k||

Y
== 3 ]

ZF LEANEEDDLS

(macrophage colony stimulating factor, M-CSF) %ii % 7=
THTATLTH S, M-CSFid, HiEk, v 7o 77—
T ORISEHINE AR BICER L, 2041k, % R
LTao=—-BhzfFld 2EA%#H>, £ N M-CSF
1T 14918 F 7213214 D 7 I J BRIRIE D & B B [F]l— D 7
2=y b 2AFTHEE S NS, 4 Fht#945,000 &8
84,000 2 fli3HDPE ¥ 7 WA LN TWB,

AT & [-mostim| ZFEOINNIZLT Db D058 %,

Cilmostim

Lanimostim

Mirimostim(3 V) EXF L)

INhbDH) B, Mirimostim(I U EXF L), &b
FR & Y 4L L 72M-CSFT, 2144807 I/ BRI 5 72
B ST UDFE2RAMAETHMBRENDMSY o7 H
(5F1it © #984,000) TH H, HATHEEL S NPk ks
JEVEMIEE LT S Twa,

(4)[-plestim] @ A >4—0O1%>-348

[-plestim] X, £ > % —14 % >-3 (interleukin-3,
IL-3)§fi%RTVFTAF L TH b, IL-313 L an =
— A F (multi-CSF) & H I CTcwizd o T, Jhlk
Bk, wsu7y—, <A M, SRk, FEgk, B
TEIRGR & Stz EMRAIR D 534k, WGl & R iE 3 B4
EAT D, IL-313 A4 & —0 4 F 244 E LTV B2,
AFARAYIY =04 FDAT L [-kin] Tk <,
= —fliEAFDOAT L [-stim] PHVHILTWS,
b MIL-3i133M D 7 I 2 kI 5% 0, 4 fHON-F5
EIRIHR AT A Y 82 M TH B,

AT L [-plestim] % FFDOINNIZIZLAT Db Doidh 5,

Muplestim (A 7L XA F L)

Daniplestim

Muplestim (4 7L R F L) 1d, #ETHIx e NIL-3
T, JANIZEREN TV B A, RKFETH 5. Daniple-
stimif, IL-3D4FE»S125FB 07 3 /R IkED S
B, 2MAD T I EEIRIE R B ZE L /2IL -3k 4 <, IL-3
I LI RIL-3FEMET T2 & L THESRDESE
T 5o
(5)[-distim] : 2 FE$ED O O = — #13 EF DR

ANV E

[-distim] &, 2fi¥DR% 2 a0 = —fEFOR
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EY NN ERTY TRAFLTH D, INNTIRUT®
2 MIHAS BRI N TV B,

Leridistim

Milodistim

Leridistim(3, IL-3i%i#{f & G-CSFikif{h & D4 ¥
> 282 %, Milodistiml®, GM-CSFiilifk & IL-355: 4k
LGS VT UTH B,

(6) ZDfthd [-stim] 38

INNIZIZZ D [-stim] & LT, LTFDbDIE
fREhTWa,

Ancestim(7 > X F L)

Garnocestim

Pegacaristim

Ancestim(7 ¥ & X F L)k, 3 H0iHRG o 158 12 i
W+ Tdh B e Mgl AF (stem cell factor, hSCF)
DM (W) & > oS 7 P& R 2 TG L7
b DT, hCSFD1-1654 H 7 I 7 §EFLIE DN 12
T A ZVRIESNINL 727 Yo o2 kb b,
JANIZES% S, FRAER REWIENRIE L L ChlSshsit
HHLNTWS, RSEIER IS Twns,

Garnocestimid, HIMEKbEEFEE BT HCXCHr EH
12D EDTHBHCGROR /w707 7 —IVPREMkS
> 232 % (macrophage inflammatory protein, MIP)2 «
DE-T3HEDT I /IR ST E2RTF FTH 5,

Pegacaristimid, IM/EAZEAET A b vaR
KR ILF ~ (thrombopoetin, TPO) @i 4518 (recombi-
nant human megakaryocyte growth and development
factor, rhMGDF) ICPEG % #54& L 72141l & > /3 27 | ©,
MR AR R IE & L CRISEh Td B,

[-kinl:9«bh1>
129—0414F2%

[-kin] X, ¥4 b h A v DFO—HOSTHITH 2
A4 ¥ & =14 ¥ (interleukin) #1- il 2 2 7 L Td
Bo AFZ—0ALFNT) VoSERRMER, v s 0T 7 —
Vg EOREE ML AEEA S S B (W) & v o3 2 B
DEDTEED A DOFFRT, MILRE CHFEET B ZEME
I L THlR &AL, 41k, W5, HINMARE/E R 2% &
WSS, A1 vy —uaf X3y 2 e LClE
SNNZA > % —a A F v (IL) DEICHFES 241 T
ENhTwb, A1 % —0A4F D550 [-kin] b1



I —TOAF OB T L ICY T ATFLADE L LT
B AV —UTOAFIBIVA 7 —0Af X ET
AEWMEDATF MIE 2R/ L.

()l-leukin] : > —O4%>-2%F

[-leukin] i3 > % —11 A & - 2 (interleukin-2, IL-2)
HARTY T AT L THb, Ay —04FFOPT,
ARTERERDE LTERALENTVWLEDIZIL-20ATH
5o IL-203 THIfE R F & i vz 0T, TH
Bk v EEA S, THIEORSE & LT REST B 130,
FF 25 NF T — MO E L, BAIE O Z & Sk
HEMAERY. & PIL-23 7 3/ BEIS3EA 5 B 544
VORI TH B,

25 & [-leukin) Z#DINNWE 7 Fi B 2556k s
VA (FE2), chtbm B, Celmoleukin (V- ELOA F
>), Teceleukin (5 kA &F ) i@/ ic HBICIUE =
h7BEERTHE(E2), Ihbidvihd ke ML-20
cDNAZ#ALAKBW cHEanNb ¥ o 37 HT,
Celmoleukin (-2 Vv E LI % ) 13 KK OIL-2 & [8) L 13348
DF I JEEEM, S, 7, Teceleukin(F 04 F2)
VENZEWIC A 4 = > 1 3R IEMIN L 2134 D 7 3/
IR bR B Y ST HTH B, WD REDIL-2
EOFEL DHEEUINI L Tudn, HATA, ME RO
EREEE LTSN TWAS,

Ala-Pro-Thr-Ser—Ser-Ser-Thr-Lys-Lys~-Thr-Gin-Leu-G |n-Leu-Glu-His-Leu-Leu-Leu-Asp-

Leu-GIn-Yet-11e-Leu-Asn-Gly~! | e-Asn-Asn-Tyr-Lys-Asn—Pro-Lys-Leu-Thr-Arg-Het-Leu-

Thr-Phe-Lys-Phe~Tyr-Met-Pro-Lys-Lys-Al a-Thr-Glu-Leu-Lys—His~Leu-Gl n-Cys-Leu-Glu~
[

Glu-Glu-Leu-Lys-Pro-Leu-Glu-Glu-Val ~Leu-Asn~Leu-Ala~Gin-Ser-Lys-Asn-Phe-His-Leu-

Arg-Pro-Arg-Asp-Leu-| le-Ser~Asn-1 le-Asn-Val-|le-Val-Leu-Glu-Leu-Lys-Giy-Ser-Glu-

Thr—Thr—Phe—Met-c;'s-G {u-Tyr~Al a~Asp-Glu-Thr-Ala-Thr-|{e-Val -Gl u-Phe-Leu-Asn-Arg-

Trp-| le~Thr-Phe-Cys-Gin-Ser—| le~{ {e-Ser-Thr-Leu-Thr

Celmoleukin (Genetical Recombination)
TEOAS &2 GREEFHEER)
Wet-Al a~Pro-Thr-S8er-Ser-Ser—Thr-Lys-Lys-Thr-Gin-Leu-Gln-Leu—Glu-HisLeu-Leu-Lleu~
Asp-Leu-Gin-Het-1le-Leu-Asn—Gly~I | e-Asn-Asn-Tyr-Lys-Asn-Pro-lys—Leu-Thr-Arg-Het~
Leu-Thr-Phe-Lys-Phe~Tyr-Met-Pro-Lys-Lys-Ala-Thr—Glu-Leu-Lys-His-Leu-Gln-Cys—Leu-
|

Glu-Glu-Glu-Leu-Lys-Pro-Leu-Glu-Giu-Val-Leu-Asn-Leu-Ata-Gin-Ser-Lys-Asn-Phe-His~

Leu-Arg-Pro-Arg-Asp-teu~| |e-Ser-Asn-1le-Asn—Val-I1e-Val-Leu-Glu-Leu-Lys-Gly-Ser-

r
Glu-Thr-Thr-Phe-Met—Cys—Glu-Tyr~Al a-Asp-G1u-Thr-Al a-Thr-1 le-Val-Glu-Phe-Leu-Asn-

Arg-Trp—t1e-Thr-Phe-Cys-GIn-Ser—| le-1fe~Ser-Thr-Leu-Thr

Teceleukin (Genetical Recombination)
TEOAF 2 GEETHRRL)

2 A E—0A4F-2%RT AT L [-leukin] EHOEES

¥ 7~ Aldesleukin, Denileukin Diftitox{3 ifE#+ CHEE
ENTWVEBEREMTH S, AldesleukinidIL-202-133%F
Bo7I /EEEos b, 126%BD AT 2k
AR LT -2k T, ESE B A, BEEA
JETd %, Denileukin Diftitoxi3IL-2& ¥ 7 57 7#HHE
EOFE Y Uy ET, IL-2% B AT L CERHITR IS
WmhhEh, P7FVTHEECI DML EFEYT S,
IL-2B& o $H(CD25) #HHL T W AEMTHARY >~
NIEDEBREE LTRSS Tw5,

(2) 2O [-kin] 8

L2 DA 5 — A I E2IE L A YEME
BEhTwiv, LhL, 4 ry—u4F ol
Wk, Ay —O4FEFBELAY, 1VF—1AF
COREREET A ERKBOMEIED SN TE Y, i
NTETTRRBENTVWLEERLD S,

@ [-elvekin] @ 1> &—0O1 % -11

[-elvekin] X, A ¥ % —w4 F2-11(0IL-11) %75
YT AT LTH Do TL-1113-5 i M EH R i 3 e
PORHEAESNBITIMOT I WERE» L R 50 F i
230000 7 >3z BC, i wT BRI < B AR Ve
L, BBk L Rk, IR Lo 2z & ok
A %D, Oprelvekin(F 7 L ILANF ) (3R T-H10 2
TUEENAIL-1102-178F B o 7 3/ B M8 ¥
L5 Ny EHTH D, MABIEET & L THZESED
b, SRETIZMAMBAMERREE : L TREE Ty
B, HATIEREHFFIW) TIFLhTwnd,

® [-nakinral : 1> ~-0O4 X - 198k T7 402
Z b

[-nakinra) 134 > % — 04 ¥ - 1FHEET7 ¥y T=
A b (interleukin-1 receptor antagonist, IL-1RA) % 7R
THTAF LT, IL-1OAT 4 [-nakin] & ZHFET >~
# o= A b (receptor antagonist) iZHI# 3 5%, IL-1RA
13 M ERRMINE T BE A AW B L B 4T HE23,000~ 25,0000
Wiy 232 }T, IL-1ZEFICHEL, IL-1PIL- 185
HIEET A0 WEEETLAEMPY Ty T=A T
HBo IL-LEHRIEHY A I A4 2T, BHEMEY v <F
HEDOREHEBICOELLHES L Twb, Anakinrald
SBIETHEIR X CRE S NANERIC A F 4 = 15D
e LAIL-1ZBR7T ¥y TR T, BRCIEBEY
VT FIEREE LTERBENTWHERRTH S, L
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i}

