, W3 #173F F5 2% C-mannosylation
SNTWVWD Z &2, Wnt/B-catenin ¥ 7 T /VIERIEMEICEHE TH H Z L /RIES
iz,
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Fig. 4-23. Effect of C-mannosylation of Rspol at W' on Wnt signaling enhancing
activity.

HT1080-Rspol-MH cells were treated with siGFP or siDPY19L3, and conditioned
media from each cell was collected. Rspol proteins were purified from the conditioned
media of siGFP- or siDPY19L3-treated cells, and the amounts of proteins were
equalized by western blot (inset). 293T cells were transfected with TopFlash or
FopFlash in the presence of 10% Wnt3a-conditioned medium and treated with equal
amounts of purified Rspol proteins. After 24 h, luciferase activities were measured and
normalized to Renilla luciferase. W'>’-C-mannosylated Rspol (produced by
siDPY 19L3-treated cells) had almost same activity compared with wild-type Rspol
(produced by siGFP-treated cells). Data shown are means + s.d. *, P < 0.05 compared
with FopFlash of vehicle control treatment. **, P < 0.05 compared with TopFlash of

vehicle control treatment. ns, not significant.
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FoH Lo

HF4ETII, b b Rspol Z @R IFEL L 72 it 2 VT Rspol ¢ C-mannosylation
[ZDWTRENT 21T > 72, Rspol FIFEBMAa L D FER LY a0 h & X
7B D LC-MS I L BRH /NG, WS NT=4Td Rspol X, Trp'” DA, 5
UMT Trp'™ & Trp'* @ 2 4 FFAY C-mannosylation S5 Z & Z 41O TH SN L
72 F 7-. C-mannosylation 7% Rspol DFEREIZ 5 2 5 242 M L 7,
C-mannosylation D#2 Z % Trp'> KO Trp' > D 2 # FF D Trp A Ala ICE R S
72 2WA ERKEZ H W3R Lecls2 MifdZz AW 7= EB 5. Rspol @
C-mannosylation 7%, Rspol O#MfaNEGE, MALSN~D53Ws, Wnt > 7LD
PIEPEICEE CTH L Z AW oL, 61T, #IRICEIT 5D C-mannose #4
BE:#Z L LT Dpyld SNz, TOe hFAEBRITTHD
DPY19L1~L4 ® 112 Rspol @ Trp'> KT Trp'*° ¢ C-mannose BB N IFAET 5
D TIX & %, C-mannosylation DL Z & 72\ S2 il &2 W CRgt 21T - 70, £
DOFfER. & b Rspol @ Trp®IZ%F4 % C-mannose 5843 & LT DPY19L3 % [A]
E LTz, &6IT, DPYIIL3 &/ v 7 ¥ 7 Lcfld DR L bR L 7-
Rspol T%. Trp'>® ™ C-mannosylation DJ8/4>7> MALDI-TOF MS THEZR S iz,
B%IZ, DPYI9L3 % /) v o7 X 72 L7BRD Rspol O5pheEz il L 7G5,
Rspol D4yUklE 2WA ZERAK L RARICEA Lz, 2% Y. Rspol & Trp”®
C-mannosylation (% DPY19L3 (Z L V) filifi. <41, % C-mannosylation 7% Rspol @
FEFIFEHL TNDZ ENB 2 B,
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5 4 O FBRIIE
1) ffaLssE

b MARMEPIIE F R HT1080 #Efc e OV e bR Vel b Az fioke 293T i,
DMEM (Z 10% (v/v) FBS, 100 units/mL penicillin G, 100 mg/L kanamycin, 600 mg/L
L-glutamine, 2.25 g/L. NaHCO; Z s/l L 7= 55z H L, 37°C. 5% CO, 5 F T
B LT,

F ¥ A =— AN LA —PNEH3K CHO-K1 flifi fe OV D HiLfk Lecl5.2 M,
Ham’s F-12K {Z 5% (v/v) FBS, 100 units/mL penicillin G, 100 mg/L kanamycin, 2.5
g/L NaHCO; Z sl L7z 852 H L. 37°C. 5% CO, 5 F CThHe& L7,

TavuYa ik S2 MAEiE Schneider’s Drosophila medium (Life
Technologies)(Z 10% (v/v) FEME{k. FBS. 100 units/mL penicillin G, 100 mg/L
kanamycin Z R0 L7255 A2 H L, 25°C TR LT,

