Wgs  LC/MSt 2Bwi-EBE7a 774 )7

455

100 ] Base peak chromatogram

Relative Abundance

M Rl e Wt W R il W) A L Bk Lhhd A il kS B W Sl b b b

i G
24
Time (min)

Fig.7 GnT-TI#EETFEA CHO M TREASLLMEHBER 7+ ) X7 F Y HRPAT
WSO LC/MS itk » TR LNTZN—RAE—7 70"} 7T 4

1542
100 4 (A) MS? spectrum (m/z 954~+) ‘%
PA
@ PA
3 23
g 366
E P | o3 P 1o
E PA PA 528 e?:g
< 9 300 446 ‘ " - s ‘l.l.. ol
@ 100 - 1177.3
i (B) MS? spectrum (m/z 954->1542) g% i
[)
- FA PA i 1396
PA PA
3a f R e L éé 1524

PA PA

448 PA ?A _V""g& PA 3%9 FjIAO15\ ' 1P3A80

l 503 665 732 827 1234

o . by 1 ol I} | L ! "
500 1000 1500
m/z

Fig.8 Fig. 7ot —7 a DRFEH MS*® 27 } v
(A) MS2 2~<7 M) BIEEA 4> im/z2954, R T 4 744 >E—F
(B) MS® 27+ BiBRA 4> I m/21542, RO T4 744 E—F

Pharmaceutical Regulatory Science Vol. 37 No.7 (2006)



456 Jiig & . LC/MS? yRACEEST 774 Y 7
% o 6) Hase, S., Ibuki, T., Ikenaka, T.. J. Biochem.,
95, 197-203 (1984).

1) Varki, A.: Glycobiology, 3, 97-130 (1993). 7) Tomiya, N, Kurono, M, Ishihara, H, Telt
5) Kawasaki, N., Ohta, M., Hyuga, S., Hyuga, ma, S, Endo, S., Arata, Y., Takahashi, N.
M. Hayakawa, T.: Anal. Biochem., 285,82-91 Anal. Biochem., 163, 489-499 (1981).

(2000). 8) Nakamura, T., Takio, K., Eto, Y., Shidai, H,,

3) Kawasaki, N., Itoh, S. Ohta, M., Hayakawa, Titani, K., Sugino, H.: Science, 247, 836-838
T.. Anal. Biochem., 316, 15-22 (2003). (1990). _

4) Ttoh, S, Kawasaki, N, Ohta, M., Hyuga, M, 9) Hyuga, M, Itoh, 8, Kawasaki, N., Ohta, M.
Hyuga, S., Hayakawa, T: J. Chromatogr, A, Ishii, A., Hyuga, S., Hayakawa, T.. Biologi-
978, 141-152 (2002). cals, 32, 70=77 (2004).

5) Kobata, A.: J. Cell Biochem., 37, 79-90 (1988).

Pharmaceutical Regulatory Science Vol. 37 No.7 (2006)



§

— GlycohE Y22 R DERICLDMELERE ™

MIAERORE - TEMTHEICHIT D EHBEROERE
& LC/MS Dl FAnTgel%

g 7. B A&, FB& DT
(B EEREREENRN EYER)

LM ARER @

_J

FU®HIC

b hERIFEM LD ORE LI PR S
2. NTL. BEEECRETDILICKD,
B ERSEAET MR/ BEEREDEL
VEREZITF TV, COMBARE/BEEED
BRICIFAETLDITT, 2DDRND T D, —2
FESETASE UL TOMIEE/ BEEERITOR
T, BOBEOEERECHIT D MIaE/BE
EEOBKIGMIE200FZBA TW\D. BD—
DlF. EE=E EORHZSZIT 5 iR AEER (e
HBET AERR) DRE THD. MR (cell
therapy products)&(d. fiigAE=ZENE U
T. B2, BE. B2V IEEBROMBEERN
TERU, MTUL. ®DdVEEELERICE b
[CH5TIERRDIET. AF. HREEER
DEEGTEETHEUTEREULTER. S8
DABWEERALICEIT T, RE. MigaEE
DOBENEERESFEETNAORE - Z24F0
FiDBEFENKOH SNTULD,

BieHEdEld. MEEERICEEVLTERIIC

=1.

e I

TR PENEE LTV, HiEaEEDR
BRNUOZLEORFRICETIEANTERTIL.
EEHRE 1314FICRTNTVD, K2 FEER
KE1314S5(CHRHEINTVDRE - T24HE
RO DELE TN URRER LUANILDORE
RUREEICHITOEEDERZEREHICHD
THdD. COHDE—MHE. HMBRREEEEY
g, SETERRNY. #iRoME. RUH
BERRENNERFEEYE ORI ICH UTE,
ZFOERBERUHBED—RKLE - BELZENE

LT, B&EAEDMERTSNTWLD, RE. 2
Bk, METF. IVINOEUNLTORIDR
NENTVDH, ML PHEEERIRICHEHED
BEHRIZEREULTVD T EMBESHICED
TETCVBIEEEBETDE, BEBEIER
UleRE - fEMFMEDOE B sHRNHE(IC
BFoTLDHEBDND,

FERBATEAS LT, RO IS T4 —
(LC). FvESU—BRKENE. BEDITA
MS), RULIFVZRWCHEE. Z<0Of
NEAEPREINTLD., LU, INB%E

=2

&f.\‘llabl?%ﬁlﬂﬁ“ﬁﬁﬁkﬂﬂﬂ?‘%?ﬁﬁﬂ"ﬂiﬂ

¢ 4R HEHAERSEORMRUREEOHBRITONT
(EHRSII06)

- §lka. mﬂﬂﬁiEﬁﬁﬁom!&lﬂ&lﬂ{iml-ﬁﬂ?‘é&*a‘l#xﬁ
(EXRF13145

« ErEEMR- ﬁﬂmlﬁﬁ&#mnnﬂ.&t}?éﬁwﬁﬁkﬂﬂ?
Bttt (ERERH)3148)

o EMBEYRRUHEEMBXENROEETCCEDEERME
REDOFEFIZONT(EFRRHE0520018)

o £WBESMKICMTIRAERINBEWNEZONT
(ERERH0515085)

January, 2007

SETERUBRMGLAI O R E
e EPRELHEEFR
s FE—EDME
o MRBFERFENH(BEISHGLT
¢ MUBR. Tr275XTHBR
¢ TUFRFIUERK
o Y THBETHMILE
o $RI 0D HiE R
« B E B Mt EIREEME
o DAILREDRE

HEHIC L BT/ OB S FESIEDEEETIE 17



(A) EIC (n/z 426.13-426.17)

100
e
=
<
g 1] LE . A e e et | e —————— e ————————————————————— s ereeerrror oo
E :
<
2 (B) EIC (m/z 442.12-442.16) FCS. & b il FOHE 0 127CH K L2 RIL6012Y (2.5 x 10°90)
= ORASHE TR T AL
E 100 :
Neuac NeuGe NeuGe/Newse
(pmol£SD)  (pmolSD) (%)
FCS 135106  0.055+0.0046 0.41
Ehmif 21014 0.029:£0.0024 0.14
0 b FmK 20516 D,
1] 10 20 30
Time (min)
1. DMBEHEE#&{L 7 ILEEDLC/FTMS &3.