BB
ANSED DD

RFLE

5]

L BHARTORRRMIFEITAA TV 220,

linterferonl :
A5—2Jxz0OV%E

4 » % -7 x 1~ (interferon, IFN) &7 A U R JEHs7z
E DR E ZT MBS EEA, 433 B 43 F it £920,000
D—WEDEIENE 5 287 | T, 4 b D 1FE
TdBo 7AWV AMGHBPIEH D3 (e s i e
M, PSR, SENEivER S o WISz o, E
Z53FA & U T REAZ NG oAl i D $ 72 HIFN-a, IFN-5,
IFN-y O 3 fliJ§i253 % o
EdEHELTDA Yy —T7za AT A%<,
ZHFAGE L 1R U linterferon] 2SINN& LTdHwvsh
TWwb, Interferon(A >4 —7 O 2)PINNIZZ% o 72
DIFIEWITH {1962 D Z & ¢, [MhwHila s v A v x
DMEAEFIZE D EAEIND (BE) & > /37 9T, Tl
faiz s A VAR T AP 2D L D ICT Y
W] LsEFS Iz, 19804ECIC7% Y, IFN-a, IFN-2,
IFN-y R NS DN 7 2 N (7 2/ BZERER) 25 #{=
FHIfz CREEIND L) ICR Y, BMRLEHOEED
Wit &7z, INNZEEH SIS [Alfaferon], [Betaferon],
[Gammaferon] FDAFRZHiT L7zAS, Thbidd T
WAL LTEHRENTBYEIRITE Lo/, £
Z CTINNTIZ,

Interferon Alfa(Af ¥ —7 0> 77 7)
Interferon Beta(Af ~ % —7 =1 NX—%)

Interferon Gamma(Af > % —7 Q> % <)

La, B, yDTNVT7 7y MED ZIESFTICTRIRL,
2N TERTHESTRMA SNz BT HH L X ST,
INNIZ S > 787 DSRS0 B b DITxd L THER
DTN T 7, N=F DT T 2B RICKLTRNT
BEVIN—BHB, LPL, A5 —7 0TI,
T IR OR DA F - T 20 Y DG RIRT 2
BDICHALEZ I b TWE TV T 7, N—F, F=
ZINNTHZ0F FHNAHBHL TS, &5 IZHE
WIS LTHER T IV T 7Ry b ERMAMLAZY, BEWD
WEZa—- FEMANTAZ &L b, #ETFO R
TIBOMNERFT L LN V-V E R TW»
5o
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(1) Tinterferon Alfal : />4 —7x0O> IV 7 748
 FIFN-¢q ¥, BIIEKA ¥ —7 =z & LTHS
NTWbDT, I A4 ARKYE L7z HIMERTREAEDW S

14535 L L DOIFN- ¢ Iz FH PO BB SN T T 5 A
TWHEES Bo 7 3/ HRIRIEI65-1T2EH 5% Y, N-i&
ERES & D b DATE A,

INNTIdt FMFEN- o #{ZF OV T ¥ A TiINA 7D
BICHFEE AT T, Interferon Alfa-2(1 >4 —7 z 0>
TNT7-2)D &) I25 T, Interferon Alfa-21213237F
HE34FEDOT I VWD R L Z/N) T b HH Y,
INLBHFOHRIITL 7 7Ry P EDIFTRHIT S
(Alfa-2a, Alfa-2b, Alfa-2¢c) (B 3). F7z, iIREWDY
£ iXinterferon Alfa-nl, Interferon Alfa-n27% & &%,

WAE, BARTIHUTO 7 REIPKRENTV S,

Interferon Alfa(NAMALWA)(A>4—7 0> 7

V77 (NAMALWA))

Interferon Alfa(BALL-1) (A >&—7 0> 7V 7 7

(BALL-1))

Interferon Alfa-2a(Genetical Recombination) («f > &

—7z0A> 7V7 7 -2a(lfZTFHIRZ))

Interferon Alfa-2b(Genetical Recombination) (1 > &

—7xz0> 7VT7 7-2bGEETFHIRZ))

Interferon Alfacon-1(Genetical Recombination) (-« >

A2—T7xHAY TLT 73 r-1GHETFHIRZ))

Peginterferon Alfa-2a(Genetical Recombination) (vX

IS4 BE—=T 0> TI7 7-2a({lEFMIZ))

Peginterferon Alfa-2b(Genetical Recombination)

(RFA42E8—=T 0> 7V7 7-2b(REETFHIRR))

(Net) -Cys-Asp-Leu-Pro-GIn-Thr-His-Ser-Leu-Gly-Ser-Arg-Arg-Thr-Leu-Het-Leu-Leu-Ala—GIn-

Met-Arg-X -I Ie—Ser—Lw-PhrSer-?ys—Leu-Lys—Asp-Arr Y -Asp~-Phe~Gly-Phe-Pro—GIn-

Glu—Glu-Phe-Gly-Asn—GIn-Phe~GIn-Lys-Ala-Glu-Thr-|le-Pro-Val-Leu-His-Glu-Met-| le-

GIn—GIn-11e-Phe-Asn-Leu-Phe-Ser-Thr—Lys—Asp-Ser—Ser—Ala-Ala-Trp-Asp—Glu-Thr—Leu-

Leu-Asp-Lys-Phe-Tyr-Thr-Glu-Leu-Tyr—-GIn—GIn-Leu-Asn-Asp-Leu—Glu-Al a-(A‘rs-Va f-1le-

GIn—6ly-Val-Gly-Val-Thr-Glu-Thr-Pro—Leu-Het-Lys-Glu-Asp-Ser—| le-Leu-Ala-Val-Arg-

Lys=Tyr—Phe—GIn-Arg-1 |e-Thr-Leu-Tyr-Leu-Lys—Glu-Lys-Lys-Tyr-Ser—Pro—Cys-Ala-Trp-
| e
Glu-Val-Val-Arg-Ala-Glu-1le-Met-Arg-Ser-Phe-Ser—Leu-Ser-Thr—Asn-Leu-Gln-Glu-Ser-

Leu-Arg-Ser-Lys—Glu

ZUBEDT =/ BREE

23(X) 34(Y)
Alfa-2a Lys His
Alfa-2b Arg His
Alfa-2¢ Arg Arg

3 Interferon Alfa-2(f >4 —7 0> FINIT7-2)DT I/
#Acs|



INHPDEHERZ DS B, Interferon AlfalA > &2—7
Ty 77 7)iE, INNTRE 1 fiETH 5435, Mgk
FEFEMT A BV T U 2IFN- o AV Al L 0 Y
TY A TORESRELR L7280, JANTHE, INNDOZICH
WoHIEO LR EEIMEE TRIRL TR L T B0
2EEERB, TS DOEIKITEMECILT A O GEEE
ELTRHWSLNTW ST, BEUBEIFSE, BA, &
PR R S, ZREEMEORKFESL LTHHAVS
b,

Interferon Alfa(NAMALWA) (4> 4—7 x02 7
V77 (NAMALWAD I, & FY YoS3EERNAMALWA
WMz Lo ¥ A IANATHERET LI LI DEEST
A5 FF17.000~30,0000%5 5 > 82 T, T AT
OREWTHY, ARNEIREHGHE L 2> Twa,

Interferon Alfa(BALL-1) (4 >4—7 x> TILV77
(BALL-1)#%, & b U Y S3EEBALL-1HgZ 2> 7 4
YA N ATHERT S I L&D L &5 4F1#13,000
~21,00004k 5 >N T, IFN-a2, o 7B LU «8D
BTy A TSNS,

Interferon Alfa-2a(#f >4 =7 xH> TV 7 7-2a),
interferon Alfa-2b(4 > & —7 x> TI7 7-2b)i,
FNFNIIE T ZEET ZHA LM AR THEE SR
BIGSTED T I BRI, OB Y YNV HTH b,

interferon Alfacon-1(A>42—7 02> THT7 72
Y-, & MFN-eo QL2HHOY 75 4 TD7 I B
BHFNIB VT, B0 HBEEIRD BT 3 /B
Wk a— F4 5 &9 I ATHNSEREN L A2 fBmF o33l
LR RTEELE END, —HNEMIZ R T4 = V5%
I L TV BI66MD 7 3/ BRIEP LR B 5 3
2T, Ay —T7xar TIT T L0 b EOAEDIEYE
EIRT .

Peginterferon Alfa-2a(\NR7 4424~ 82 TIL7
7 -2a), Peginterferon Alfa-2b(W/ A1 &—T 0>
TN T 7 -2b) i, FhFRinterferon Alfa-2a(A > 58—
J x> TV 7-2a), Interferon Alfa-2b (A &~
T8> TAT7-2b)FPEGIL L7z b 0T, did A
MAEE SR, S5 EZEEHS T I AR ELELT
Hbo

(2)TInterferon Beta| : 1 > 4% —7 > N—
S ¥H
v MIEN- g IE, St vy -7 20> &L T
HBENTWAELDT, 7A4NWAR2AHRNADR I

X~Ser-Tyr-Asn-Leu-Leu~Gly-Phe-Leu-Gin-Arg-Ser-Ser-Asn-Phe-Gin- Y —Gin-Lys-Leu-

Leu~Typ~Gln-Leu-Asn-Gly-Arg-Leu-G lu—Tyr—C){s~Leu~Lys—Asp-Arg‘Met-Asn—Phe-Asp-I le-

Pro-Glu-Glu-| ie-Lys-Gin-Leu-GIn-GIn-Phe-Gin-Lys~Glu-Asp-Ala-Ala—Leu-Thr-1le-Tyr—
GluHet-Leu-Gin-Asn—|le~Phe-Ala-! le-Phe~Arg-G1n-Asp-Ser-Ser-Ser-Thr-G] y-Trp-A;n—
@lu-Thr-11e~Val-Glu-Asn-Leu-Leu-Ala-Asn-Val-Tyr-His—Gin-1 [e-Asn-His-Leu-Lys-Thr~
Val-Leu-6)u-Glu-Lys-Leu-Glu-Lys—Glu-Asp-Phe-Thr-Arg—Gly-Lys-Leu-Het-Ser-Ser-Leu-
His—Leu-Lys—Arg-Tyr-Tyr-Gly-Arg-I le-Leu-His—Tyr-Leu-Lys-Al a~Lys-Glu-Tyr-Ser-His-
Cys-Ata-Trp-Thr-{1e-Val-Arg-Val-Glu-11e-Leu-Arg-Asn-Phe-Tyr-Phe-|1e-Asn-Arg-Leu-

Thr-Gly-Tyr-Leu-Arg-Asn

"EEMEANE
EHBOT =/ BEE HEEE
1(X) 17(Y)
Beta-1a Met Cys Asn80
Beta-1b - Ser -

B4 Interferon Beta(f > #—7x 02 N—2)D7 X JEES

&0 A TR S N B 166D T X BEERAE S B
T BN-FEAEB R SO Y YV TH B, IFN-
MR TIZIFN- ¢ & R2) 1HHETH 5,

INNTRIFN- B OY 75 4 TidnA 7 v DEIHEF
43T, Interferon Beta-1(A > &% —7 0> ~N—
¥ -1) £ #9, Interferon Beta-17Ti%, 17FH L17HHE
DT IR L U S OF IS RZ D S DNDH
D, NS EBFOBROTILT 7Ry FPTRHNT S
(Beta-la, Beta-1b) (B 4), F7, BEWOEEIE
Interferon Beta-nl, Interferon Beta-n2% & & 39,