2) WEIFEHL T T A I ROBE

Rspol EinF1%. b bEISZHRE K PC3 MDD cDNA 74 7 F U L0 H#EE L

7=omyc % 7 J W hisg % 7D C Kim~DOENIT, @ L7z 74 ~—%fHL PCR

HEIZX VT T2, myc ¥ 7 W hisg # 7 OELFNE. LA NI RTEY Thd,

myc: GAACAAAAACTCATCTCAGAAGAGGATCTG

hiss: CATCATCACCATCACCAT

Rspol-myc-hisg (Rspol-MH)i#E {5 -1, pCl-neo ~X7 % —(Promega)lZH~7 7 1 —=

v T EATo7, F£72. Rspol-MH OZEEIR(WIS3A/W156A QWA)DIERLL, LA

TR T 774 ~—%2HWTPCRIEIZLVIT-T2,

W153A: 5-GTGAAATGAGCGAGGCGTCTCCGTGGGGGC-3’ (forward)
5’-GCCCCCACGGAGACGCCTCGCTCATTTCAC-3’ (reverse)

W156A: 5°-GTCTCCGGCGGGGCCCTGC-3’ (forward)
5’-GCAGGGCCCCGCCGGAGAC-3’ (reverse)

S2 FfiE~iaE B2 1%, Rspol-myc % PCR ¥§iF L. pMT-PURO (RIKEN
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BioResource Center)iIZ V7 7 v —=1""7 %17 >72[99],
t ~ DPY19L1, DPY19L3, DPY19L4 iE{x 1%, HT1080 Al ¢cDNA 71 7 7
U X DHEE L7z, £7-t h DPYI9L2 Bfn 1%, PC3Mllid> cDNA 74 7 F U X
DHEIE L7, ENENOEMRTO CRKIEITIE mye ¥ 7% PCRIZEVEAL, plZ
~ 7 4% —(LifeTechnologies)iZ V7 7 0 —=> 7 %47 -7,

3) It B i oD A ST
HT1080 #if@iZ4 77 A I R#% Lipofectamine LTX (LifeTechnologies)% FH\ T
B E A L. 400 ug/mL @ G418(Roche Applied Sciences) CEeRES TR 21T > 72,
Bz 2 AoEREREZ, RAGREZHNTE 7 21—l
(HT1080-Rspol1-MH, HT1080-Rspo1/2WA-MH) % fit 37 L 7=,

4) Western blot

FE I lysis buffer (50 mM Tris-HCI, pH 7.5, 150 mM NaCl, 0.1% SDS, 1% Triton
X-100, 1% sodium deoxycholate, and 1 mM phenylmethylsulfonyl fluoride)% /Il Z i
B AT O Z & Tl Z M L 7o, MR X Coomassie Brilliant Blue
(CBB) G-250 (Bio-Rad Laboratories)= iV C X VXV ERELZEEL, £V 7
NWRE 2R 2 T2, &Y 7T 5430 1 8D loading buffer (350 mM Tris-HCI, pH
6.8, 30% glycerol, 0.012% bromophenol blue, 6% SDS, and 30% 2-mercaptoethanol) %
%, 98°C, 3 /3 OEMLIEF%  SDS-PAGE (Z LV # v U B & GBEL Tz, Z %

M % PVDF BTG, S%UAFAILY TT Ry F U 75 To7, 1 KPLEK
21X, BT c-myc FLIR#C3956; sigma)dH 5 W MTHT a-tubulin HFLIAHTS168; Sigma) %
Wz, E7o. 2 IREUARIZIE HRP A2£3%HT mouse IgG HL{A(Amersham Biosciences)®
UM HRP fEi% BT rabbit IgG HiAK(Amersham Biosciences) % AV, FE 1%
Immobilon Western (Millipore Corporation) % H V72, FYERHIIZIE, LAS4000 mini
(GE healthcare)Z i F L 7=,
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5) Rspol DS 73 WD H H

BN 50 pg/mL O~/RY o AMUERL | B TER T 24 BEEEEE T 5 2 &
T, MfEs~ & LRI D~/ Ul &G L72 Rspol Z il S H 7,
24 WFffE, B33 LG 2RI L, HIZHEVY western blot #1795 Z & T, L7
Rspol Zfi L7=,