(A) m/z 426.13-426.17(DMB-NeuAc)DY RO

ST L

B) m/z 442.12-442.16 (DMB-NeuGc)DY A~ 0%

NS LA

HRAEEORE - TEMFMICIHETHI(CE
RELEBEEDDD. TNIE. MBAEEDR
B ReUHBRICERTEIMEHRIIRESNT
WbEWD T ETHD. BEEILDHEBDEIE.
HMEOUEICBIKETDIH. BECHRMET
1088, FIZEERFMIAT 10ERELHEE
TNTWVD, DT, ERODIEERERES
UCHIAT2ICF. RERUEREOLD ELHE
KENd, BINEERBREERRATIE. =
EEBRECEN. —EILS<DEREESN
% nanolLC/MS Z /e EEDRE - 24T
MICFIBTDHILZRLTEC, AT TIEZ
D—EREABNT Do

1. BETIEHRAHEAEER

RETREARA Y EE. EEREGHCM
B B, RURERENSEAL. RE - FY
% RREICREEZNEFITBENDG2YED
ZET BREBRICEFNAONRDFOEE
ARZEZREL. FRZEET DD BULLIETF
ORELVCEEFBBLUTCHD L EHERT
PREDNDD. RE. BETRICBLTIIAEY

18 Functional Glycomics

T4 —F—flRNSRBATND ZEHBEITIN
TWLWBYMED—DIT, Y7 ILBD—TETHD N-
JUIUINN/ASZVB(NeuGe) B H D,
NeuGc [ DIVEERCITEY TEESND O
E b TREREESNEVEHIC, £ MITHULTH
RiZRIEPMOENTWVE Y, 20054
Martin 52[C&K>7T. & MREEHIRS(ES #RES)
BEBET. REMBEY T« —4F—@REH5S
NeuGCHEAT D ENHREIN TR,
NeuGc Al aEmEDB R PEEMARIFT
FEDRIINDL DT> TER,
BHEPLZEENDOTEZFMITDICH o
T, &9, HRRAEEEICEENS NeuGe DEZE
ERICAETD2HEND D, MIRPDI 7 IVER
DEEZEEULT. 1,2-diamino-4,5-methyl-
enedioxybenzene (DMB)sEE{#{b& LC/EHE
REEFD)ZHIEDECHAERLSALSN
TWs 2, DMB#EWE{&{L& LC/FDICMS R
MS/MS ZHHEDED L. DTFEPL TSI X
VDOV TIVEBD FEZEERTDIENTE
24 UDU. BIFODITEDBHRE (&R
585 pmol)(d. MAEEEDREFmEE LT
[ETDTEBEL, FHOHE(EDRHEND.

News Letter No.9



F4lE. nanoLC/TJ—UIEBRA A VYA o0
NOVHEBEESHTEFTMS) XU nanolLC/
MS/MSZBATDC &lcL>T. 0.026-50
pmol O NeuGCZEEBT &L B
1 2 DMB{ENeuAc & DMB{ENeuGc DX
SOXNITLTHD. ZOMEZRVT.
10% DYRRRIMB(FCS)MUE hIEZZTHE
WTEEUCETIVERE ~EEERMRIER
B HL-60 OEESREY 7 IVEE 5 TR
CEAE#RB2.5x10%@E). TNENNeuAc
D0.4%KEU0.1%MNeuGe [CBEBED > TW
BTELESHERD(ERI), FRIEMBER
THEE Uz HL-60 5D NeuGe (&R
(8.6 Mo FTHolc. TNUF. & hILEIC
[FFTICNeuGC HEENTVD T EZTRKE LT
BO. SEBSNEHERIE. S%NeuGc DER
M- RRUIHE, TUICRBERICDITDRE
ERTEDONEEZRFTT D LT, BEILEDD
DEBDND,

2. fHlEOE—4HER

MBOE—ERERE, BETRCHIDES
SEO—TEE, TUICEKRURORRY, BE
B, MBS R OSSO R ERERZ BM
EUTHRETDENTHD. BIE. BEPIIL
FAHS—&Nin situ I\ATIUTALB—3VE
EDREBEBRDEHENTND D, LA
LTlE, RAOOF VAR TOTAIIRIEE
mEAE URBEORTIM B TON
TWD, EHE. EEREICEOTELTST
EHREBHICASN TR ENS, EHETO
TP A D EETEPRERERICBIIZMER0
B—MEEE UTIEY I RT « v I EREA
OERDZHTHETEZTEEMIEFD V. BL
3. WMIEE—MREEE UTOREMEBEROGE
A AT 2N T, HL-60flazEBLT.
EESEOEEANEBOEETOT 7 AIUICK
[Fo RN,

FU®HIC. 10% FCSESTEHTEELR

January, 2007

HL-60 fifan'S N S S BB ZRRNICTID T
U, NaBHA T&EtLTz%. #llla 1 x 108 &4
LMOEHEEBNT., RIT 1« TAFFTMS,
F—ZikEFEHLC/MS/MS ~MS/MS/MS/
MS., HNCRHT 4 TAFVFTMS, F—FIK
ZHLC/MS/MS ~MS/MS/MS/MS Z17 >
oo T—HRERIMS/MS ~MS/MS/MS/MS
FERAF v TRODBEDEWVA A 2/ ZFIRA
FVEUTTolE. H2DETRIEOEF. R
IFATAFVFTIMSICR>TE SN b—F
WAFo0O% NS A(TIC) T, EICHIERESE
EVTIVBESHONSWVWEHEOTOT 7 ()b
BRULTWVWD. FRCRIBHE. RHAT«TA
FUFTMSIC&R>TESNETICT, FICVT
IWEBEAHOAREVWBEO IO 7 ILERU
TWd. TRHE—TDHEHEEEE. 7057
AF VARG MUD 6. B2RISRTLDICH
ETNTz.

DFEC, £ MIBEESOE. RUSEMBESE
WTEELUCHL-0MaOEETOT 7AUY
J%1Tolc. M3ANUIBIEFZNZEN. & bl
BEROEMEETEE U HL-60 i3ERE
T/ —AREEDOTOT 7 AL THDH.
EEMTESEITSE. ManQEENMENTSC
EPhd, BI3CRU3DIGE. RIYFa T4
VE—RTESNEE MUBNRUEMBE T
EEUCHABREAREEO IO 7 /LT
Hd. oo BBERUBFERAT 4 TAFY
E— RTESNCRBEHEOTOT 7AILTHD,
EMBEM TS bisected 2 AfEiEHENIE L {18
MUTWS T EPBELSEEDT.