HWiE, AARTRZENTVLORUTOIHETH S,

Interferon Beta(4A > & —7 x 0O ~R—%)

Interferon Beta-1a(Genetical Recombination) («f > %

-7z R> N—F-laGlIEFHIEZ))

Interferon Beta-1b(Genetical Recombination) (-1 >

H—T7 xH> R—F-1b(BIETFHBEL))

Interferon Beta(A > & —7 x> N—F)id, b
BAHEBE AN\ RS A B E S W THEA L1660 T ]
JEEERIE D S e B S o2 HTH Y, EMEANE, 1B
SENE, WZENE, SARARNE, BUBRUFLE, BEECEINTE
R EOEFEEE LTHELILTY A,

interferon Beta-la(A4 > &—7 xH> ¥ -1a)ld,
CHOMME % Fvy TR TFHAH 210 & 0 3GE L 7221661 @
TR RIS S AP Y Ny BT, REKFIFN- R
R BB TCN-FEREMEEs, — T,
Interferon Beta-1b(A > &—7 B> ~N—¥-1b) i,
WEBDY AT A 22 ) VICEIBRL, SFATANLT
4 FiEEPELLEGEND LH I LzboT, KBHW
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erEﬁnuﬁmbma

TYE L7Z165ADT I /o255 VNI TH b,
INbid eI, SREFILEDENIEL LTERSN
T\Wb,

(3)Interferon Gamma] : 1 >&Z—7 0> #H
><iE

t FFN-y X, SBiEA > —T7xzm > & L THbLN
TWab DT, ¥4 FYx »rRfERPuEigis & v TH
faciE s s, 46RO T I /WKL S AN-FEE
BUMEG & 45D & > /32 T, IFN-y itz id 1 1l
Td 5o IFN- a LIFN- B &Mk £ o3P EDs < Z%
b sl L T 5 5%, IFN-y &LIFN- o, IFN- R IZHHl
i, a & RIEIR, y3IWA Yy -T2
SIS INB,

INNTIIFN-y Y 7% £ FiEnNA 7 ¥ OBICHTF
#1717 T, Interferon Gamma-1(A4 >4 —7 0> #
v =-1) & ¥, Interferon Gamma-1TIINH Ui, CK
WD T X BEEHN DI B b DERMFEDHDOT N T 7N
v FTRBIL, Gamma-la, Gamma-1b, Gamma-lc?®
FEHENTWBE(ES5), T/, REMWDHE Zinterferon
Gamma-nl, Interferon Gamma-n27 & & %9,

HAE, HATIELUTO 2 MEMKESNTEY, B
Ao, BUREPIEE, MR, A THNNR B s o i
P LTHwLENTW A,

Interferon Gamma-1la(Genetical Recombination)

(A>a—=7xz0> #re-laGREFHIRL))

Interferon Gamma-nl(Af > & —7 0> 4~ <-nl)

Interferon Gamma-la(/f > A2 —7 x> H»~<-la)

X-GIn-Asp-Pro-Tyr-Val-Lys-Glu-Ala-Glu-Asn-Leu-Lys-Lys-Tyr-Phe-Asn-Ala-Gly-His-Ser-
Asp-Val-Ala-Asp-Asn—Gly-Thr-Leu-Phe-Leu—Gly-Ile-Leu-Lys-Asn-Trp-Lys-Glu—Glu-Ser-
Asp-Arg-Lys-|le-Met-GIn-Ser—GIn-| le-Val-Ser—Phe-Tyr-Phe-Lys-Leu-Phe-Lys-Asn-Phe-
Lys-Asp-Asp-GIn-Ser—1le-GIn-Lys-Ser-Val-Glu-Thr-| | e-Lys-Glu-Asp-Met-Asn-Val-Lys-
Phe-Phe-Asn-Ser-Asn-Lys—Lys-Lys-Arg-Asp-Asp—Phe—Glu-Lys-Leu-Thr-Asn-Tyr-Ser-Val-
Thr-Asp-Leu-Asn-Val-GIn-Arg-Lys-Ala-|le-His—Glu-Leu-Ile-GIn-Val-Met-Ala—Glu-Leu-
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The core fucosylation (a1,6-fucosylation) of glycoprotein is
widely distributed in mammalian tissues. Recently a1,6-fucosy-
lation has been further reported to be very crucial by the study of
al,6-fucosyltransferase (Fut8)-knock-out mice, which shows
the phenotype of emphysema-like changes in .the lung and
severe growth retardation. In this study, we extensively investi-
gated the effect of core fucosylation on a381 integrin and found
for the first time that Fut8 makes an important contribution to
the functions of this integrin. The role of core fucosylation in
a3B1 integrin-mediated events has been studied by using
Fut8*'* and Fut8~ '~ embryonic fibroblasts, respectively. We
found that the core fucosylation of a3p1 integrin, the major
receptor for laminin 5, was abundant in Fut8*'" cells but was
totally abolished in Fut8~ '~ cells, which was associated with the
deficient migration mediated by 31 integrin in Fut8™'~ cells.
Moreover integrin-mediated cell signaling was reduced in
Fut8 '~ cells. The reintroduction of Fut8 potentially. restored
laminin 5-induced migration and intracellular signaling. Col-
lectively, these results suggested that core fucosylation is essen-
tial for the functions of 381 integrin.

ol,6-Fucosyltransferase (Fut8) catalyzes the transfer of a
fucose residue from GDP-fucose to position 6 of the innermost
GlcNAc residue of the hybrid and complex-types of N-linked
oligosaccharides on the glycoproteins (Fig. 1) (1). Core fucosy-
lation (a1,6-fucosylation) of glycoprotein is widely distributed
in mammalian tissues and altered under pathological condi-
tions, such as hepatocellular carcinoma and liver cirrhosis (2,
3). A high expression of Fut8 was observed in 33.3% of papillary
carcinoma, and the incidence was directly linked to tumor size
and lymph node metastasis, thus Fut8 expression may be a key
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factor in the progression of thyroid papillary carcinomas (4). It
has also been reported that the deletion of the core fucose from
the IgG1 molecule enhances antibody-dependent cellular cyto-
toxicity activity by up to 50- to 100-fold. This indicates that the
core fucose is an important sugar chain in terms of antibody-
dependent cellular cytotoxicity activity (5). Recently, the phys-
iological functions of the core fucose have been further investi-
gated by our group using analysis of core fucose-deficient mice
(6). The Fut8 '~ mice showed severe growth retardation, and
70% died within 3 days after birth. The surviving mice suffered
from emphysema-like changes in the lung that appear to be due
to the lack of core fucosylation of transforming growth fac-
tor-B1 receptor, which consequently resulted in a marked dys-
regulation of transforming growth factor-B1 receptor activa-
tion and signaling. We also found that the loss of core
fucosylation resulted in the down-regulation of EGF® receptor-
mediated signaling pathway (7). These results together suggest
that core fucose performs the important physiological func-
tions through modification of some important functional
proteins.

Cell-extracellular matrix (ECM) interactions play essential
roles during the acquisition of migration and invasive behavior
of the cells. The integrin family consists of a and 8 het-
erodimeric transmembrane receptors for ECM and connects
many biological functions, such as development, the control of
cell proliferation, protection against apoptosis, and malignant
transformation (8). For example, a3B1 integrin, the major
receptor for laminin 5 (LN5), is widely distributed in almost all
tissues, and o3 knock-out mice have been reported to show the
defects in kidney, lung, and skin (9). It has been reported that
G-like repeats of LN5 constitute the favored ligand for o381
integrin, triggering haptotaxis (10). Especially, the G3 domain is
essential for the unique activity of LN5, such as promotion of
cell migration (11). Furthermore, o331 integrin has been pro-
posed to be involved in tumor invasion (12, 13): the interaction

3 The abbreviations used are: EGF, epidermal growth factor; ECM, extracellu-
lar matrix; LN5, laminin 5; FN, fibronectin; COL, collagen; mAb, monoclonal
antibody; PBS, phosphate-buffered saline; GnT-ll, N-acetylglucosaminyl-
transferase [ll; GnT-V, N-acetylglucosaminyltransferase V; MEF, mouse
embryonic fibroblast; ERK, extracellular signal-regulated kinase; AAL, Aleu-
ria aurantia lectin; LC, liquid chromatography; MS, mass spectrometry; FT,
Fourier transform; GM3, NeuAca2,3Gal31,4Glc-ceramide.
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FIGURE 1. Reaction pathway for the biosynthesis of core fucose by Fut8.
Man, mannose; Fuc, fucose; GDP-Fuc, guanosinediphospho-fucopyranoside;
Asn, asparagine.

of a3p1 integrin with LN5 in exposed basement membrane
provides both a molecular and a structural basis for cell arrest
during pulmonary metastasis (14). In some malignant tumors,
a3p1 integrin is found to be the most predominant integrin
expressed (15), and cell invasion on ECM could be inhibited by
antibodies against «3 integrin (13) and B1 integrin (14). Thus,
@31 integrin, which mediates to laminins of basement mem-
brane, preferentially promotes cell migration and metastasis
(16-18). Given its various biological functions, a:381 integrin,
as one of most important extracellular adhesive molecules,
deserves the more detailed investigation.

It has long been known that various factors can modulate
integrin functions, including the status of glycosylation of inte-
grin (19), the partnerships with tetraspanins, growth factor
receptors (20—22), and the association with ganglioside GM3
(22), and others. Cell surface integrins are all major carriers of
N-glycans, therefore N-glycosylation of integrins plays an
important role in their biological functions (23). For example:
the a3 and B1 subunits expressed by the metastasis human
melanoma cell lines carry 31,6-branched structures, and these
cancer-associated glycan chains may modulate tumor cell
adhesion by affecting the ligand properties of a3p1 integrin
(23). The linkage and expression levels of the terminal sialic acids
of @31 integrin play an important role in cell-ECM interactions
(24, 25). An increase in 81,6-GIcNAc sugar chains of 1 integrin
resulted in the stimulation of cell migration and the organization
of F-actin into extended microfilaments in cells plated on
FN-coated plates (26). Moreover, a recent study has shown that
introduction of bisecting GIcNAc into o581 integrin down-regu-
lates cell adhesion and cell migration (27). These previous papers
listed above have shown that the functions of integrins were posi-
tively or negatively regulated by N-glycans catalyzed by GnT-1II,
GnT-V, sialyltransferases, and others.

However, until now the effect of core fucosylation on integrin
functions remains unclear. Here, we described studies compar-
ing embryonic fibroblasts from wild-type and Fx£8 '~ mice to
elucidate the role of core fucosylation in a381 integrin-stimu-
lated events, and our finding for the first time showed that core
fucosylation is required for the functions of «3p1 integrin.

EXPERIMENTAL PROCEDURES

Reagents and Amntibodies—A polyclonal antibody against
mouse a3 integrin and functional blocking monoclonal anti-
body (mAb) against «21 integrin were obtained from Chemi-
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con International, Inc. (Temecula, CA). mAbs against a3 inte-
grin, FAK, FAK (pY397), and functional blocking mAbs against
integrin a6 and B1 subunits were from BD Transduction Lab-
oratories (Lexington, KY). A polyclonal antibody against rabbit
ERK1/2 and peroxidase-conjugated goat antibody against rab-
bit IgG were obtained from Cell Signaling (Beverly, MA). A
mouse control IgG was purchased from Santa Cruz Biotechnol-
ogy (Santa Cruz, CA). A peroxidase-conjugated goat antibody
against mouse IgG was obtained from Promega (Madison, WT),
and biotinylated Aleuria aurantia lectin (AAL) was from Seika-
gaku Corp., Japan.