6) Rspol DHEFESN 7> B D

HT1080-Rspol-MH ffifid & KEH:7E L. 50 pg/mL O~ 3T > & 00 L 7= B i 7
BEHhC 24 BpHIEEER LT, 24 RRER, BN L72RE8 I D X N7 B 2 il i B
IZ X DS, PBSICHIEM LTz, ZZIZ8M DRFEEMZ, & HIZNi-NTA
agarose % 12 C Rspol-MH % Ni-NTA agarose (ZfEG S 72, fiG%. Ni-NTA
agarose Z buffer A (900 mM NaCl, 2.7 mM KCl, 10 mM Na,HPOy, 1.8 mM KH,PO,,
and 20 mM imidazole) Tt — X% KX < Wi, 500 mM @ imidazole Z N L 7=
buffer A TR 1T > 72, FMROMERRIL, ¥ 7/ % SDS-PAGE T/rffitk. CBB
R-250 TYta 45 Z L TIT o7z,

7) LC-MS fiihfr

fER L 72 Y > 7L % SDS-PAGE (2 LV 73 L. CBB Y4faz1T -7, CBB 444
B, ZUNTEN RESANBEY H L, 0.1 M Tris-HCL, pH 8.0 1, 37°C T
12 FFfHl. 0.05 pg @ Asp-N (sequencing grade, Roche) & trypsin (TPCK-treated,
Worthington Biochem. Co.) & #LEL3 2% Z L T F Rt Aifb 247\, HelF CTiEoc
TuavAd 7 I MeEIToe, 20T T KEFIRA Y % nano ESI spray column
(NTCC analytical column, C18, ¢75 pm x 100 mm, 3 um, Nikkyo Technos Co., Ltd.) %
FHUNT nanoflow LC (Easy nLC, Thermo Fisher Scientific)iZ &V 738 L. feld T
nanospray CA A > ft L T Q-Exactive mass spectrometer (Thermo Fisher Scientific)
TH L7z,
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8) CHO-K1 #fifie }2 TF Lec15.2 M 2 FH VN 7o — e P i el RS E

CHO-K1 #lifie )2 TY Lec15.2 #ifRiZ pCl-neo-Rspol/N137Q-MH 7°Z A X K[97]%
Lipofectamine LTX % H N TIBAR T A L7, 6 FEf#1%, &/l % PBS TP L,
50 ug/mL DO~/NY AR L7\ iR T 18 KEffEs& 35 2 & T,
Rspol/N137Q Z sk~ & i ST, B FEANND 24 iR, 558 HiF %
[BII L 4)IZHEV western blot 21T 5 Z & T, 23 L 7= Rspol/N137Q Z i L 7=,

9) RT-PCR

RNA (& Trizol (LifeTechnologies)Z F\ > CHIME L v #litH L 7=, 2 pg @ RNA Z1{#
H L. High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems) % F T
WHRE %17 > 7=, PCR FEEIZIX Quick Taq HS DyeMix(Toyobo) % fif ] L 7=,
Semi-quantitative RT-PCR (ZHW =7 T A4 ~—, A7, 7T =—V » JiRE
I Table 4-1 |Z7R 7,

Table 4-1. The sequences of the primers, annealing temperature, and the number

of cycles for semi-quantitative RT-PCR.

Annealing Number of

Target gene Primer sequence
temperature cycles
Rspof 5-CTCTGCTCTGAAGTCAACGG-3’ (forward) 63°C 25
5-GTGATGGTGATGATGCAGATCCTCTTCTGAGATGAG-3’ (reverse)
DPY19L1 5-GGCATCACTGATCTGCTCAA-3’ (forward) 60°C o5
5-AAGGGAGTTTTCCCAGCATT-3’ (reverse)
DPY19L2 5-ATGAGAAAACAAGGAGTAAGCTCAAAGCGG-3 (forward) 60°C 25
5-CAATGTAAAATTGCCACAAAGACAG-3’ (reverse)
DPY19L3 5-AGTTCTGGCCAGGAATGATG-3’ (forward) 60°C 25
5-ACGTAGGGAGGCAGGTTTCT-3’ (reverse)
DPY19L4 5-GCCAAATTGCTGCACTTACA-3’ (forward) 60°C 25
5'-GCAGGGATTCTTGACAGAGG-3’ (reverse)
B-actin 5-CTTCTACAATGAGCTGCGTG-3’ (forward) 58°C 20
5'-TCATGAGGTAGTCAGTCAGG-3’ (reverse)
GAPDH?2 5'-GTCCTATGATGAAATTAAGGCCAAG-3’ (forward) 60°C o5
5-GTCGTACCAAGAGATCAGCTTCAC-3’ (reverse)

%72, quantitative RT-PCR |Z KOD SYBR qPCR Mix (TOYOBO)% i fH L. ABI
7500 Real-time PCR System (Applied Biosystems)% H\»TAT > 72, Quantitative
RT-PCR (W=7 T A ~— K OT =— 1V > JIRE % Table 4-2 (2777,

101



Table 4-2. The sequences of the primers and annealing temperature for

quantitative RT-PCR.