SERVCEIMBEHTIE. M0EiEED
BTFLTWECEDL D, i3l —4ZEExR>T
WebDEHIETND, BETOT 7 A /UhiE
LEHB-TLVEWSSOORRIF. BHEHTO
Tr AUV IO EHIES UTRA
AR CHDIEERELTVDEBDONS, B
4HEEFBSESDEENDS. MBFEEPN
TOBEBTHETHIFINEERBLEWCEET
DEEEHLTHED. BE. ZLOREBETHE

BRI K BT/ (OB & TS IFDHERETE 19



BEORMBLEDREINTVD, —HT.
RAERORZERBZEEUT. RAEHFTHE
EC. BECMED SEEBMBENDEE DR S
NTWD, MR OFEHDOEN(E. fMROR—
MEEBREITHL, REBEREOAIU—Z
VIRBEICHAATED DB LNIEL, Fie.
JOF 2 JUAVPEEESTFEICDOWVTH,
B—4FHmERE U COFERMZZEET LTV
WERHBIED D,

3. iR

MEE SR, WIS LB EEL
TWL2D. RRIEEHEIEADEE., BULLEDA
LR EEF L LEWLWHEIICED o il hbER
LTWEWD ZFHI g D8R T, RTE(F. ik
FRE. MR ICHRERVEIRINER(CD 0%) . iz
HELETOESR - T ENA VEDHEREENTHH
DEE2TWVND, EHEEDF LU T,
SSEA-3. SSEA-4 KU CD34MD&DIC. T
[CENCHRRED(ENY—N—&E U THIASTN

TLEADFBEET DN, BRERDBTE L DHE
HEENFHAEEY—H—& UTHRATINTL
HIEEERDE., BHEES FZHREMED
EREEUCFHmEOBREIFRID—BIBLTL
HEBODND,

DOIBEZERDOBED FOREICIF, ZTDE
EZERENICRBITDINELERTDDD., #l
ERAFTERVNEELRE., SRIEBEEBON
(MSN) BMEHDBRIRHIEL U TERILDBED
Hd. LEHOMS TE, FIZE, HEE (m/z
80). Lewis aRUx (Le?, Lax, m/z512).
Sialyl Lewis a FU'x (m/z 803), HNK-1
(m/z 822), J27)LEE (m/z B83)D&KDICT.
TEHEBIE RIS, 4 Gt 242 PEL D
ZEBBD, INSOZMA AV ZEFBTDE.
SREEOTOT7AILDHH S, BEDLDHDHE
HEHBSEZ O DREBEDVYAANRY MUEFZREY
HITENTED,

M4, YORABERD NEEEEHEDH
D5 LeBn@iEz i DRHEZRUH Uil ZR
T, BHEHE2-7 /EU IV TEEREUE.

100

Relative Abundance

Time (min)

O, Gal; @ . Man; @ |, GleNAc A |, Fue: O ., Gle: 9, NeuAe

H2. 10 % FCS I cizaE Uz HL-60 #Ii3E NS SRS O I 7 A UV S
RITATAFTVE—REBE). RURBT 4 TAFTVE—RGFR) FIMSICEDEBSNIZTIC, WUCHEEHETEES,
MS: &, LTQ-FT: LC: AS L, IS5T77 4 bA—RYAS L By, 0.1 X 150mm); ABE, 2% PErZRUJL
/BMM BBV EZD /L (pH 9.6)BAE. 80 % P hUL/S MM BB VEZD L (pH 9.6):95IT
R, 10-40 % B (0-60 min) &U40-70 % B (80-70 min).

20 Functional Glycomics

News Letter No.9



LC/MS TEMSEOTIOT 7 UV IZETDI
(B4A), EEBEDIFATVITHUTT =K
EHMS/MS ZTW\, £URTOF I AF Y
DFEHS, LexDER 3D U D LMINE
(m/z B534)ICHET DA F VZREHU(E

4B). DEIC. M/z B34 DA AV ZRIRAZ

& UTMS/MS/MS ZTL). RN S8
2 $EDF MU D ARINE(M/z 388)ICHEHET
BPAFTYERBUHL(RAC), &5IC
MS/MS/MS/MS ##Fofz. 4D [F.
MS/MS/MS/MS T LTz Ler (CHE#BNSIEE
WAFVEREEHUEHDTHD, BEREELE
U DT AANRY NS T 2 <
ElCE-T. BEGOLeOBEERSHICTD
TEDTERY, COREEENTF RITSHAT
NiE. LeBRDENOY Y\ UEEBET BT
EHTRETH D,

4. fREREERFREMER UHRRER
ERANEEREYEEER

MIARERD SRS NDBEDEEREMEY)
BBIRFE, WONDDOHRBTETEHAPE
BRFHZDEWEICEDD I ENBESNICHE
DDDHD)D . HMIEEEDMEERTCIF
BEDARETHRHEICIE. ZOENEETMEY
BOEERUVRFHERTIARDSNS. BHYE
DHESVINOBTHHBEIE. EEEZZTHE
HERTDUEICED. BLF. MIAEED
RIRT 2 EEEMEYE DI RN FEE R AT
HBEUT. BRAEICKDYVINTEDDREE
LC/MS [CKR DS R MR ZiRET U CE T,

H51&F. S ROGPIZYA—BY (D
BO—DZFENULAITHD. S v MRHRED
S PIPLCARBIC K> T GPIEEY VU&=
tIh L. SDS-PAGE THBEUTZ(®BA). &
U®IC, TJOF A I ADFET. 20-25kDa
DIV RICBEND YV INTEZE Thy-1 CEE
UTz(®5B). Thy-1[F9FMRIC3EMD NES

High-mannnose type

176407

Complex type

6.2E+07 oug
(B) ; Mun$ (C) (D) ’/0—0@
25 ‘ z
é Man¥ g
z 4 E
e , Al
60 P
Time (min} Time (min} 40E+05
| ® (F)
o |

’ 60
Time (min) Time (min)

3. £ MUERIER ORIER TERE U e HL-60 fildmsR NESREEDTO T UV T
ARD B). RIT 4 TAFVE—RTBSNEEYY /—ABEHEOTOT 71U ORUD). RIT4TAF

VE— RTESICEREEEOTO T 7 ()b, BRUF).

74

January, 2007

RAT 4 TAFVE— FTHONESTMEHED VO

FEREIC KB V) (OB D TFHESIRDREEESSED 21



EHE MU ZED DRSS VI JBETHD. D
T, SIVANTU AT —EHEICRD NiES
BlEE w3, LC/MS ~MS/MS/MS/MS
[CKDTThy-1 ICHEELTVS NEEEEHEZ
BT UIC(EB0), &HBIC. TILh ks IND
BElHUE. NUTIVEEICE>TRT
F K& U, LC/MS ~MS/MS/MS/MS %
AW B R iR E ST 21T o T2 (® 5D).
BONICERAANRG NUDHD S FEHEZRT 1
74> (m/z 204, 292, MU 366%F)#E>THE
NTFRDOTOT T bAF VAN MUEEY
U, Thy-1 OEBAFRNEHEESEZR 6 DX
DICHELL®, TOFERF. EBHROES VIO
BOREGYICHUTHILANTIRETHD. #EY
VINOE T EDBBAFEMIEEEIE D#E =83
SPCTBDTENTED, Fic. BECDHEE
&, BEERWREUTOMEREY Y /I(IED
BERERITICBRIBSINTLS.,

Bbblc

MHIRABEEDORE - REMFHMICHIF 2 EH
BRATOEZ S, REHBREEULTDLE/MSD
DR REMIC DWW R U, BSERBBEITKED
REZEP N A AR EREARINERICITONT
WBIRE. HEHEBEEDELICER UBETE
PREEFOFEIE. BiREERET TR,
A FTEERERISERITREFTHEFEE LT