Cell Culture—Fut8*’" and Fut8~'~ mouse embryonic fibro-
blasts (MEFs) and restored cells were previously established in
our laboratory (6). Fut8/* and Fut8 '~ embryonic fibroblasts
and restored cells were maintained in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal calf serum in the
presence of 400 ug/ml Zeocin, and-restored cells were main-
tained in Dulbecco’s modified Eagle’s medium in the presence
of 400 ug/ml Zeocin and 400 pg/ml hygromycin.

Western Blot and Lectin Blot Analysis—Cell cultures were
harvested in lysis buffer (20 mm Tris-HCl, pH 7.4, 10 mMm
EGTA, 10 mm MgCl,, 1 mm benzamidine, 60 mm B-glycero-
phosphate, 1 mm NazVO,, 20 mm NaF, 2 ug/ml aprotinin, 5
pg/ml leupeptin, 1% Triton X-100, 0.1 mM phenylmethylsulfo-
nyl fluoride). Cell lysates were centrifuged at 15,000 X g for 10
min at 4 °C, the supernatants were collected, and the protein
concentrations were determined using a BCA protein assay kit
(Pierce). Proteins were then immunoprecipitated from the
lysates using a combination of 2 ug of anti-a3 integrin antibody
and Protein G-Sepharose beads. Immunoprecipitates were sus-
pended in nonreducing buffer, heated to 100 °C for 3 min,
resolved on 7.5% SDS-PAGE, and electrophoretically trans-
ferred to nitrocellulose membranes (Schleicher & Schuell). The
blots were then probed with anti-«3 integrin antibody and bio-
tinylated AAL, respectively. Immunoreactive bands were visu-
alized using a Vectastain ABC kit (Vector Laboratories, Burl-
ingame, CA) and an ECL kit (Amersham Biosciences).

Cell Surface Biotinylation—Cell surface biotinylation was
performed as described previously (28). Briefly, cells were
rinsed twice with ice-cold PBS and then incubated with ice-cold
PBS containing 0.2 mg/ml sulfosuccinimidobiotin (Pierce) for
2hat4 °C. After incubation, 50 mm Tris-HCI (pH 8.0) was used
for the initial wash to quench any unreacted biotinylation rea-
gent, and the cells were washed three times with ice-cold PBS
and then solubilized in lysis buffer. The resulting cell lysate was
then immunoprecipitated with the anti-a3 integrin antibody as
described above. The biotinylated proteins were visualized
using a Vectastain ABC kit and an ECL kit.

Migration Assay and Functional Blocking Assay—Transwells
(BD Bioscience) were coated with 5 nm of recombinant LN5, as
described previously (29), or 15 nM of human plasma FN, 50
pg/ml collagen I (COL, Sigma) in PBS by an overnight treat-
ment at 4 °C followed by an incubation with 1% bovine serum
albumin for 1 h at 37 °C. Serum-starved cells (2 X 10°) per well
in 500 ul of fetal calf serum-free medium were seeded in the
upper compartment of the plates. After incubation for 3 h, the
cells in the upper chamber of the filter were removed with a wet
cotton swab. Cells on the lower side of the filter were fixed and
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stained with 0.5% crystal violet. Each experiment was per-
formed in triplicate, and counting was done in three randomly
selected microscopic fields within each well. To identify which
specific integrin mediates cell migration on LN5, monoclonal
antibodies against different types of integrins at concentrations
of 10 ug/ml were preincubated individually with fibroblasts for
10 min at 37 °C. Then cells were transferred into Transwells
coated with LN5 and then incubated for 2 h 37 °C. The migrated
cells were then quantified as described above.

Construction of Small Interference RNA Vector and Retrovi-
ral Infection—Small interfering oligonucleotides specific for
integrin a3 subunit were designed on the Takara Bio website,
and the oligonucleotide sequences used in the construction of
the small interference RNA vector were as follows: 5'-GATC-
CGCTATGGAGAATCACACTGATTCAAGAGATCAGTG-
TGATTCTCCATAGCTTTTTTG-3' and 5'-AATTCAAAA-
AAGCTATGGAGAATCACACTGATCTCTTGAATCAGT-
GTGATTCTCCATAGCG-3'. The oligonucleotides were
annealed and then ligated into BamHI/EcoRI sites of the RNAi-
Ready pSIREN-Retro Q vector (Takara Bio). A retroviral super-
natant was obtained by transfection of human embryonic kidney
293 cells using a Retrovirus Packaging Kit Eco (Takara Bio)
according to the manufacturer’s protocol. Embryonic fibroblasts
cells were infected with the viral supernatant, and the cells were
then selected with 15 pg/ml puromycin for 2—3 weeks. Stable a3
integrin knockdown clones were therefore selected.

Tyrosine Phosphorylation Assay of FAK—Serum-starved cells
were detached and held in suspension for 60 min to reduce the
detachment-induced activation and then replated on dishes
coated with LN5 (5 nm) for the indicated times, and the cell
lysates were blotted with anti-phosphotyrosine FAK (pY397)
antibody. Then the equal loading was confirmed by blotting
with an antibody against total FAK.

Purification of «3B1 Integrin—The purification of @351 inte-
grin was performed as described previously (30). Briefly, con-
fluent cells were detached with TBS(+) (20 mm Tris-HCL, pH
7.5, 130 mm NaCl, 1 mm CaCl,, and 1 mm MgCl,) and washed
with TBS(+). The cell pellets were extracted with 50 mm Tris/
HCl containing 15 mm NaCl, 1 mm MgCl,, 1 mm MnCl,, pH 7.4,
and protease inhibitor mixture (Roche Applied Science), 100
mM octyl-B-D-glucopyranoside at 4 °C. The cell extract was
applied to an affinity column prepared by coupling 5 mg of GD6
peptide of laminin a1 chain (30) (KQNCLSSRASFRGCVRNL-
RLSR residues numbered 3011-3032, Peptide Institute, Inc.,
Osaka, Japan) to 1 ml of activated CH-Sepharose (Sigma). The
bound a3p1 integrin was eluted with 20 mm EDTA in 50 mm
Tris/HCl, pH 7.4, containing 100 mMm octyl-B-p-glucopyrano-
side. The elutes containing a3f1 integrin were further purified
on 1 ml of a wheat germ agglutinin-agarose column (Seikagaku
Corp.) and eluted with 0.2 M N-acetyl-D-glucosamine contain-
ing 100 mm octyl-B-p-glucopyranoside. The purity of the inte-
grin was verified by SDS-PAGE by means of a silver staining kit
(Daichi Pure Chemicals Co., Ltd., Tokyo, Japan).

Analysis of N-Glycan Structure by Liquid Chromatography
(LC/Tandem Mass Spectrometry (MS/MS))—Purified a3p1
integrin was applied to SDS-PAGE and excised from the gel
then cut into pieces. The gel pieces were destained and dehy-
drated with 50% acetonitrile. The protein in the gel was reduced
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FIGURE 2. Effects of deficient core fucosylation on cell migration on LN5
but not on FN. Fut8*’*, Fut8™’~, and rescued cells were replated on the
upper chamber coated with LN5 (5 nm), FN (15 nm), or 50 ug/ml COL. Cell
migration was determined using the Transwell assay described under “Exper-
imental Procedures.” A, representative fields on LN5 were photographed
using a phase-contrast microscope. The arrowheads indicate migrated cells.
B, the numbers of migrated cells on LN5, FN, or COL were quantified and
expressed as the means = S.D. from three independent experiments.

and carboxymethylated with dithiothreitol and monoiodoacetic
acid according to the reports described by Kikuchi ef al. (31) with
some modifications. N-Glycans were released and extracted from
the gel pieces as reported by Kustar et al. (32). The extracted
oligosaccharides were reduced with NaBH,. LC/MS was per-
formed using a quadrupole liner ion trap-Fourier transform
(FT) ion cyclotron resonance mass spectrometer (Finnigan
LTQ FT™, Thermo Electron Corp., San Jose, CA) connected
to a nanoLC system (Paradigm, Michrom BioResource, Inc.,
Auburn, CA). The eluents were 5 mm ammonium acetate, pH
9.6/2% CH,CN (pump A), and 5 mmM ammonium acetate, pH
9.6/80% CH;CN (pump B). The borohydride-reduced N-linked
oligosaccharides were separated on a Hypercarb (0.1 X 150
mm, Thermo Electron Corp.) with a linear gradient of 5-20% of
B in 45 min and 20 -50% of B in 45 min. FT-full MS scan (m/z
450-2000) followed by data-dependent MS/MS for the most
abundant ions was performed in both negative and positive ion
modes as described in the previous report (33).

RESULTS

Impaired a3B1 Integrin-mediated Cell Migration Was Found
in Fut8~’~ Cells—One of the major functions of a31 integrin
is promotion of cell migration. In some malignant tumors,
a3p1 integrin was found to be the most predominant integrin
expressed (15), and it has made an important contribution to
metastasis (14); therefore, cell motility on different ECMs was
firstly examined by utilizing a Transwell assay. Cells were
applied into the chambers, the bottoms of which had been
coated with LN5, EN, or COL. As shown in Fig. 2 (4 and B),
Fut8 '~ cells showed impaired migration on LN5 by a decrease
to 44% relative to Fut8*’* cells. Consistently, reintroduction of
Fut8 partly restored cell migration by an increase in the per-
centage of migrating cells from 44% to 74%, indicating that core
fucosylation is required for LN5-stimulated cell migration. But
in the case of cell migration on FN, a specific ligand for o581
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FIGURE 3. Cell migration on LN5 was mediated by a3B1 integrin. A, Fut8™/*, Fut8~/~, and rescued cells were detached, preincubated with mouise control
IgG or function-blocking mAbs against 81, a6, or 281 integrin for 10 min, replated on the upper chamber coated with LN5 (5 nm), and checked by Transwell
assay. Representative fields were photographed using a phase-contract microscope. B, the numbers of migrated cells were quantified and expressed as the
means = S.D. from three independent experiments. C, cell migration of a3-knockdown cells on LN5(5 nm). Representative fields were photographed using a
phase-contrast microscope. Arrowheads indicate migrated cells. D, quantification of migration of mock and a3-knockdown cells. The numbers of migrated cells
were quantified and expressed as the means = S.D. from three independent experiments. E, a3-knockdown was confirmed by blotting total cell lysates with

anti-a3 antibody (upper panel), and equal loading was confirmed by probing with an antibody against total protein ERK1/2 (lower panel). KD1 and KD2

a3-knockdown cells.