, Annealing
Target gene Primer sequence temperature
5-CTCTGCTCTGAAGTCAACGG-3’ (forward) o
Rspo1 63°C
5-CACTCGCTCATTTCACATTG-3’ (reverse)
DPY19L1 5-GGCATCACTGATCTGCTCAA-3’ (forward) 60°C
5-AAGGGAGTTTTCCCAGCATT-3’ (reverse)
DPY19L2 5-GAAAAGGCTTGGAGCTAGAGGTG-3’ (forward) 60°C
5-GATGAGAGGTGAGAGAAATGACGA-3’ (reverse)
DPY19L3 5-CCCTGAAATATGGGAGTTACTTCTG-3’ (forward) 60°C
5-CACAGCCTTTCTTGGAGTGTTAG-3’ (reverse)
DPY19L4 5’-GCCAAATTGCTGCACTTACA-3’ (forward) 60°C
5-GCAGGGATTCTTGACAGAGG-3’ (reverse)
B-actin 5-CTTCTACAATGAGCTGCGTG-3’ (forward) 58°C
5-TCATGAGGTAGTCAGTCAGG-3’ (reverse)

10) Sz a0t R

Bl L 23— 7 A bl Lz, Ml & [EE{Et% . 0.1% Triton X-100 %
W CIFESEIBALEE 21TV, 3% BSA T/ 0 v % 7 %1{T-7-, Rspol-MH DYz
11 PR & L THT c-myc HiiA(#sc-40; Santa Cruz Biotechnology & % \ MF#C3956;
sigma)Z i L7=, IV IRRTEOMERICIEL, 1 IkEUA L L TH GRASP65 Hiik
(#sc-30093; Santa Cruz Biotechnology)% HV 72, ER RTEDRERIZIX, 1 kitik L
L CHi KDEL HU{A#ADI-SPA-827; Enzo Life Sciences)Z iV 7=, 4 1 kBRI ST
9% 2 Pk & LT, Alexa Fluor488-conjugated anti-mouse IgG (Molecular Probes)
& 5\ X Alexa Fluor568-conjugated anti-rabbit IgG (Molecular Probes) % i f L 7=,
Y £a121% 2 ng/mL @ Hoechst 33258 (Polysciences, Inc.) & FV 7=,

11) Luciferase assay

Luciferase assay {213, Rspol DIEFIFEHR LV FFR L2V a v & oy
BraH Lz, £9. Sz RERE L, BEI{EFE#IC 1% (v/v) heparin
sepharose 6 fast flow (GE Healthcare) 2 ¥#8I1 L. 24 FREfEEEE L 7o, 24 Rpfl#&. [E1IX
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L 7= heparin sepharose % PBS T & < ¥ L. buffer A (900 mM NaCl, 2.7 mM KCl,
10 mM Na,HPOy, 1.8 mM KH,PO,, and 20 mM imidazole) % VT Rspol Z¥&H L
72o ZAUIZ Ni-NTA agarose (Qiagen)Z /1 %, Rspol-MH % Ni-NTA agarose (Z# &
X472, Ni-NTA agarose (Zf5EA S 7= Rspol-MH (. buffer A Tb— X% 3 [E¥k
1% .500 mM @ imidazole % ¥ L 7= buffer A T Z 1T 572, 24 % VIVASPIN
500 (Sartrius)Z VN TRRAMER 21T 9 2 & T, Z /N7 EOJEME & PBS ~D /3y
77— RWEAT ST, H NI EIREEIL western blot 2179 Z & T, SR L7,
RIZ, 293T #Af@iZ Super 8xTopFlash (Addgene plasmid 12456)d %\ & Super
8xFopFlash (Addgene plasmid 12457)[100] & phRL-TK X7 % —(Promega) %
S, 10% (v/v) Wnt3a conditioned medium[101]7#7E . &0 U a2 b
Rspol ZALHR L7z, 24 Keffifefilazisfig L, Vo7 = 7 —BIEELHIE LT,