RWEINTLVD. A TERR - HILAER
DREREN SEAREEICEDRIESRICBL
T, REHEBSHETEMOME. HEHOBAEDR
BH, RUBHES TIY—H—ERMRICH T2 E
FlFREL,

T

VT IWEBITIFEINEER T Y — MR
WBERLER. FEFFER. LUCEHEKL
BLEOHEBMARTT . AARF. EEHBR
FMARERDES / LBEERNRSEE. RU
Ea—Y2UA IV RAERBIERESMREED

* Gal pi4 GlchAc—R—' Na

106 7
(A) TIC
= fad
TR T

* MS/MS o

a0 3=

(B) EIC (m/z 534)

=
=

intensity

| @) EIC (v 259)

(C) EIC (/7 388) ‘
M il

@

2 A Time (min)

K4. LC/MS/MS/MS/MS [ kDN D ABIFHR NFEEEY Lo FEED R EAVERE
(A) TIC: (B) M&/MS TESNIcm/z 534 DX R -0OX M S L (C) MS/MS/MS TE SNz m/z 388DT R
£0% bS5 L (D) MS/MS/MS/MS TRSTERBIN IS U XY M Ay m/z 269 DRAHOT NS s

22 Functional Glycomics

News Letter No.9



—BLLTADNE U, AR ZEZELTL 3|k

FEWEUe@Ehe - T4 Iy AREE

M. FUYE—=IL#ER). hARERR). E)EZE 1k
RUOMBEENER. 7 AT S ARERN). KB
NEREER). BIOREBTEM). RUBEES
BAEICEHLET,

Higashi, H., Naiki, M., Matuo, S., and
Okouchi, K. Antigen of "serum sickness”
type of heterophile antibodies in human
sera: indentification as gangliosides with N-
glycolylneuraminic acid. Biochem Biophys
Res Commun 79, 388-95, 1977.

2. Martin, M.J., Muotri, A., Gage, F, and Varki,
A. Human embryonic stem cells express an
immunogenic nonhuman sialic acid. Nat
(B)
- 1 Thy-1
2 tion 1007 ©)
8
=
;!
3
PNGase F §
nanoLC/MS" = w ~ & positive
N s AI , : negative
. odeass fxlf\kp- ILgLMwL'},
10 20 30 40 50
Time (min)
Proteolytic digestion 100 (D)
nanol.C/MS®
10 - > | &
Site-specific glycosylation §
analysis é’
2
=
=
©
ol
0 Time (min) 50
®M5. ¥R CPIHEEY I\ TEDEEREREN

(A) SDS-PAGE; (B) #/\UERRE: (C) #ETO T 7 (U T.

(D) BBASERIFEHE SRR

Black-letter: N-glycans reported by Parckh, RB et.
Red-letter:  Newly identificd N-glycans

High-mannose: MS
Complex:
CoreFuc, Le¥,
bisectingGleNAc High-mannose: M§
Siale&asialo Complex: hisectingGleNAc
Hybri: Hybrid:
High-mannose: M5, 6, 7 CoreFue, e CarcFue, Sialo&asialo
| | l
H,N- N N N ~C-GPI-anchor
23 74 98

al. (EMBO J, 6,1987, 1233-1244)

®6. Thy-1 OBAASERMEHES

January, 2007 BEEIC KDY /OB LD FESIEDEEEEET 23



Med 11, 228-32, 2005.

Bardor, M., Nguyen, D.H., Diaz, S., and
Varki, A. Mechanism of uptake and incorpo-
ration of the non-human sialic acid N-gly-
colylneuraminic acid into human cells. | Biol
Chem 280, 4228-37, 2005.

Klein, A., Diaz, S., Ferreira, I., Lamblin, G,
Roussel, P, and Manzi, A.E. New sialic acids
from biological sources identified by a com-
prehensive and sensitive approach: liquid
chromatography-electrospray ionization-
mass spectrometry (LC-ESI-MS) of SIA
quinoxalinones. Glycobiology 7, 421-32,

1997.

Hashii, N., Kawasaki, N., Itoh, S., Harazono,
A., Matsuishi, Y., Hayakawa, T., and
Kawanishi, T. Specific detection of Lewis x-
carbohydrates in biological samples using
liquid chromatography/multiple-stage tan-
dem mass spectrometry. Rapid Commun
Mass Spectrom 19, 3315-21, 2005.

. _Itoh, S., Kawasaki, N., Harazono, A., Hashii,

N., Matsuishi, Y., Kawanishi, T., and
Hayakawa, T. Characterization of a gel-sepa-
rated unknown glycoprotein by liquid chro-
matography/multistage tandem mass spec-
trometry: analysis of rat brain Thy-1 separat-
ed by sodium dodecyl sulfate-polyacry-
lamide gel electrophoresis. J Chromatogr A

1094, 105-17, 2005.

Profile

NgF7

ICBERFEFNNBEREO T CEMEZZRU . ETREETE.
BE7etEERRRRR MR EYESEIC AR, 19984
D OEYERBER. EXREBRBIGHEDJIAN (EEE—HK
2 BEFIENUBARBARNEERUEYERZEZHHD. H
AT —VIF) A A ERERUHRAEEORERTNORE - B2k
SHIR M OBER. BEOBERIIERROBHRGREZERI DL,

|LieEEs
HEASIESMASR (HEELS) BT. EREERESGLATR
FTCHMBCESBREMBROE(LRCET 2MRICHEL. Z0%
EUEERBREERRT - EYERNT/ A FTEESDRE - ¥4
ML AMRETS. 20024H SBGEFEEESRSES LT,
ELFRAEERCMAEEDORE - BYHICET 2EEMRES.
PO0BENSEYERHES LT/ A AERRDRE - REMEEC
BT 2MRET> TS,

J/

24

Functional Glycomics

News Letter No.9



Arteriosclerosis,
Thrombosis, and
Vascular B1010gy

&
JOURNAL OF THE AMERICAN HEART ASSOCIATION Learn and leeSM

American Heart
Associatione

A Central Role for Nicotinic Cholinergic Regulation of Growth Factor-Induced
Endothelial Cell Migration
Martin K.C. Ng, Jenny Wu, Edwin Chang, Bing-yin Wang, Regina Katzenberg-Clark,
Akiko Ishii-Watabe and John P. Cooke
Arterioscler. Thromb. Vasc. Biol. 2007;27;106-112; originally published online Nov
2,2006;
DOI: 10.1161/01.ATV.0000251517.98396.4a
Arteriosclerosis, Thrombosis, and Vascular Biology is published by the American Heart Association.
7272 Greenville Avenue, Dallas, TX 72514

Copyright © 2007 American Heart Association. All nghts reserved. Print ISSN: 1079-5642. Online
ISSN: 1524-4636

The online version of this article, along with updated information and services, is
located on the World Wide Web at:
http://atvb.ahajournals.org/cgi/content/full/27/1/106

Subscriptions: Information about subscribing to Arteriosclerosis, Thrombosis, and Vascular

Biology is online at
http://atvb.ahajournals.org/subsriptions/

Permissions: Permissions & Rights Desk, Lippincott Williams & Wilkins, 351 West Camden
Street, Baltimore, MD 21202-2436. Phone 410-5280-4050. Fax: 410-528-8550, Email:

Joumalperm1ssmns@1ww com

Reprints: Information about reprints can be found online at
http://www.lww.com/static/html/reprints.html

Downloaded from atvb.ahajournals.org by guest on February 27, 2007



A Central Role for Nicotinic Cholinergic Regulation of
Growth Factor-Induced Endothelial Cell Migration

Martin K.C. Ng, Jenny Wu, Edwin Chang, Bing-yin Wang, Regina Katzenberg-Clark,
AXkiko Ishii-Watabe, John P. Cooke

Objective—An endothelial nicotinic acetylcholine receptor (nAChR) participates in atherogenesis and tumorigenesis by
promoting neovascularization: To date, the mechanisms of nAChR-mediated angiogenesis and their relationship to
angiogenic factors, eg, VEGF and bFGF, are unknown.