integrin, the obvious difference among Fut8*/*, Fut8~/~, and
rescued cells was not found. In addition, the motility of these
three types of cells on COL, a ligand for @181 and «2f1 inte-
grins, was barely detectable (Fig. 2B). This suggested that «531,
a1p1 and 21 integrins, unlike receptor of laminin 5, may be
not strongly affected by Fut8. So MEF cells may favor LN5 as an
ECM for cell migration. Furthermore, the cell migration on
LN5 was completely blocked by the presence of function-block-
ing antibodies against 81 but not by a6 or a2p1 integrin anti-
bodies (Fig. 3, A and B), further excluding the involvement of a6
and o231 integrin on LN5-stimulated cell migration. However,
so far the function-blocking- antibody against mouse a3 is
unavailable. To definitely confirm the important function of
integrin a3 subunit for the cell migration on LN5, we utilized an
RNA interference strategy to silence a3 in MEF cells. After
retroviral infection, the cells were selected based on their resist-
ance to puromycin as described under “Experimental Proce-
dures.” Expression of a3 but not a5 (data.not shown), or other
proteins such as ERK, was effectively down-regulated, com-
pared with those in mock cells (Fig. 3E). We then tested cell
migration on LN5 and found that a3-knockdown resulted in a
significant decreased cell migration compared with mock cells
(Fig. 3, C and D). Together with the data in Fig. 3 (A and B),
these results provided the evidence that in this study the cell
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migration on LN5 was mediated by a381 integrin. This result
was consistent with the view of previous study that a381 inte-
grin is distinct frony other integrins and preferentially promotes
cell migration (16). The result above was also supported by the
previous observation that LN5 as well as LN10/11 promoted cell
migration is mainly mediated by @381 integrin, but not a681 or
w634 integrins (34). However, we cannot definitely exclude the
involvement of syndecan-1 and -4, because it has been reported to
have an interaction with LN5 (35, 36); therefore, they might regu-
late integrin functions in an indirect way. Collectively, these results
suggested that 331 integrin is a key molecule for cell migration on
LN5 in the embryonic fibroblasts and that core fucosylation regu-
lates o381 integrin-mediated cell migration.
Integrin-stimulated Phosphorylation of FAK Was Reduced in
Fut8 ”~ Cells—ECM-integrin signaling events are promi-
nently involved in regulating cell migration (16). In particular,
the protein-tyrosine kinase FAK plays a prominent role in inte-
grin signaling (37-39). To address the effects of Fut8 on o381
integrin-mediated signaling, we examined FAK phosphoryla-
tion in adherent cells on LN5. As shown in Fig. 4, the level of
tyrosine phosphorylation was reduced in the Fut8™/~ cells
compared with Fuz8*'" cells, moreover the down-regulation of
phosphorylation in Fut8 ™'~ cells was restored in the rescued
cells, suggesting that deficient core fucosylation was able to neg-
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FIGURE 4. Comparison of tyrosine phosphorylation levels of FAK among
Fut8*'* and Fut8 '~ and rescued cells on LN5. Serum-starved cells were
detached and held in suspension for 60 min to reduce the detachment-in-
duced activation and then replated on dishes coated with LN5 (5 nm) for the
indicated times, and the cell lysates were blotted with anti-phosphotyrosine
FAK antibody to detect the amount of phosphorylation. Then the equal load-
ing was confirmed with an antibody against total protein FAK.
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FIGURE 5. Glycosylation analysis of 381 integrin from Fut8*/*, Fut8~'~,
and rescued cells. Whole cell lysates were immunoprecipitated (/P) with
anti-o:3 integrin antibody, and the resulting immunocomplexes were sub-
jected to 7.5% SDS-PAGE under nonreducing condition. After electroblotting,
the blots were probed, respectively, by AAL (upper panel) and an anti-a3 inte-
grin antibody (lower panel).

atively regulate 31 integrin-mediated signaling pathway. Con-
siderable evidence implicates FAK in the regulation of cell migra-
tion. Most notably, FAK-deficient cells exhibit poor migration
ability in response to chemotactic and haptotactic migration
(40, 41). Therefore, based on such evidence we suggested that
the deficient signal transduction may account for the deficient
cell migration on LN5 in Fut8~'~ cells.

Expression of a3B1 Integrin on the Cell Surface Was Not
Influenced by Fut8—Some important glycosyltransferases have
been reported to modify and further regulate the functions of
integrins by modulating the status of glycosylation on them
such as GnT-III and GnT-V; however, there is no such data so
far to show the relation of Fut8 and integrins. Therefore, in Fig.
5, the fucosylation on 31 integrin among Fut8*'*, Fut8™'~,

and rescued cells has been examined by using blotting of a3’

integrin-immunoprecipitated lysates with AAL lectin (upper
panel). Equal loadings were verified by blotting with a3 integrin
antibodies (lower panel). As shown in Fig. 5, the levels of core
fucosylation in both a3 and B1 subunits were abolished in
Fut8 '~ cells consistent with no Fut8 activity in these cells (7),
whereas they were rescued by reintroduction of Fut8, suggest-
ing a3B1 integrin is the target of Fut8. Furthermore, the effect
of deficiency of core fucosylation on the expression of a331
integrin on the cell surface was also determined, because N-gly-
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FIGURE 6. Effects of core fucosylation on expression levels of 31 inte-
grin on cell surface. Fut8*/*, Fut8~/~, and rescued cells were biotinylated,
whole lysates were immunoprecipitated (/P) with anti-a:3 integrin antibody,
the samples were subjected to 7.5% SDS-PAGE and transferred to a nitrocel-
lulose membrane, and the biotinylated proteins were then detected as
described under “Experimental Procedures.”

cosylation plays an important role in the quality control of the
expression of glycoproteins. The biotinylation of cell surface
proteins followed by immunoprecipitation of a3 integrin was
examined by blotted. As shown in Fig. 6, the expression levels of
@31 integrin on the cell surface remained unchanged among
Fut8*/*, Fut8~'~, and rescued cells, indicating that the expres-
sion of @331 integrin on cell surface was not influenced by Fut8.
Collectively, we suggested that the deficiency of core fucosyla-
tion resulted in the malfunctions of @31 integrin but not its
expression level.

Purified a3B1 Integrin, Richin Core Fucosylation, Was Shown
by LC/MS/MS—The analysis of glycan structural alteration in
glycoproteins is becoming increasingly important in the discov-
ery of therapies and diagnostic markers (42). To better under-
stand the detailed modification of Fut8 for a31 integrin, we
purified @381 integrin from Fuz8™/* and Fut8 ™'~ cells by using
a GD6 peptide affinity column combined with a wheat germ
agglutinin affinity column. The purity was evaluated by SDS-
PAGE followed by silver staining. Two major bands, migrating
at 150 and 110 kDa on SDS-PAGE under nonreducing condi-
tions (Fig. 7A, inset, right panel), corresponding to the immu-
noreactivity with the anti-a3 and anti-B81 antibodies, were
detected, respectively (data not shown). Then we analyzed
N-glycan profiles of purified «3B1 integrin by LC/MS and
LC/MS/MS. The profiles of the N-linked oligosaccharides
extracted from purified 381 integrin of Fut8*/* and Fut8™'~,
respectively, are shown in Fig. 7A. They were obtained by full
MS scan (m1/z 450 —2000) in the negative ion mode. The FT MS
spectra of the peaks -7 (from Fut8*'") and peaks 1'-7' (from
Fut8 ') are shown in Fig. 7B, respectively. The structures of
carbohydrates in these peaks could be deduced from the n1/z
values of protonated ions obtained by FT MS and data-depend-
ent MS/MS spectra. The oligosaccharides released from @381
integrin of Fut8*'" (peaks 1-7) were assigned to fucosylated
complex and hybrid type oligosaccharides, whereas those
released from 3Bl integrin of Fut8™ '~ (peaks 1'-7') were
nonfucosylated forms. The data correspond to that of AAL lec-
tin blot, revealing that «3p1 integrin derived from Fut8*'™ is
highly modified by Fu¢8 and suggestingloss of core fucosylation
will result in the deficiency of a381 integrin function.

DISCUSSION

The physiological importance of fucose modification on pro-
teins has been highlighted by the description of human congen-
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FIGURE 7. Chromatograms of N-linked oligosaccharides extracted from purified o331 integrin from Fut8*'* and Fut8 '~ cells. In A: MS, full MS scan
(m/z 450-2000) in the negative ion mode. LC, pump A, 5 mM ammonium acetate, pH 9.6/2% CH;CN; Pump B, 5 mm ammonium acetate, pH 9.6/80% CH5CN;
column, hypercarb (0.1 X 150 mm); gradient, 5-20% of B (0-45 min) and 20-50% of B (45-90 min). The purity of a3f1 integrin was verified by silver staining
under nonreducing condition as shown in the right panel of the inset. B, FT MS spectra of N-glycans from purified «381 integrin from Fut8*/* and Fut8~/~ cells.
Peaks 1-7 in Fut8™'* cells, peaks 1'-7' in Fut8~’~ cells, and carbohydrate compositions assigned by m/z values of protonated ions and MS/MS spectra.
A, fucose; @, galactose; O, mannose; M, N-acetylglucosamine; ¢, N-acetylneuraminic acid.
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ital disorders of glycosylation (6). The congenital disorders of
glycosylation-Ilc disease is due to lack of the GDP-fucose trans-
porter activity (43, 44), which mainly caused reduced terminal
fucosylation of N-glycans (45, 46), and the core fucosylation is
speculated to be responsible for the phenotype of congenital
disorders of glycosylation-Ilc (6). Recently, the loss of core
fucosylation has been reported to down-regulate transforming
growth factor-B1 receptor and EGF receptor functions, which
is thought to be related to the phenotype of emphysema and
growth retardation of Fut8~'~ mice. In the present study, we
found that the deficient core fucosylation results in the block-
age of @3B1 integrin-mediated cell migration and cell signaling.
These results showed for the first time that in addition to the
important physiological functions mentioned above, core fuco-
sylation is also essential for the functions of @31 integrin.

Several lines of evidence suggest that N-glycans are required
for integrin activation. An increase in f1,6-branched sugar
chains on a5B1 integrin by GnT-V promotes cell migration on
EN (26). Although the overexpression of GnT-III has been
reported to inhibit a5p1 integrin-mediated functions in HeLa
S3 cells (27). It has also been reported that GnT-IIl and GnT-V
can positively and negatively regulate 31 integrin-mediated
cell migration on LN5 (47). The modification of B1 integrin by
sialyltransferase makes this integrin capped with the negatively
charged sugar, sialic acid, and contributes to cell motility and
invasion (25)" We found that cell migration on COL was barely
detectable, suggesting that MEFs did not favor COL as an ECM
for cell migration. In fact, we found that different cells may
favor specific ECM for cell migration (27). We also found that
core fucosylation had no significant difference in the cell migra-
tion on EN among wild-type, Fut8-KO, and rescued cells. This
suggests that al,6-fucose modification has little or only mild
effects on o581 integrin, which is a receptor for FN. Actually,
we previously reported that the introduction of the bisecting
GlcNAc to the a5 subunit resulted in a reduced affinity in the
binding of @51 integrin to FN, therefore resulting in decreased
cell migration (27). Thus, we assumed that the core fucosylation
affected @3 subunit in a similar manner, which caused the
decreased cell migration on LN5. However, the modification of
al,6-fucose to a5 subunit may not affect their binding to FN. As
described before, only N-glycans on some important domains
of integrins, can contribute to the regulation of their functions
(48). For example, the addition of a glycan at the B1 or 33
subunit I-like domains caused an increase in the distance
between the head and stalk domains, therefore inducing the
integrin dimer to adopt a more activated integrin conforma-
tion. Furthermore, it has recently been reported that the N-gly-
cans only located on some specific sites of integrin a5 subunit
play key roles in functional expression (49).

It has been reported that purified o581 integrin from human
placenta and purified @31 integrin from the human ureter
epithelium cell line HCV29 exhibited a highly heterogenous
glycosylation pattern, and >50% of these were fucosylated (50,
51). In this study, the a3pB1 integrin we purified from mouse
embryonic fibroblast carried the bi-, tri-, and tetra-antennary
complex types, and the majority of these were core-fucosylated.
So it is easily postulated that core fucosylation may be impor-
tant to integrin functions due to the abundance of it. However,

DECEMBER 15, 2006-VOLUME 281+NUMBER 50 ; SRV,

to our knowledge, no reports showing that core fucosylation
regulates integrin functions have appeared to date. The fact
that integrin-mediated migration and cell signaling were
decreased in Fut8™ '~ cells, and such inhibition was partly res-
cued by re-introduction of the Fut8 gene to Fut8 '~ cells,
strongly suggested that core fucosylation is important to a381
integrin, and Fut8, like other important glycosyltransferases,
plays an essential role in the regulation of integrin functions.