12) S2 AMARIZ 5B S 7= Rspol D FL

S2 #L %k L . pIZ (mock). pIZ-DPY19L1 (DPY19L1). pIZ-DPY 19L2 (DPY19L2),
pIZ-DPY19L3 (DPY19L3). pIZ-DPY19L4 (DPY19L4)% FuGENE HD Transfection
Reagent (Promega) = W CHEImTEA L, £D% 150 ug/mL D Zeocin
(LifeTechnologies) CIEREEZ A 1T o7, BEL L 2 HEOBREEICLD . &
DPY19 7 7 X U —if{n D@ FIFEBUMN 2 1572,

WIZZ 6 OBWFZEF A6 L, pMT-Rspol-MH % [EARIC @I EAL, 6
IRF P 74 L 2 S Ly B H~ & 229~ % & [RIREIZ, 200 uM @ CuSO4 T Rspol-MH D3
WHEEEIT- 1=, 72 BRI, S0 FIEND 1D)IR L= FEICE-> T,
Rspol-MH % > R 7' Ea kg L=, T D% D LC-MS fifrix. 7)& D FIET
17> 72, Luciferase assay (%, [FIEkD F1LTHIL L7 Rspol Z V>, western blot
TH R EBE 2%, TDICR L2 FIEICE > T To 72,

13)DPY19 7 7 SV —BIzFD /) v I XTI

HT1080-Rspol-MH #fEIZxt L, 20 nM @ siRNA % Lipofectamine RNAIMAX
(LifeTechnologies) % AV CE A L7z, siRNA OEAZIZR (L, 9)0D RT-PCR IZHEW
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MR a7 o7, M L7= siRNA OFH % LLFIZRT,

siLuc, CGUACGCGGAUACUUCGAJTAT

siDPY19L1, GCACUUCGGCCCAUUGUGAATAT

siDPY19L3, GGAUAUGUAUAAUGCGAUAJTAT

siDPY 19L3#2, GAAACUGCCUACAACUUAAJTAT

siDPY 19L4, GGUGUGUACUCUGACAAUAJTAT

siGFP (#AM4626)IZ Applied Biosystems £ ¥ miflih & A L7,

14)DPY19 77 I U—/ w7 X7 Ufifan 5 D Rspol DFEHR

13)DOFEIZES>TDPY9 77 IV —% /) v 7 X0 LI-flilasd KER&E L,
ONZR L7 FIEICHE - T Rspol ZHEH L7z WL L 7o ¥ o 7 /W ITRICAR 1A T
MALDI-TOF MS fi#4T L 7=,

15) MALDI-TOF MS

FER L 7= Y > 7L % SDS-PAGE (2 L Y 73 L. CBB Y4fa %17 -7, CBB 444
B, ZUNTEN RESANBEY H L, 0.1 M Tris-HCL, pH 8.0 1, 37°C T
12 FEfE. 0.05 pg @ sequencing-grade modified trypsin (Promega)& Asp-N (Roche
Diagnostics) & JLE4 25 Z & TRTF Rtk 247\, #tlf TE T 7w B4 7
2 NMe&EA T 72, D%, Zip TipCl8u (Millipore Corporation) % Fi v Ttk L .
a-cyano-4-hydroxycinnamic acid #~ c U v 7 2 & LT H L. ultrafleXtreme
TOF/TOF MS (Bruker Daltonics) % F\ N CE&DOHT 21T - 72,
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%5 HREE
PEBHIX, Bk 2o X R BICHIIRZER S L TRGTHZ T, XU uE
DT 4 —IVT 4 TROEENE, Die & ix Ieie 2L Cnd, DF 0 |
B Ry B OMRER R L, HIET 5 LTI, BESHE A OB REMEAT 1 X B AT
KCTHD, b b7 AOIRGETE TITHEN, RA N AL LT T a7 4
7 AERNTISEEANTAT OIS KX 512720 & X7 B OREERITHEA TV D,
ZDOWIIIHE S T BIZHIRN Y | RIS X RT3+ 2 7 74
ayu s A I AMELELOOH D, Ll BEX X7 EORRNT AN O B
FITFHEE L TH D, Frio, PEHEMIII N, oW, C B, GPI 7 v —H
& 4 FRENPFEL, HEHAMR T DML R TRVWEANZNZ LD FE
OREFEMICERZ Y T 2175 2L T, FIOTRATLHZ LKLY
AbEV, EITEEIZT. N, OB, CHD 3 SOESHEMICER L, T Z
N O BFESIERT DOIERIGAR & 737 B2 DN T, BESHIEAT O F DM & = Ok
FAZTHBIZOW TR L7z, 725 3 FEOFESIEMIZ DV CTRENT &2 1T
9 Z LT, BEHEMERIZOWTHRAZED . FEHAMTFORRICERT 272
J T < BHEHEM D FOBRE DL - HERIC OV TOBENHIR S
7o AMFFRIL, 3FEBEO W Z Ry EIZBT 5, Bie 2 3 O PESEAR O
fENT & E OMREFHMIICEAT 2D TH Y | MIEREREZENT L RO LD IT%
Do