Methods and Results—Nicotine induced dose-dependent human microvascular endothelial cell (HMVEC) migration, a
key angiogenesis event, to an extent which was equivalent in magnitude to bFGF (10 ng/mL) but less than for VEGF
(10 ng/mlL). Unexpectedly, nAChR antagonism not only abolished nicotine-induced HMVEC migration but also
abolished migration induced by bFGF and attenuated migration induced by VEGF. Transcriptional profiling identified
gene expression programs which were concordantly regulated by all 3 angiogens (nicotine, VEGF, and bFGF), a notable
feature of which includes corepression of thioredoxin-interacting protein (TXNIP), endogenous inhibitor of the redox
regulator thioredoxin. Furthermore, TXNIP repression by all 3 angiogens induced thioredoxin activity. Silencing
thioredoxin by small interference RINA abrogated all angiogen-induced migration while silencing TXNIP strongly
induced HMVEC migration. Interestingly, nAChR antagonism abrogates growth factor (VEGF and bFGF)—mediated
induction of thioredoxin activity.

Conclusions—Nicotine promotes angiogenesis via stimulation of nAChR-dependent endothelial cell migration. Further-
more, growth factor—-induced HMVEC migration, a key angiogenesis event, requires nAChR activation—an effect
mediated in part by nAChR-dependent regulation of thioredoxin activity. (Arterioscler Thromb Vasc Biol. 2007;27:
106-112)

Key Words: nicotine B angiogenesis & endothelium B vascular endothelial growth factor ® fibroblast growth factor

he nicotinic acetylcholine receptor (nAChR) is a pentam-
eric ligand-gated cationic channel.! The nAChR was first
described in neurons, but has recently been identified in many
cell types including endothelial cells (ECs) and vascular
smooth mmscle cells.? Intrigningly, ECs also synthesize and
store acetylcholine.®> Recently, we serendipitously discovered
that nAChR activation causes ECs to form capillary tubes in
vitro, and promotes angiogenesis in vivo.*®
Pathological as well as physiological forms of angiogene-
sis are mediated by EC nAChRs. For example, by activating
the EC rAChR, nicotine accelerates tumor angiogenesis and
tumor growth in a muripe Lewis lung cancer model# The
acceleration of tumor growth by environmental tobacco
smoke is also mediated by nAChR-induced angiogenesis.®
Furthermore, nAChR activation by nicotine stimulates the
neovascularization and progression of atherosclerotic
plague.# On the other hand, activation of the nAChR in a
murine model of diabetic ulceration enhances wound angio-
genesis and healing.”

To date, the mechanisms of nAChR-mediated angiogenesis
and their relationship to established angiogenic growth fac-
tors, such as VEGF and bFGF, are unknown. We therefore
sought to study and compare the effects of nAChR activation
on EC migration, a key event in angiogenesis, alongside those
induced by VEGF or bFGF. In this article, we report an
unexpected observation: pharmacological antagonism of the
nAChR fully blocks bFGF-induced EC migration, and sub-
stantially suppresses the endothelial response to VEGF.
Furthermore, by microarray analysis, we identify gene ex-
pression programs which are concordantly regulated by
nicotine, VEGF, or bFGF, and confirm the role of one of
these genes in the cholinergic component of growth factor-
induced endothelial cell migration.

Methods

For Methods, please refer to the Data Supplement, available online
at http://atvb.ahajournals.org.
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Figure 1. Role of nAChR in human microvascular endothelial
cell (HMVEC) migration. A, Representative microphotographs of
the HMVEC migration assay: after wounding of the monolayer
with a razor blade, HMVECs migrate into the denuded area. B,
Nicotine stimulates dose-dependent HMVEC migration which is
maximal at a nicotine concentration of 1078 mol/L (P<0.001 vs
control). C, Effects of hexamethonium (HEX), a nAChR antago-
nist, on HMVEC migration induced by nicotine (1 0 mol/L),
VEGF (10 ng/mL), and bFGF (10 ng/mL). Values are expressed
as a percentage of migrating cells per high-powered field in
vehicle-treated wells. *P<0.001.

Results

A Cholinergic Component of Growth
Factor-Mediated Endothelial Cell Migration

The effects of nicotine on human microvascular endothelial
cell (HMVEC) migration were studied using standard wound-
ing migration assays. Figure 1A depicts typical microphoto-
graphs of in vitto HMVEC migration in the presence of
vehicle or nicotine. Nicotine stimulated EC migration in a

dose-dependent manner with maximal stimulation at 107%
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mol/L, producing cell migration that was 216=9% that of
vehicle-treated ECs (P<0.001 versus control; Figure 1B).
Stimulation with VEGF or bFGF also induced EC migration
with maximal effects at 10 ng/mL (data not shown). Nicotine-
induced EC migration at 10—* mol/L. was equivalent in
magnitude to that observed for bEGF (10 ng/mL) but less
than for VEGF (10 ng/ml.; P=NS for nicotine versus bFGF;
P<0.01 for nicotine versus VEGF; Figure 1C). To further
investigate the effects of nAChR-dependent pathways on EC
migration, we studied the effect of the nAChR antagonist,
hexamethonium (HEX, 10™* mol/L), on EC migration in-
duced by nicotine, VEGF, and bFGF. Hexamethonium abro-
gated nicotine-induced EC migration (Figure 1C). Unexpect-
edly, in addition to abolishing NIC-induced EC migration,
HEX abolished migration induced by bFGF (P=NS versus
control) and reduced migration induced by VEGF (P<0.01
for VEGF+HEX versus VEGF alone; Figure 1C). Similar
results were observed with the nAChR antagonist,
mecamylamine (107® mol/L; supplemental Figure I). The
nAChR-related effect was dose-dependent: in the case of
VEGF, cell migration was attenuated by 2612%, 43+£9%,
and 52+ 12% by HEX concentrations of 107 mol/L, 107°
mol/L, and 107" mol/L, respectively (P<<0.05 for trend).
Nicotinic receptor activation is known to stimulate EC
proliferation.# Interestingly, nAChR antagonism also signifi-
cantly attenuated VEGF- and bFGF-mediated EC prolifera-
tion as assessed by bromodeoxyuridine incorporation (sup-
plemental Figure 11). The nAChR antagonist-related effects
were not the result of cellular toxicity as addition of hexa-
methonium or mecamylamine alone did not induce cell death
as examined via 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl
tetrazolium bromide (MTT) assays, nor did mecamylamine or
hexamethonium induce apoptosis in VEGF- or bFGF-treated
cells as assessed by annexin V staining (data not shown).
Previous in vitro and in vivo data have implicated a central
role for the «7-nAChR isoform in mediating nAChR-induced
neovascularization. Consistent with this, selective inhibition of
the «7-nAChR isoform by «-bungarotoxin (10~° mol/L) abro-
gated nicotine effects (P=INS versus control) and significantly
attenuated bFGF and VEGF-induced EC migration by 50+11%
and 38:13%, respectively (P<0.05 for stimulus versus stinmlus
+ «-bungarotoxin; Figure 2A). We also studied HMVEC
o«7-nAChR mRNA expression in response to nicotine, VEGF,
and bFGF over a 24-hour time course. At 1 hour, nicotine,
VEGF, and bFGF all induced >10-fold downregulation of
«7-nAChR expression compared with vehicle-treated conditions
(P<<0.05 versus control for all angiogens; Figure 2B). However,
by 6 hours, there was significant upregulation of «7-nAChR
expression by nicotine (12+0.8-fold), VEGF (11+1.3-fold), and
bFGF (4+0.2-fold; P<0.001 versus control; Figure 2B). By 24
hours, HMVEC «7-nAChR expression in all conditions had
returned to levels similar to control (P=NS versus control).
These data suggest that nicotine, VEGE, and bFGF induce acute
stimulation of «7-nAChR with subsequent emly downregulation