Although the precise reason for why the core fucosylation
modifies these molecular functions remains to be elucidated,
we proposed some possible mechanisms: Fut8 may affect the
cross-talk between growth factor receptors and integrin. It is
well known that integrin mediated functions cooperatively with
growth factor receptors in the control of cell proliferation, cell
differentiation, cell survival, and cell migration in epithelial
cells and fibroblasts (52), because integrins and growth factor
receptors share many common elements in their signaling
pathway (19). PC12 cells in a serum-free medium were plated
on the plates without ECM coating and, when treated with EGF
alone, failed to induce neurite formation (53), suggesting that
the integration of the signaling pathway triggered by receptor
and integrins is required for the regulation of PC12 cell differ-
entiation. In our study, the association of integrin with EGF
receptor was indicated by co-precipitation, and we found that
the complex of @331 integrin and EGF receptor in Fut8~ '~ cells
was decreased compared with Fut8*'" cells.* This may affect
the signal integration of both partners and, thus, further affect
the a31 integrin-stimulated signal and cell migration, or defi-
cient core fucosylation may cause the conformation of integrin
to change. Luo et al. (48) have suggested that the changes in the
glycan structures of integrin can affect its conformation and
activity. They reported that in Chinese hamster ovary-K1 cells,
the addition of a glycan at 1 I-like domain caused an increase
in the distance between the 1 head and stalk domains, there-
fore inducing the integrin dimmer to be a more extended (acti-
vated) integrin conformation (48). Consistently, the affinity of
the binding of o581 integrin to fibronectin was significantly
reduced by the introduction of the bisecting GlcNAc (27). So’
we supposed that core fucosylation contributes to stable con-
formation and normal activity of a3B1 integrin to its ligand.
However, we cannot exclude additional reasons that still
remain to be determined.

The @3 integrin gene is expressed during the development of
many epithelial organs, including the kidney (54), lung (55), and
others. As a major basement membrane receptor in both kidney
and lung during embryogenesis, a3B1 integrin is likely to be
involved in mediating signals between the mesenchyme and
epithelial cells in the kidney and lung. The glomeruli of a3-KO
mice showed the abnormality in kidney, including disorganized
glomerular basement membrane and a dramatic absence of
foot process formation by podocytes (9). Therefore, it could be
worthy to extensively examine the effects of core fucosylation
on o331 integrin in vivo in the future.

In conclusion, we demonstrate here some aspects of the biolog-
ical significance of the core fucosylation of a3f1 integrin-medi-

*Y.Zhao, S.Itoh, X. Wang, T. Isaji, E. Miyoshi, Y. Kariya, K. Miyazaki, N. Kawasaki,
N. Taniguchi, and J. Gu, unpublished data.
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ated cell migration and signaling. This study provides new insights
into the biological functions of core fucosylation and the signifi-
cance of the modification of N-glycans for «3f31 integrins.
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N-Acetylglucosaminyltransferase V (GnT-V) catalyzes the
addition of B1,6-GlcNAc branching of N-glycans, which con-
tributes to metastasis. N-Acetylglucosaminyltransferase III
(GnT-1II) catalyzes the formation of a bisecting GIcNAc struc-
ture in N-glycans, resulting in the suppression of metastasis. It
has long been hypothesized that the suppression of GnT-V
product formation by the action of GnT-1II would also exist in
vivo, which will consequently lead to the inhibition of biological
fanctions of GnT-V. To test this, we draw a comparison among
MIKN45 cells, which were transfected with GnT-III, GnT-V, or
both, respectively. We found that a3p1 integrin-mediated cell
migration on laminin 5 was greatly enhanced in the case of
GnT-V transfectant. This enhanced cell migration was signifi-
cantly blocked after the introduction of GnT-IIL Consistently,
an increase in bisected GIcNAc but a decrease in 1,6-GlcNAc-
branched N-glycans on integrin &3 subunit was observed in the
double transfectants of GnT-III and GnT-V. Conversely, GnT-
III knockdown resulted in increased migration on laminin 5,
concomitant with an increase in 81,6-GlcNAc-branched N-gly-
cans on the a3 subunit in CHP134 cells, a human neuroblas-
toma cell line. Therefore, in this study, the priority of GnT-III
for the modification of the @3 subunit may be an explanation for
why GnT-III inhibits GnT-V-induced cell migration. Taken
together, our results demonstrate for the first time that GnT-II1
and GnT-V can competitively modify the same target glycopro-
tein and furthermore positively or negatively regulate its biolog-
ical functions.
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Malignant transformation is accompanied by increased
B1,6-GlcNAc branching of N-glycans attached to Asn-X-Ser/
Thr sequences in mature glycoproteins (1-3). N-Acetylglu-
cosaminyltransferase V (GnT-V)? catalyzes the addition of
B1,6-linked GlcNAc (see Fig. 8) and defines this subset of N-gly-
cans (4, 5). A relation between GnT-V and cancer metastasis
has been reported by Dennis et al. (6) and Yamashita et al. (1).
Studies on transplantable tumors in mice indicate that the
product of GnT-V directly contributes to the growth of cancer
and subsequent metastasis (7, 8). On the other hand, somatic
tumor cell mutants that are deficientin GnT-V activity produce
fewer spontaneous metastases and grow more slowly than wild-
type cells (6, 9). The suppression of tumor growth and metas-
tasis has been reported in GnT-V-deficient mice (3). Moreover,
Partridge et al. (10) reported that GnT-V-modified N-glycans
with poly-N-acetyllactosamine, the preferred ligand for galec-
tin-3, on surface receptors oppose their constitutive endocyto-
sis and result in promoting intracellular signaling and conse-
quently cell migration and tumor metastasis. These results
indicate that inhibition of GnT-V might be useful in the treat-
ment of malignancies by targeting their roles in metastasis.

N-Acetylglucosaminyltransferase III (GnT-III) participates
in the branching of N-glycans (see Fig. 8), catalyzing the forma-
tion of a unique sugar chain structure-bisecting GlcNAc (11).
GnT-III is generally regarded to be a key glycosyltransferase in
the N-glycan biosynthetic pathway, since ix vitro the introduc-
tion of the bisecting GlcNAc results in the suppression of fur-
ther processing and the elongation of N-glycans as the result of
catalysis by other glycosyltransferases, which are unable to use
the bisected oligosaccharide as a substrate (12, 13). It is inter-
esting to note that the metastatic capabilities of B16 mouse
melanoma cells are down-regulated by introduction of the
GnT-III gene (14). E-cadherin, a homophilic type of adhesion
molecule (15), is highly associated with the prevention of
metastasis (16), and E-cadherin on GnT-IlI-transfected cell

3 The abbreviations used are: GnT-V, N-acetylglucosaminyltransferase V; GnT--

1l N-acetylglucosaminyltransferase lil; ECM, extracellular matrix; LN5, lami-
nin 5; FN, fibronectin; COL, collagen |; PBS, phosphate-buffered saline; PHA,
phytohemagglutinin; LC, liquid chromatography; MS, mass spectrometry;
FT-ICR, Fourier transform ion cyclotron resonance.
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surfaces was found to be resistant to proteolysis, resulting in an
extended half-life of turnover (17). Thus, GnT-III, contrary to
GnT-V, has long been thought to inhibit cancer metastasis.

Cell-extracellular matrix (ECM) interactions play essential
roles during the acquisition of migration and invasive behavior
of cells. Cell surface transmembrane glycoprotein-integrin is a
major receptor for ECM and connects many biological func-
tions, such as development, control of cell proliferation, protec-
tion against apoptosis, and malignant transformation (18).
Integrin o331, the major laminin 5 (LN5) receptor, is widely
distributed in almost all tissues, and it has been proposed to be
involved in tumor invasion (19-21). In some malignant
tumors, @301 integrin was found to be the most predominant
integrin expressed (22) and made an important contribution to
pulmonary metastasis (23). On the other hand, the glycosyla-
tion of integrins contributes to the tumor metastasis. Guo et al.
reported that an increase in B1,6-GlcNAc sugar chains of the
integrin B1 subunit resulted in the stimulation of cell migration
(24). Interestingly, it has also been reported that the «331 inte-
grin expressed by the metastasis human melanoma cell lines,
contained a higher level of 81,6-branched structures than that
expressed in a nonmetastasis parent cell line (25).

Although it had been assumed that the reaction of GnT-V
can be inhibited by the action of GnT-III, as evidenced by sub-
strate specificity studies in vitro, the hypothesis of competition
between GnT-III and GnT-V in cell migration and tumor
metastasis has not been directly verified so far. In the present
study, we examined the functions of @381 integrin, which is
believed to be highly associated with tumor metastasis, and
found that «31 integrin can be modified by either GnT-III or
GnT-V. Our finding clearly shows that GnT-III inhibits the
effects of GnT-V on a3 1 integrin-mediated cell migration by
competing with GnT-V for the modification of a3 subunit.

EXPERIMENTAL PROCEDURES

Reagents and Antibodies—Antibodies against integrin a3
subunit (P1B5, I-19), monoclonal antibody against (-actin,
mouse control IgG, and peroxidase-conjugated rabbit antibody
against goat IgG were obtained from Santa Cruz Biotechnology,
Inc. (Santa Cruz, CA). Functional blocking antibody against the
integrin B1 subunit was purchased from Chemicon Interna-
tional, Inc. (Temecula, CA). A peroxidase-conjugated goat anti-
body against mouse IgG was from Promega (Madison, WI).
Biotinylated leukoagglutinating phytohemagglutinin (L,-
PHA), biotinylated erythroagglutinating phytohemagglutinin
(E,-PHA), and monoclonal antibodies against GnT-III and
GnT-V were from Seikagaku Corp.

Cell Culture—Transfected MKN45 Cells were established as
previously reported (26). Human gastric cancer cell line

MKN45 cells were cultured in RPMI 1640 medium (Sigma)-

containing 10% fetal bovine serum (Invitrogen), penicillin (100
units/ml), and streptomycin (100 ug/ml) under a humidified
atmosphere containing 5% CO,. Human GnT-V cDNA (27) or
GnT-III cDNA was inserted into a mammalian expression vec-
tor pCXNII (28). Vectors were then transfected into MKN45
cells by means of Lipofectamine (Invitrogen). Selection was
performed by the addition of 500 wg/ml G418 (Sigma). CHP134
cells, a human neuroblastoma cell line expressing endogenous
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GnT-III and GnT-V, were cultured in RPMI 1640 medium
(Sigma) containing 10% fetal bovine serum and penicillin (100
units/ml) and streptomycin (100 ug/ml) under a humidified
atmosphere containing 5% CO,,.

Plasmids and Transient Virus Transfection—cDNAs encod-
ing full-length human GnT-III or GnT-III inactive mutant
(D317A) were ligated into adenoviral vector, constructed using
an adenoviral expression vector kit (Takara Bio). The 3 X 10°
MKN45 GnT-V transfectants were then infected with 150 ul of
virus solution (2 X 10° plaque-forming units/ml). After a 24-h
incubation, the cultured medium was replaced with a fresh
medium. 48 h later after infection, cells were subjected to vari-
ous experiments.