1) b MHERHEAIAEF S HT1080 AMEIC & b CTSV A S JI3E B & 1 7= i 8l 78 B i
RN L. N-glycosylation DFHHEIZSWTZDILERITH D TM (2 X BT
AT o T2k R, CTSV @ N-glycosylation 23RBS 7z, £7=. Kl L7- CTSV
% MALDI-TOF MS, MS/MS fi## L 7z #& %, CTSV I% Asn™' & Asn™? @ 2 » filf
T N-glycosylation SFLTCW5 Z L E#BH LM LT,

2) CTSV @ Asn®' Jx N Asn®? % Gln 1T R S 872 N221Q. N292Q. K TF 2NQ
(N221Q/N292Q)Z: BAR D FIFE BLANAL 2 BN L, B HIKD N-glycosylation
DHFEIZDONWT TM & TR 21T o TS 3. N221Q &Y N292Q 2 AR
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3)

4)

5)

6)

1L, BEWICH 9 —F D N-glycosylation [IRFF SN TWAH Z EDVrRE e, D
F D FNEIND N-glycosylation (XA WIZ T LADRWN I ENRIBI LT,
F 72, INQ ZE R R HAMEIZ K L TM 2 4L L C% . SDS-PAGE (2817
% CTSV % L X7 EOBEENEAL L o722 e, CTSV 1 Asn™' &
Y Asn®™? ISR T N-glycosylation S TUWRWT & AVR ST,

CTSV O mFIZ BN A T, CTSV @ N-glycosylation 73% DFEREIZ 5
2 DR E T L5 %, CTSV @ N—glycosylation I AN NN 35N
HRAS~D 535 (XEESRIE TR LEE R EE ZH 5 TV D 2 &R
B ENT=, F72. SEEHE L72 CTSV OWFHOEEICK L TH, CTSV ©
Asn®' & Asn®” @ N-glycosylation DN, #5iZ Asn® ¢ N-glycosylation 73454
BEICH L RE S L T2 & 005, Asn™ @ N-glycosylation 7% CTSV D
BREFRBLC M TH D Z E DR ST,

HT1080 MiffdiZ b  CCN1 Z iR S 7RI B M 2 852 L, £ Dl
TR B OREE B SRR L 7= CCN1 @ O-fucosylation DA HEZ-SWT
MALDI-TOF MS, MS/MS fEHT % 1T - 72 & 8. O-fucosylation 31TV N2
F R I3 S 3 . fucose HiBE, & %) I fucose-glucose K TIEAR S 41
=T F R AR SN Z & D, WS 7=4TO CON1 X Th** 12
T O-fucosylation SN TWAHZ EZH LT LT,

CCN1 @ Thr*** % Ala [ZZ8 5 S 872 T242A 78 BAR O I BLAMID 2 537 L
B AE AL R R B & lEd D Z & T CCN1 @ O-fucosylation 73 % DAEHE
5.2 2 5 % 34l U 7245 5. CCN1 @ O-fucosylation 75 CCN1 Ot ~D 45y
W OSRRSN~D 53 Wb 1% D~/ T U Hilg 24 LT A R E sk L, EE e
HREZHSTWD Z EPREE STz, & 6HIZ, CON1 @ O-fucosylation % filifi
T HWEBEESR & TR SV Pofu2 D/ v 7 X0 & T o o fE S, Pofut2 /
7 27 RED CONT DI T2A2A B RR L RIRRE E TR Lo Z &b,
Pofut2 (= & % CCN1 @ Thr*** @ O-fucosylation 233 ACEHE TH 5 Z L AVR S
i,

HT1080 #ifiliZ & k Rspol ZifFEH S 7o RIFEH M 2B L, £ Ol
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FIF B OS2 EIEN SR L 72 Rspol @ C-mannosylation DA (2D
T LC-MS, MS/MS it 247 - 7o fif B C-mannosylation L TUVVRNARTFF R
A 3R ST, Tep'P DA, & B UE Trp'> O Tep'*® @ 2 4 T TIESf &
NTeXTF Rth B SNzl Enb, FWE =2 TO Rspol 1L
C-mannosylation SFLCWAH Z LA BN LT,