-of «7-nAChR expression by negative feedback followed by

upregulation at 6 hours. These findings are consistent with a role
for nAChR in growth factor signaling pathways.



108 Arterioscler Thromb Vasc Biol.

January 2007

Figure 2. Role of the «7-nAChR isoform

in growth factor-mediated EC migration.

OControl

A, Effects of «-bungarotoxin (<-BT), a
@Nicotine specific inhibitor of the «7-nAChR iso-

OVEGF form, on EC migration. Coadministration
abFGF of «-BT (10~° mol/L) abrogated the
migragenic effects of nicotine (1078
mol/L; P=NS vs control) and significantly
attenuated the effects of bFGF (10
ng/mL) and VEGF (10 ng/mL). B, Effects
of nicotine, VEGF, and bFGF on EC
«7-nAChR expression at 1, 6, and 24
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Identification of Shared Transcriptional Responses
to Nicotine, bFGF, and VEGF by

Microarray Analysis

To further evaluate a cholinergic contribution to growth
factor—induced EC migration, and to identify commonly
regulated genes that may be required for HMVEC migration,
we performed microarray analysis of HMVECs after expo-

Treatment condition
mes Nicoline
s \/EGF

FGF

BTAT,

Time (Hours)

hours as assessed by relative real-time
RT-PCR. *P<0.05; *P<0.001 compared
with control.

sure to nicotine, VEGF, or bFGF. At 24 hours after treatment,
each of these stimuli induced profound transcriptional
changes in HMVECs (Figure 3), resulting in differential
expression of a total of 3072 genes uniquely identified by
UniGene, as well as 312 expressed-sequence tags, all of
which were represented by 4070 nonredundant cDNA clones:
To study relationships between gene expression programs

Gene-Expression
Ratio

=2
1

<0.

(4,

Figure 3. Hierarchical cluster analysis of
transcriptional effects of nicotine, VEGF, or
bFGF in human microvascular endothelial
cells at 24 hours. A, Overview of the two
way (genes against conditions) hierarchical
cluster of 15 experiments (each condition
was studied in quintuplicate) and 4070 non-
redundant cDNA clones with significant
change in expression at 24 hours. Data from
individual elements or genes are represented
in rows and experiments in columns. Red
and green denote expression levels greater
or less, respectively, than control values.
Gray denotes technically inadequate or

nox missing data. The intensity of the color
reflects the magnitude of the change from
baseline. The dendrogram above the matrix
represents similarities in pattems of expres-
sion between experimental samples. B
through G, Zoom boxes of concordantly
expressed gene clusters, whose location are
indicated by vertical colored bars adjacent to
the dendrogram. Owing to space limitations,
only genes discussed in the text are indi-
cated by UniGene symbol.
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induced by nicotine, VEGF, or bFGF, data for all differen-
tially expressed genes at 24 hours were hierarchically clus-
tered by gene and by array, thereby organizing genes and
experimental samples on the basis of similarity of expression
patterns (Figure 3A through 3F).* The cluster dendrogram
shows that all 3 stimuli induced distinct transcriptional
signatures which cluster within 3 distinct groups, but there is
a closer relationship between the VEGF- and bFGF-induced
expression profiles, which cluster together on the same
dendrogram branch (Figure 3A).

Within the distinct transcriptional profiles induced by nico-
tine, VEGF, or bFGF, we identified 6 clusters with concordant
gene expression (3 clusters of commonly activated and 3
commonly corepressed genes; Figure 3B through 3F). The
characteristics of these clusters provide insights into shared
cellular processes that may be requisite for angiogen-induced
cell migration. The first activation cluster (Figure 3B), the
“migration cluster,” was enriched for genes associated with
cytokinetic processes including migration-associated G protein
signaling (Rho GTPase regulatory proteins and RIN2), integrin
binding (ERBB2IP and ADAMY), cell cycle regulation and
proliferation (RRM2, MDM2, AHR, MLLT4, and MUTYH),
NF-xB activation (BCL10 and CASP8AP2), and migration-
associated oxidoreductase activity (LOX and ASPH). Signifi-
cantly, three Rho GTPase activating proteins (GAPs) including
ARHGAP5, ARHGAP21, and ARHGAP24 and one Rho
guanine nucleotide exchange factor (GEF), ARHGEF7, were
concordantly upregulated in this cluster. Rho GEFs and
GAPs, by respectively controlling the activation and inacti-
vation of small Rho GTPases (Cdc42 and Rac), regulate the
orchestration of cytoskeletal and adhesive changes during
cytokinesis.”

A smaller second coactivation cluster (Figure 3C) includes the
p21-activated kinase PAK1, an effector for the Rho GTPases
Rac and Cdc42, that facilitates cell migration by coordinating
formation of new adhesions at the leading edge of the cell with
detachment at the trailing edge.!® Other genes in this activation
cluster comprise zinc finger proteins and genes involved in
nucleic acid metabolism. Interestingly, all three angiogens in-
duced activation of the VEGF receptor, FLT1, an effect that was
stronger for bFGF-treated cells than for nicotine or VEGF
(Figure 3D, which contains 3 nonredundant cDNA clones for
FLT1). In addition to the coinduction of FLTI by all three
stimuli, we found that several isoforms of nAChR subunils are
upregulated by VEGF at 24 hours (supplemental Table D),
suggesting other potential synergistic interactions between
VEGF and cholinergic signaling pathways.