Construction of Small Interfering RNA Vector and Retrovi-
ral Infection—Small interfering oligonucleotides.specific for
GnT-III were designed on the Takara Bio site on the World
Wide Web, and the oligonucleotide sequences used in the
construction of the small interfering RNA vector were as
follows: 5'-GATCCGTCAACCACGAGTTCGACCTTCA-
AGAGAGGTCGAACTCGTGGTTGACTTTTTTAT-3' and
5'-CGATAAAAAAGTCAACCACGAGTTCGACCTCTCT-
TGAAGGTCGAACTCGTGGTTGACG-3'. The oligonucleo-
tides were annealed and then ligated into BamH]I/Clal sites of
the pSINsi-hU6 vector (Takara Bio). A retroviral supernatant
was obtained by transfection of human embryonic kidney 293
cells using the retrovirus packaging kit Ampho (Takara Bio)
according to the manufacturer’s protocol. CHP134 cells were
infected with the viral supernatant, and the cells were then
selected with 500 pg/ml G418 for 2+3 weeks. Stable GnT-III
knockdown clones were selected and confirmed by GnT-III
activity and gene expression. Quantitative real time PCR anal-
yses of GnT-III mRNA expression in these clones were per-
formed with a Smart Cycler II System and the SYBR premix Taq
(Takara Bio). Reverse transcription was carried out at 42 °C for
10 min, followed by 95 °C for 2 min using random primers,
followed by PCR for 45 cycles at 95 °C for 5's and 60 °C for 20 s
with the following primers: 5'-GCGTCATCAACGCCAT-
CAA-3’" 5'-TGGACTCGCACACCACAAAG-3'. Normaliza-
tion of the data were performed using the glyceraldehyde-3-
phosphate dehydrogenase mRNA levels.

GuT-III and GnT-V Activity Assay—The activities of GnT-
IIT and GnT-V were assayed as described previously (29, 30).
Briefly, cell lysates were homogenized in phosphate-buffered
saline (PBS) containing protease inhibitors. The supernatant,
after removal of the nucleus fraction by centrifugation for 15
min at 900 X g, was used in the assays, which involved high
performance liquid chromatography methods using a pyri-
dylaminated biantennary sugar chain as an accéptor substrate.
Protein concentrations were determined using a bicinchoninic
acid kit (BCA kit) (Pierce) with bovine serum albumin as a
standard.

Western Blot and Lectin Blot Analysis—Cell cultures were
harvested in lysis buffer (20 mm Tris-HCl, pH 7.5, 150 mm
NaCl, 1% Triton, 10 pug/ml leupeptin, 10 pg/ml aprotinin, 1 mm
phenymethylsulfonyl fluoride). Cell lysates were centrifuged at

15,000 X g for 10 min at 4 °C, the supernatants were collected,

and the protein concentrations were determined using a BCA
protein assay kit. Proteins were then immunoprecipitated from
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the lysates using a combination of 2 g of anti-integrin @3 subunit
antibody and 15 ul of protein G-Sepharose 4 Fast Flow (Amer-
sham Biosciences) for 1 h at 4 °C. Immunoprecipitates were sus-
pended in reducing sample buffer, heated to 100 °C for 3 min,
resolved on 7.5% SDS-PAGE, and electrophoretically transferred
to nitrocellulose membranes (Schleicher & Schuell). The blots

were then probed with anti-a3 antibody or biotinylated E,- or

L,-PHA. Immunoreactive bands were visualized using the Vec-
tastain ABC kit (Vector Laboratories, CA) and an ECL kit
(Amersham Biosciences). For GnT-1II, GnT-V, cell lysate, and
actin blotting, an equal amount of cell lysates was subjected to
SDS-PAGE and then transferred to nitrocellulose membranes.
The membranes were incubated with the corresponding pri-
mary antibodies and secondary antibodies for 1 h each, and
detection was performed by an ECL kit.

Cell Surface Biotinylation—Cell surface biotinylation was
performed as described previously with minor modifications
(31). Briefly, various semiconfluent transfected MKN45 cells
were washed twice with ice-cold PBS and then incubated with
ice-cold PBS containing 0.2 mg/ml sulfosuccinimidobiotin
(Pierce), for 3 h at 4 °C. After incubation, the cells were washed
three times with ice-cold PBS, scraped, and lysed with radioim-
mune precipitation buffer (50 mm Tris-HCI, pH 7.4, 1% Triton
X-100, 1% deoxycholic acid, 0.1% SDS, 150 mm NaCl, 1 mm
sodium orthovanadate, 2 pg/ml aprotinin, 5 ug/ml leupeptin,
and 1 mm phenylmethylsulfonyl fluoride). The resulting cell
lysates were immunoprecipitated with anti-a3 antibody, as
described above. The immunocomplex was subjected to 7.5%
SDS-PAGE and then transferred to a nitrocellulose membrane.
After blocking the membranes with 3% (w/v) skim milk in Tris-
buffered saline containing 0.1% (v/v) Tween 20 (TBST, pH 7.5),
the biotinylated proteins were visualized using a Vectastain
ABC kit (Vector Laboratories, Inc., Burlingame, CA) and an
ECL kit.

Migration Assay—Transwells (BD Biosciences) were coated
with 5 nM recombinant LN5 as described previously (32), 10
ug/ml human plasma FN, and collagen I (COL) (Sigma) in PBS
by an incubation overnight at4 °C. Serum-starved cells (2 X 10°
cells/well in 500 ul of 5% fetal calf serum medium) were seeded
in the upper chamber of the plates. After incubation overnight
at 37 °C, cells in the upper chamber of the filter were removed
with a wet cotton swab. Cells on the lower side of the filter were
fixed and stained with 0.5% crystal violet. Each experiment was
performed in triplicate, and counting was done in three ran-
domly selected microscopic fields withinh each well.

Functional Blocking Assay—To identify which integrin is
involved in cell migration on LN5, functional blocking antibod-
ies against different types of integrins were individually prein-
cubated with cells for 10 min at 37 °C. The preincubated cells
were transferred into transwells coated with LN5 and then
incubated overnight at 37 °C. The migrated cells were then
quantified as described above.

Statistical Analysis—Statistical evaluations were performed
using Student’s ¢ test; differences among experimental groups
were considered significant for p < 0.05. Data were expressed
as mean values = S.D.

Purification of «3B1 Integrin—The purification of a381
integrin was performed as described previously (33). Briefly,
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cells in confluent were detached with TBS(+) (20 mm Tris-
HCI, pH 7.5, 130 mm NaCl, 1 mm CaCl,, and 1 mm MgCl,)
and washed with TBS(+). The cell pellets were extracted
with 50 mm Tris/HCl containing 15 mm NaCl, 1 mm MgCl,,
1 mm MnCl,, pH 7.4, and protease inhibitor mixture (Roche
Applied Science), 100 mM octyl-B-p-glucopyranoside at
4 °C. The cell extract was applied to an affinity column pre-
pared by coupling 5 mg of the GD6 peptide of laminin al
chain (33) (KQNCLSSRASFRGCVRNLRLSR residues num-
bered 3011-3032) (Peptide Institute, Inc., Osaka, Japan) to 1
ml of activated CH-Sepharose (Sigma). The bound a3f31
integrin was eluted with 20 mm EDTA in 50 mm Tris/HCI,
pH 7.4, containing 100 mM octyl-B-p-glucopyranoside. The
elutes containing «3p1 integrin were further purified on a
1-ml wheat germ agglutinin-agarose column (Seikagaku
Corp., Tokyo, Japan) and eluted with 0.2 M N-acetyl-p-glu-
cosamine containing 100 mMm octyl-B-p-glucopyranoside.

Analysis of N-Glycan Structures by Mass Spectrometry
(LC/MS")—Purified 31 integrin was applied to SDS-PAGE,
and the a3 subunit was excised from the gel and then cut into
pieces. The gel pieces were destained and dehydrated with 50%
acetonitrile. The protein in the gel was reduced and carboxym-
ethylated by the incubation with dithiothreitol and sodium
monoiodoacetate (34). N-Glycans were extracted from the gel
pieces as reported by Kustar et al (35) and reduced with
NaBH,,. Half of the extracted oligosaccharides were incubated
with a-neuraminidase from Arthrobacter ureafaciens in 50 mm
phosphate buffer, pH 5.0, at 37 °C for 18 h and desalted with
Envi-carb (Supelco, Bellefonte, PA). LC/MS and LC/multistage
MS (MS”) was carried out on a quadrupole liner ion trap-Fou-
rier transform ion cyclotron resonance mass spectrometer (FT-
ICR MS; Finnigan LTQ FTTM, Thermo Electron Corp., San
Jose, CA) connected to a nano-LC system (Paradigm, Michrom
BioResource, Inc., Auburn, CA). The eluents were 5 mM ammo-
nium acetate, pH 9.6, 2% CH;CN (pump A) and 5 mM ammo-
nium acetate, pH 9.6, 80% CH,CN (pump B). The borohydride-
reduced N-linked oligosaccharides were separated on a
Hypercarb (0.1 X 150 mm, Thermo Electron Corp.) with a lin-
ear gradient of 5-20% B in 45 min and 20-50% B in 45 min. A
full MS*scan (m2/z 450 —2000) by FT-ICR MS followed by data-
dependent MS*? for the most abundant ions was performed in
both negative and positive ion modes as previously reported
(36).

RESULTS

Overexpression of GnT-V Stimulated o3p1 Integrin-medi-
ated Cell Motility—It has been reported that overexpression of
GnT-V in epithelial cells results in a loss of contact inhibition,
increased cell motility in athymic nude mice (7), and an
enhanced metastasis (8). In this study, experiments were first
designed to determine whether GnT-V overexpression could
affect cell migration on different ECMs. The extent of hapto-
taxis toward LN5, FN, and COL, specific ligands for a381,
581, and @131 and @21 integrin, respectively, was observed
in MKN45 cells transfected with mock, GnT-III, or GnT-V. In
the case of the GnT-V transfectants on LN5, the number of
transwell cells migrating to the lower surface of the membrane
was considerably increased (» = 0.001), the overexpression of
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motes cell migration (37). More-

over, the cell migration of GnT-V
transfectant on LN5 was strongly
inhibited by the presence of func-
tion-blocking antibodies against
integrin a3 or/and 1 subunit, sug-
gesting that the GnT-V-induced cell
migration on LN5 was mainly medi-
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FIGURE 1. Increased cell migration induced by GnT-V on LN5. MKN45 cells were replated on the upper
chamber in the presence of 5% fetal bovine serum. Cell migration was determined using the Transwell assay as
described under “Experimental Procedures.” After incubation overnight, the cells that had migrated to the
lower surface of the membrane were fixed and stained with 0.3% Crystal Violet. A, cell migration on LN5 (5 nm).
Representative fields were photographed using a phase-contrast microscope. The arrowheads indicate
migrated cells. B, quantification of migration on LN5 (5 nm), COL (15 nm), and FN (15 nm). The numbers of
migrated cells were quantified and expressed as the means = S.D. from three independent experiments. WT,

wild type.

contral IgG

ated by 331 integrin (Fig. 2). These
results indicated that overexpres-
sion of GnT-V resulted in an
increase in a3B1 integrin-mediated
cell motility.

‘Overexpression of GnT-1II Inhib-
ited a3B1 Integrin-mediated Cell
Migration Induced by GnT-V—The
Overexpression of GnT-III has been
reported to inhibit cell migration by
enhancement of E-cadherin-medi-
ated homotypic adhesion (17) and
by inhibiting o581 integrin-medi-
ated cell migration (38). In addition,
invitro GnT-V cannot use the prod-
uct of GnT-III, a bisected oligosac-
charide, as a substrate (12), so
experiments were then designed to
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«3 Bl determine whether the introduc-

anti-p1

BT
tion of GnT-III prevents a3f1 inte-
grin-mediated  cell  migration
enhanced by GnT-V. The efficiency
of transfection was confirmed by
immunostaining with anti-GnT-IIL
antibody and determined to be
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FIGURE 2. GnT-V induced cell migration was mediated by o381 integrin. A, GnT-V-transfected MKN45 cells
were detached, preincubated with mouse control IgG (a) or function-blocking monoclonal antibodies against
a3 (b) or B1 (c) or both (d) for 10 min, and then replated on the upper chamber coated with LN5 (5 nm) and
checked by Transwell assay. Representative fields were photographed using a phase-contrast microscope. The
arrowheads indicate migrated cells. B, quantification of migration on LN5 (5 nm). The numbers of migrated cells
were quantified and expressed as the means = S.D. from three independent experiments.