7) Rspol @ Trp'> KON Trp'® % Ala (ZZ8 5 & H72 2WA(W153A/W156A)ZE Bk D
A B A 4 U S AR R RS BRI & Heii 5 Z & T Rspol @
C-mannosylation 728 % OMEEEIZ 5 2 S 2 2 3l L 725 . Rspol O
C-mannosylation 7% Rspol O Z /LUK~ Diigik, FEA~D 53w, K TOY Wnt
I FHEIRIEMEIC R L, EEAREFEI A S TWD 2 ERRB I N,

8) vavTa "k S2 Miai HWTE K Rspol @ C-mannosylation % fif
B9 DB SR ORIE 2R AR, B b DPYIIL3 28 Trp'™® i2xt4 5
C-mannose IEI#E Thh D Z L VRS Tz, S 51T, Rspol FIFEHL HT1080
HIREIZ %6k L DPY19L3 @ siRNA ZMLEL L, /v 7 X0 v 4T - il ok
EiE & 0 RS L 72 Rspol @ MALDI-TOF MS f##r OFE RS, b MfRc R
W H DPYI9L3 28 Rspol @ Trp® 2%~ % C-mannose Haf8l#3E & L CHERE
LTWb Z Enmrahi,

9) Rspol @HIFEEHL HT1080 HEFEIZ X L, siRNA ZHWWT DPYI9L3 %/ » 7 X'
v LT2hE R, Rspol DA EAFHE TR LT,

10)Rspol @ Trp'*® ¢ C-mannosylation % filff:d~ % finfsl%3E & 7k S 7z DPY19L3
D) I HE T EAToTRER. DPYI9L3 /w7 # 0 B Rspol D4yislx
QWA IR ERRRICID L2 2 &Ev6, DPYI9L3 12X % Rspol @ Trp'™* @
C-mannosylation N7 MWAMCEHE TH L Z LRSI,

VL EDFERDN G, AWFRICL VIR LT 3 FEO X LRI EITkT 5EN0E
FUE TR B ESHIER I DWW T B R T 5,

£, CTSV @ N-glycosylation |ZBH L T, %D N-glycosylation 2373 WhCB% SR TH
PEICRBET 5 2 L VR ENTZ, F7IZ, CTSB X° CTSL T, & OEEFRIEMED D
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BMALICEHBECHH Z EDNRINTEY, ZhHERET L Z L TRORMEL
WEEDIZ HALDH[65,66], —J7 CTSV 1% CTSL & 78% DAHFEMED & 5 & 2 /8
7B T, CTSV O EFRBLNFLESSKIGE CHiE ST 5[53], BIFE CTSV &
OFEMACIZE U TEENZRGEII 2R SN TWRWA, 2 b oE2 6, CTSV
SRR FLEERS RIBREIZ BN T B OIRFAEIZ 72 5 ATREMEN N B U . CTSV DO&iRE
23 N-glycosylation (Z XV filfHl S VTV 5 2 &IX O T2 2 IGIRIE DO BT IZ D7
MWD AREMED B D

F 72, CCN1 @ O-fucosylation |ZBH L T, % ® O-fucosylation 7357 Wk % iillf#l L T
WHZENRHALMNE 572, CONL T4 DDBERE R A A L 2HTHZ b, &
2% < DEFIRB~OEENREN TV, KIZ CCN1 OEREDN, & #H 4
RWEE, R LT, FEOBEMAICE I D > TV 5[72,73], CCNIL &, Al
GANEHWSHL, AR LET X —LERT 52T, Zhbikx e 3
T 5LELBN, CONI MR Z i § 5 L CTHMHEL CCNL D5y isn
O-fucosylation |Z X U filffl S 7TV 5 Z & IFELBREEV Y, CCN1 O O-fucosylation %
HilfH9 % Pofut2 @/ v 7 7 U b~ U RILFAGIRIZ AL D K BGIZ & 0 A ESEIZ 72
DT EDHEINTWVA[102]Z & 225, O-fucosylation DFHZEIZ L5 CCN1 Dl
FITRER G AE LT <, BIEMRFETIERNWEEZ LN DA, CCN1 O
O-fucosylation 233 WhZfEE L TWAH Z LvE | Pofut2 DRBLES T a1k
CCN1 OFREBLEN | EEBIGEDONA I~ — N —IZ72 D AR E 2 Hivd,