The first repression cluster (Figure 3E) contains genes that are
strongly downregulated by bEGF, many of which are also
concordantly repressed by nicotine and VEGF. A dominant
theme among concordantly repressed genes is the downregula-
tion of chemokine genes (principally of CC class) involved
leukocyte chemotaxis (CCL2, CCL7, CCLS, CCL20, and
CX3CL). Another prominent feature is the robust repression of
thioredoxin interacting protein (TXNIP) (Figure 3E), a protein
that binds and inhibits thioredoxin, a major intracellular antiox-
idant. Other corepressed genes in this cluster have been impli-
cated in apoptosis (TNFRSF1B, EP300), signal transduction
(CD53, SQSTM1), and cell adhesion (ICAMI). The second
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repression cluster (Figure 3F) included two Ephrin receptors:
EPHB4, a marker of venous differentiation and EPHAZ2, an
inhibitor of cell migration which suppresses integrin function.
Other genes within this group were associated with tumor
suppression, microtubular polymerization, and signal transduc-
tion. The striking feature of the third cluster of corepressed genes
is a strong enrichment for metallothioneins (MT1E, MTIEF,
MTI1G, MT1L, MT1X, MT2A, and MT3; Figare 3G). Metal-
lothioneins (MTs) comprise a superfamily of small cysteine-rich
proteins with high affinity for metal ions and antioxidant
activity. By serving as a cellular reservoir for zinc and copper,
MTs regulate the function of proteins requiring these metals
such as DNA and RNA polymerases, zinc finger transcription
factors, and p53.1" Other genes in this cluster are involved in
diverse functions including cell proliferation/apoptosis (MYC,
ERCC2), lipid transport (PTLP), calcium ion transport
(CACNAID), and actin binding (COTL1).

In summary, the transcriptional signatures of nicotine, VEGF,
and FGF, while distinct, demonstrate many overlapping features.
By hierarchical cluster analysis, we have identified a series of
shared angiogen-dependent EC transcriptional programs, with
implications for understanding shared mechanisms in EC
niigration/angiogenesis.

Role of Thioredoxin Interacting Protein in the
Cholinergic Contribution to Growth
Factor-Induced EC Migration

As nAChR antagonism modulates VEGE- and bEGF-dependent
BC migration; we hypothesized that some of the transcriptional
effects shared by nicotine, VEGF, and bFGF may be nAChR-
dependent. Thioredoxin interacting protein (TXNIP), a gene not
previously associated with EC migration, was downregulated by
all three angiogens. TXNIP is the endogenous inhibitor of
thioredoxin. Thioredoxin is a major.redox regulator of protein
function increasingly implicated in tumorigenesis.'>!? In ni-
croarray data from 3 nonredundant cDNA clones for TXNIP,
nicotine, VEGF, and bFGF consistently decreased TXNIP ex-
pression—a finding confirmed by RT-PCR, which demonstrated
decreased expression by 42£4%, 33£6%, and 26+7% relative
to control, respectively (P<<0.001 for all stimuli; Figure 4A). As
in vivo reduction of TXNIP expression in the order of 30% to
40% has been associated with >3-fold increases in thioredoxin
activity,”* we hypothesized that TXNIP downregulation may
influence thioredoxin activity and play a role in angiogen-
mediated EC migration.

Using a standard assay for thioredoxin activity,'> we found
that addition of nicotine or VEGF induced thioredoxin activity
significantly above vehicle-treated cells (P<<0.001 versus con-
trol for all stinmli; Figure 4B). The addition of bFGF induced a
less robust (P<<0.05 versus control) but significant increase in
thioredoxin activity (Figure 4B). Notably, coadministration of
hexamethonium inhibited nicotine-, VEGE-, or bFGF-induced
thioredoxin activity (Figure 4B; P<<0.001 for each stimulus
versus stimulus + Hexamethomium). Hexamethonium alone had
no significant effect on thioredoxin activity. Consistent with
these results, nAChR antagonism abrogated nicotine, VEGF,
and bFGF-mediated repression of TXNIP mRNA expression
(P=NS versus confrol for each stimulus + hexamethonium;
Figure 4A). Transfection of small interference RNA (siRNA)
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against thioredoxin abrogated nicotine-, VEGF-, or bFGF-
induced thioredoxin activity and abolished cell migration in-
duced by nicotine, VEGF, or bFGF (P=NS versus control for
each stimulus + siRNA; Figure 5A and 5B). Furthermore, in the
absence of angiogenic stinli, sIRNA against TXNIP signifi-
cantly stimulated thioredoxin activity (P<<0.0001 versus control;
Figure 6A) and strongly stimulated HMVEC migration (Figure
6B, P<0.0001 versus control). These studies indicate that
inhibition of TXNIP by cholinergic or growth factor activation
promotes endothelial cell migration, via derepression of thiore-
doxin activity. Furthermore, VEGF- or bFGF-mediated regula-
tion of TXNIP expression is dependent on activation of nAChR
(Figure 4A).

Discussion
We report a cholinergic contribution to growth factor-induced
endothelial cell migration. The salient observations are that: (1)
activation of nAChR induces EC migration similar in magnitude
to that observed for bFGF or VEGF; (2) antagonism of nAChR
markedly attenuates the migragenic effects of bFGF or VEGF on
ECs; (3) the nAChR-dependent effects of bFGF and VEGF on
EC migration are due, in large part, to activation of the
«7-nACHR isoform; (4) nAChR activation indnces a transcrip-
tional profile that has many overlapping features to those
induced by bFGF or VEGEF, particularly for genes involved in
EC migration; (5) downregulation of TXNIP with subsequent
induction of thicredoxin activity is shown to be important to the
migragenic effects exerted by each of the stimuli; (6) antagonism
of the nAChR abrogates VEGF- or bFGF-mediated regulation of
TXNIP expression. In toto, our findings identify a novel role for

>

Figure 4. Role of nAChR in growth fac-
tor-mediated regulation of TXNIP expres-
sion and thioredoxin activity in ECs.
Effects of nicotine (1078 mol/L), VEGF (10
ng/mb), and bFGF (10 ng/mL) with/with-
out coadministration of hexamethomium
{10* mol/L) on TXNIP expression (A) and
on thioredoxin activity (B} in human
microvascular endothelial cells. Values

Fhooe e e for thioredoxin activity are expressed as

F A a percentage of control {vehicle-treated
cells). *P<0.01.
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the nicotinic cholinergic pathway in growth factor-mediated EC
migration, a critical event in angiogenesis.

Previous studies have demonstrated that ECs synthesize,
store, and release acetylcholine'® and express functional
nAChRs? Increasing evidence suggests that such nonnewonal
nAChRs are involved in the regulation of vital cell functions,
such as mitosis, differentiation, organization of the cytoskeleton,
cell-cell contact, locomotion, and migration.'” Thus, acetylcho-
line, originally identified as a neurotransmitter, may function as
an autocrine factor that modulates migration of endothelial cells.
We and others have previously shown that exogenous nicotine,
at pathophysiologically relevant concentrations, promotes angio-
genesis in a2 number of in vivo settings, including inflammation,
wound healing, ischemia, tumor, and atherosclerosis.#7-18 Fur-
thermore, inhibition of nAChR, in the absence of exogenous
nicotine, reduces the angiogenic response in vitro and in vivo,
indicating that there exists an endogenous cholinergic pathway
for angiogenesis.” In contrast, recent work has shown that VEGF
and FGF, originally identified as angiogenic growth factors,
exert newrotrophic effects and promote neurogenesis.’*2 These
and other data suggest that there may be interdependence
between “vascular” and “newronal” factors and processes.