GnT-III resulted in a decrease in cell migration on LN5 com-
pared with mock (p = 0.0013) (Fig: 14). However, the migration
of these three types of cells on FN was barely detectable.
Although GnT-III transfection resulted in a decreased cell
migration on COL compared with mock (p = 0.007), GnT-V
transfection failed to induce a significant increase in cell migra-
tion on COL (Fig. 1B), suggesting that MKN45 cells may favor
LN5 as an ECM for cell migration induced by GnT-V. These
results further supported the view that «331 integrin, one of the
most abundant integrins in epithelial cells, is distinct from
other integrins, such as o581 integrin, and preferentially pro-
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more than 80% (data not shown). As
shown in Fig. 3, the transfection of
GnT-III into the GnT-V transfec-
tant resulted in a significant
decrease in cell migration compared
with the GnT-V transfectant (p =
0.002). However, the inhibition was
not observed after transfection of
the GnT-Ill-inactive mutant, sug-
gesting that the activity of GnT-III
was essential for the negative regu-
lation of GnT-V-induced cell
migration. Therefore, we proposed
that GnT-III directly counteracted
the effect of GnT-V on a3p1 integrin-mediated cell migration.

Transfection of GnT-III Had No Effect on the Expression of
GnT-V and Integrin a3 Subunit—To explore the possible
mechanisms involved in the inhibition of GnT-III- to GnT-V-
induced cell migration, we first attempted to determine
whether the overexpression of GnT-III affected the expression
of GnT-V and o3 subunit expressed on the cell surface by
means of blotting a total cell lysate with the GnT-III antibody
and the biotinylation of cell surface proteins followed by immu-
noprecipitation of a3 using the corresponding antibody, since
N-glycosylation plays an important role in the quality control of
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the expression of integrin a3 sub-
unit on the cell surface also
remained unchanged among the
transfectants of GnT-III plus
GnT-V, GnT-III mutant plus
GnT-V,and GnT-V (Fig. 4B). These
results suggested that the inhibition
of GnT-III- to GnT-V-induced cell
migration could not be ascribed to a
change in the expression levels of
GnT-V and/or &3 subunit on the
cell surface.
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FIGURE 3.GnT-lll transfection suppressed cell migration stimulated by GnT-V. A cells were replated on the
upper chamber coated with LN5 (5 nm). Cell migration was investigated by the GnT-V transfectant (a), GnT-lli
transfection to GnT-V transfectant (b), and GnT-lll mutant transfection to GnT-V transfectant (c). Representative
fields were photographed using a phase-contrast microscope. The arrowheads indicate migrated cells. B, the
numbers of migrated cells were quantified and expressed as the means =+ 5.D. from three independent exper-

iments. WT, wild type.
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FIGURE 4. No effects of GnT-lll transfection on expression levels of both
GnT-V and integrin 3 subunit expressed on cell surface. A, double-trans-
fected cells were lysed, and whole lysates were subjected to 7.5% SDS-PAGE and
then transferred to a nitrocellulose membrane and blotted with GnT-V antibody
(top) or actin antibody (bottom). B, transfected cells were biotinylated, whole
lysates were immunoprecipitated (/P) with anti-a3 antibody, and the samples
were subjected to 7.5% SDS-PAGE and transferred to a nitrocellulose membrane.
The biotinylated proteins were then detected as described under “Experimental
Procedures.” WT, wild type; WB, Western blot.

the expression of glycoproteins. As shown in Fig. 44, the levels
of expression of GnT-V were not influenced by the introduc-
tion of GnT-III, and equivalent amounts of loaded proteins
were verified by blotting an actin antibody. On the other hand,
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Transfection of GnT-III Had No
Effect on the Activity of GnT-V—
Since the introduction of GnT-III
had no effect on the expressions of
GnT-V and @3 subunit, we further
determined if the overexpression of
GnT-III suppressed the activity of
GnT-V. Since this was a transient
transfection, the activity of GnT-III
was checked at six time points from
24 to 144 h after the transfection.
‘We found that GnT-III activity
reached the highest level 48 h after transfection (Fig. 54), and
there was no corresponding activity in GnT-III mutant (data
not shown). The expression level of GnT-III mutant was similar
to that of wild-type GnT-III confirmed by blotting with GnT-1II
antibody, and equivalent amounts of loaded proteins were ver-
ified by blotting with anti-actin antibody (Fig. 5B). As shown in
Fig. 5C, GnT-V activity was found to be stable, even in the
period (48 h after transfection) where the activity of GnT-III
reached the highest level in these double-transfected cells. This
result indicated that GnT-III inhibited GnT-V-induced cell
migration not due to the suppression of GnT-V activity.

Increased GnT-III Product but Decreased GnT-V Product on
Integrin a3 Subunit—The modification of N-glycosylation con-
tributes to the functions of integrins (39). Here, we checked
whether changes of @381 integrin modification had occurred in
these transfectants. The integrins were immunoprecipitated
from these transfectants and then probed with E,-PHA lectin,
which preferentially binds to-bisecting GlcNAc residues in
N-glycans, or L,-PHA lectin, which binds to 1,6-branched
GIcNAdc. Fig. 6A (top) shows that the transfection of GnT-III to
the GnT-V transfectant resulted in an increase in the GnT-III
product on the integrin o3 subunit. More interestingly, the
level of GnT-V product on a3 was decreased in the double
transfectants (Fig. 64, middle). Consistent with this observa-
tion, transfection of the GnT-III mutant failed to induce such
changes. Equivalent amounts of the «3 subunit were verified by
blotting ‘a3-immunoprecipitated lysates (Fig. 6A, bottom).
Moreover, cell lysates were subjected to SDS-PAGE, followed
by a lectin blot. A comparison of bands especially around 117-
200 and 60-89 kDa among these transfectants consistently
indicated that increased GnT-III products but decreased
GnT-V products presented on the glycoproteins after the intro-
duction of GnT-III to the GnT-V transfectant (Fig. 6B). Fur-
thermore, to further confirm such competition on the @3 sub-
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FIGURE 5. No effects of GnT-lIl transfection on activity of GnT-V. A, GnT-lll activity of transient transfection
of adenoviral expression vector to the GnT-V transfectant was examined by high performance liquid chroma-
tography using a fluorescence-labeled agalactobiantennary sugar chain as a substrate. GnT-lIl activity was
determined at various time points (6 days). Data are expressed as a ratio to the first time point (24 h after
transfection). B, double-transfected cells were lysed, and whole lysates were subjected to 7.5% SDS-PAGE and
then transferred to a nitrocellulose membrane and blotted with GnT-Ill antibody (top) or actin antibody (bot-
tom). C, GnT-V activity of the transient transfection of the adenoviral expression vector to GnT-V transfectant
was investigated using the method mentioned in A at the time point of 48 h after transfection. Data are
expressed as specific activity (nmol of product/mg of lysate/h). WT, wild type; WB, Western blot.

unit, we purified this integrin from GnT-III, GnT-V, and GnT-
III plus GnT-V transfectants using a GD6 peptide affinity
column combined with a wheat germ agglutinin affinity col-
umn. The purity was evaluated by SDS-PAGE followed by silver
staining (data not shown). The purified a3 subunit was cut from
gels and then subjected to LC/MS” as described under “Exper-
imental Procedures.” As shown in Fig. 6, C and D, mass spectra
of desialylated N-glycans were obtained from the a3 expressed
in GnT-IlI, GnT-V, and GnT-III plus GnT-V transfectarits,
respectively, by a full MS1 scan (m/z 450 —2000). Carbohydrate
structures of the major peaks were deduced from the m/z values
of protonated ions in the full MS* spectra obtained by FT-ICR
MS and product ions in MS>? spectra (Fig. 6D). Based on the
presence of [HexNAc-Hex-HexNAc-HexNAc-OH + H]* (m/z
792) and [HexNAc-Hex-HexNAc-(dHex)HexNAc-OH + H]™
(m/z 938) in MS2,3 spectra, peaks 4, 5, 7, 8, 10, and 11 were
determined as bisected glycans. Peak 4 was deduced to be a
biantennary oligosaccharide, the major peak in the GnT-III
transfectant. After the transfection of GnT-III into the GnT-V
transfectant, peak 4 was increased compared with that of the
GnT-V transfectant, whereas peak 6, which is the major peakin
the GnT-V transfectant, was decreased. For the present tech-
nique, the branched form is determined by analyzing the sialy-
lated oligosaccharides by LC/MS” in the negative ion mode.
Referring to the result of the L,-PHA lectin. blot and the fact
that peak 6 is the major one in the GnT-V transfectant, peak 6
could be deduced the 1,6-branched GlcNAc form, although
only bisialylated forms were detected by MS. The MS data also
revealed that peaks 7 or 8 and 9, 10, or 11 were triantennary and
tetraantennary oligosaccharides, respectively, from the pres-
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tants of GnT-III, GnT-V, and GnT-
III plus GnT-V; for GnT-V products
(represented by the sum of peaks 6
and 9), the proportion was 1.2, 34.9,
and 18.1%, respectively, among the
transfectants of GnT-III, GnT-V,
and GnT-1II plus GnT-V. Consist-
ent with the results shown in Fig.
64, these data strongly suggested
that GnT-III transfection resulted
in increased bisecting GIcNAc but
decreased f1,6-branched GlcNAc
on the o3 subunit. However, the
N-glycan proportions partially, but
not totally, are correlated with the
extent of the modification in cell
migration observed (Fig. 3), since
only N-glycans located on some
motifs of integrins have been proposed to influence their con-
formations and therefore to regulate their functions (40).*
Taken together, these results suggested the following; 3 was a
common target of GnT-III and GnT-V, and the priority taken
by GnT-III in the competition resulted in the inhibition of
GnT-V modification.

Increased B1,6-Branched GlcNAc as Well as Cell Migration
in GnT-III Knockdown Cells—To further identify the competi-
tion of GnT-1II and GnT-V definitely, we developed an RNA
interference strategy to efficiently silence GnT-IIl expression in
CHP134 cells, which express endogenous GnT-IIl and GnT-V.
After retroviral infection, CHP134 cells were selected based on
their resistance to G418 as described under “Experimental Pro-
cedures.” GnT-III activity was effectively down-regulated by
70%, compared with those in parent and mock cells (Fig. 74),
whereas GnT-V activity, as a control, showed no significant
changes (data not shown). A quantitative real time PCR analysis
also indicated the down-regulation of RNA interference-di-
rected GnT-III mRNA expression in these cells (Fig. 7B). We
then tested cell migration on LN5 and found that GnT-III
knockdown resulted in an increased cell migration compared
with mock cells (Fig. 7, C and D). We further investigated the
N-glycans on the a3 subunit. As shown in Fig. 7E, increased
B1,6-branched GlcNAc but decreased bisecting GIcNAc on a3
was found in the GnT-III knockdown cells, compared with
those in the mock cells. Together with the data in Fig. 6, these
data provided the evidence to show that GnT-III inhibited

“1saji, T., Sato, Y., Zhao, Y., Miyoshi, E., Wada, Y., Taniguchi, N.,and Gu, J. (2006)
J. Biol. Chem., in press.
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