ARFZEIZ LV . Rspol @ Trp'® ¢ C-mannose §5f51%3 & LT, DPYI9L3 % [
E LT, BAEE TOHE TIL, C-mannose 55845 % [A] € L 721X Buettner & 3
WA L7 RIZEIT 5 Dpyl9 DA TH VW [50]. & MBI D RER & L TIEAE
DRI TH D, BRICARIZEIC LV, Rspol @ Trp® 125t L Ti%k DPY19L3 D&
2 C-mannose B IEMEZ /R L., o> DPYI9 77 IV —X U RXJBETHD
DPY19L1, DPY19L2, DPYI9L4 |I{EMAZ RS 72> 72, Ziud., DPYIIL3 73
Rspol @ Trp"® Z7%i#% L C C-mannose BB iEMEA R L2 L2 ERLTHY,
DPY19 77 ) —=Z U\ EICHEREENH D Z L 2mRT 56D TH D,
Dpyl9 BI5 1%, FHEY~OHE(LOEFET DPYI9L1, DPY19L3, DPY19L4

108



D3 Dl ERmEINTEY ., (LA~ O DR T
DPY19L1 73 DPY19L1 & DPYI19L2 D 2 DITHiicZ & T, 4 ODT7 AV 7 +
— AL RS ERRE SN TWAIL03], FE V., WHEIC/RA72012F 4 o
DT AV T F—DPEE o7 LHfREIR D, AFFEIC LD DPY19 77 XV
—H R BITHEER RN DD Z E NI T, 5 < O-fucosylation
DE I RAL HEEIZ L DENR T 2 ARSI K DEWHBEEL T
HOTIEARWEBEZBND, £7-, DPYI9IL2 I RIEEA BRI 2B BINHE S
TWA[98], 2F V. DPY19 7 7 X U —& LRI EORBUFBEEENRH Y |
ZTNENDMFETHDOT A Y 7+ — LB L TWDAEEE S B X bivD, FF
2. C-mannosylation D = > & % AEFIOFEE I, F AT C-mannosylation 737
L &7z RNase2 (2 K DTG R O ITHAFE LTI 0 [48], £ 72 Julenius 12X D
C-mannosylation DJEA T X/ FROENT S . € OMEBI DD 72 936 69 4 P D
MO £ > TWBDH[52], 5. ZAUE TIZ C-mannosylation DL H 5 ¥
VORNTEITOWT, ZHLEND C-mannose #nBRERE ZHET 5 Z & T, DPY19
Ty V=2 N EORERRMEICEAL T, BMNEEL L EEZOND,

AMFFETIL Rspol D Trp'? IZ%F9" % C-mannose B3R 1R E S /2o 72,
SF D, Rspol @ Trp'? IZxt L Ti&, DPY19 77 I U —& LR B Tldlew,
RIFEDZ X7 EDPATHoTND ZEDPRRE L, DPY19 77 I Y —Z 37
'BHLISMZ C-mannose BRREEERNMTFIEL TV D ATREMEZ "2 L TV 5, Buettner

X, BB D Dpyl9 @% FIZEE L, C-mannosylation @ mannose K7~ — 73
Dol-P-Man TH 5 Z &Z% B L. N-glycosylation CT?D N BUpESH N+ —TH 5
Dol-PP-GlcNAc,MangGles D¥sfElER & A ERVREMENH D S HERI L, REBR Y
—IREEZAT 5 T & TREIZE -72[50], L7 L, C-mannosylation & N-glycosylation
T FF—DREDH L RE SRRV | EBEERE ORIERRBIMEIKF LI2AKTF
LTI, Dpyl9 OADFRICE -T2 EZ 6N 5, 4. Rspol O Trp'™ (2%
HERBIERE A [RET D Z & T, C-mannosylation O X 572 5 BfiRIZORND L&
Aoy

UL B ~7= K502, ARWFETIE 3 FEOPESEHEMIZ OV T, £ OREE 2 fif
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L7z, EOENTN D LFEEIEM D DUWNCEETH D ENRI 4L, iz v
NI EIZRWT, PEHEMN FEREKBZH - T\ D Z LAvRahniz, EbIT,
C-mannosylation (2B L TlX, T E Tk MZBWTRHIESN TWARhoTo
C-mannose BfEBER Z [FE L 727217 T2 < RHD C-mannose IEEER OFFE %
R L, C-mannosylation OAFFEDFRBICKE S HE Lz, 5%, HEHEMOMH
WrnggET22E T, ETETZOREMEDBHALNERY | EmOBFIC O
WHZ EBRHIFFEND,
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