In this study, we found that nicotine induced dose-dependent
nAChR-mediated EC migration which was maximal at concen-
trations consistent with those found in moderate smokers (107°
mol/L). Surprisingly, coadministration of nAChR antagonists,
hexamethonium, or mecamylamine, significantly attenuated the
migragenic response of ECs to both VEGF and bFGF. Although
several nAChR isoforms exist, we have previously identified a
principal role for the «7-nAChR isoform in nAChR-mediated

Figure 5, Effects of gene knockdown of thi-
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Scrambled {randomly arranged) siRNA had
no effect on thioredoxin activity or HMVEC
migration (data not shown). Values for thiore-
doxin activity and migration are expressed
as a percentage of control {vehicle-treated
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Figure 6. Effects of gene knockdown of thioredoxin interacting
protein (TXNIP) by small interference RNA (siRNA) on thioredoxin
activity {A) and human microvascular endothelial cell (HMVEG)
migration (B). Scrambled (randomly arranged) siRNA had no effect
on thioredoxin activity or HMVEC migration (data not shown). Val-
ues for thioredoxin activity and migration are expressed as a per-
centage of control (vehicle-treated cells). **<0.0001.

angiogenesis in vitro and in vivo.5 Consistent with these find-
ings, we now-find that VEGF and bFGF both induced changes
in «7-nAChR expression consistent with activation of «7-
nAChR. Moreover, the «7-nAChR selective antagonist,
«-bungarotoxin, attenuated VEGF and bFGF-induced EC mi-
gration to a similar extent as for the nonselective antagonists,
hexamethonium, and mecamylamine. These latter findings sug-
gest that nAChR-dependent pathways, particulatly via o7-
nACHR activation, are involved in the modulation of growth
factor—induced EC miigration.

To study the relationship between nicotine and angiogenic
growth factors at a genomic level, microaray analysis was
performed after HMVEC exposure to nicotine, VEGF, or bFGF.
By hierarchical clustering, we found that each stimulus induced
distinct but overlapping transcriptional responses, with concor-
dant gene expression being concentrated within six largely

functionally coherent gene clusters. A major functional theme-

among concordantly expressed genes was the coregulation of
cell motility-related processes by all three angiogens. In partic-
ular, a “migration” cluster of concordantly activated genes was
strongly enriched for genes involved in cytokinetic-related pro-
cesses such as the Rho GTPase cell motility pathways, integrin
binding, cell cycle regulation, and NF-«B activation. Our find-
ings with regard to activation of Rho GTPase pathways by
VEGF and bEGF are consistent with previous studies?! and
reinforce the central role of Rho-related regulation of actomyo-
sin cytoskeletal organization EC migration during angiogenesis.
We previously demonstrated that nAChR-dependent endothelial
tube formation in vitro is dependent on NF-«B activation.® The
migration cluster included two genes associated with NF-«B
activation: BCL10, an important activator of NF-«B down-
stream of protein kinase C, and CASPSAP2 (aka FLASH),
which coordinates downstream NF-«xB activity via a TRAF2-
dependent pathway.? In addition, many genes within the migra-

-
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tion cluster have been implicated in oncogenesis (MDM2,
ADAMSY, BCL10, etc), a finding pathogenetically consistent
with the role of angiogenesis in cancer.

The majority of concordantly regulated genes revealed by our
microarray analyses have not been previously associated with
angiogenesis. These include the p53 inhibitor MDM2 (activated
by all three stinwli) and TXNIP, C-C chemokines, and metal-
lothioneins (repressed by all three stimuli). These concordant
transcriptional profiles provide further evidence for a cholinergic
component of the angiogenic pathways. For example, our
findings of coinduction of FLTI by all three stimuli, and of
nACHR subunit induction by VEGF are consistent with interac-
tion between the signaling pathways.

Of the coregulated genes identified by hierarchical clustering,
we focused our attention on TXNIP. Originally identified in
HL-60 leukemia cells treated with 1,25 dihydroxyvitamin D;
(and previously known as Vitamin D; upregulated protein 1),
TXNIP is an endogenous inhibitor of the ubiquitous redox
protein thioredoxin.’? Thioredoxin, a major redox regulator of
protein function and signalin‘g via thiol redox control, has been
implicated in the regulation of cellular responses to oxidative
stress and apoptosis.® Thioredoxin selectively regulates the
activity of DNA-binding proteins; for example, two transcription
factors concordantly regulated by the three stimuli, NF-«B, and
p53, require thioredoxin reduction for stimulation of DNA
binding.2324 Increasing evidence implicates TXINIP and thiore-
doxin in tumorigenesis. Thioredoxin expression is increased in
several human primary cancers, whereas TXNIP is strongly
downregulated in human tumor tissues.’3?5 Inhibition of thiore-
doxin signaling with experimental antitumor agents such as
PX-12 (1-methylpropyl 2-imidazolyl disulfide) and pleurotin
reduces tumor cell production of HIF-1a and VEGF in vitro and
inhibits tumor angiogenesis in vivo.?® We hypothesized that
repression of TXNIP may play a role in mediating growth
factor~-mediated BEC migration.

In the present study, we found that nicotine, VEGF, and bFGF
stimulated thioredoxin activity—a finding consistent with their
common suppression of TXNIP. Gene knockdown of thiore-
doxin by siRNA reversed the effect of growth factor stimulation
and abrogated the effect of nicotine, VEGF, or bFGF on EC
migration. These findings are consistent with a critical role for
thioredoxin in mediating growth factor—induced EC migration.
Interestingly, the increase in thioredoxin activty induced by each
of the three stimuli could be blocked by nAChR antagonism.
Finally, gene knockdown of TXNIP alone, without addition of
growth factors, induced EC migration. Our findings indicate that
TXNIP, by regulating of thioredoxin activity, may play an
important role in angiogenesis mediated by growth factor recep-
tors or nAChRs. The mechanism whereby thioredoxin mediates
EC migration is poorly understood but may involve stimulation
of hypoxia-inducible factor-1ar (HIF-1c), a transcription factor
that plays a central role in mediating the angiogenic response to
hypoxia. Overexpression of thioredoxin in a variety of malignant
cells has been shown to induce HIF-1a expression and VEGF
production. Induction of HIF-la in human endothelial cells
upregulates the expression of multiple angiogenic factors includ-
ing the angiopoietins which are potent stinmlators of cell
migration via Tie-2 signal transduction pathways?® Moreover,
as cellular redox state is an important deferminant of Rho
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GTPase activity, it is possible that thioredoxin may play a role in
Rho-mediated cytoskeletal remodelling during cell migration.2?
In summary, our data show that activation of nicotinic
acetylcholine receptors (nAChRs) induces endothelial cell mi-
gration. Furthermore, growth factor (VEGF and bFGF)-induced
endothelial cell migration involves nAChR activation. By tran-
scriptional profiling we have identified convergent genomic
responses of ECs to nicotine, VEGF, and bFGF. Identification of
concordantly regulated genes may provide novel insights into
molecular processes mediating EC migration and angiogenesis.
Indeed, using this approach we found that TXNIP, by regulating
thioredoxin activity, is centrally involved in nAChR-mediated
EC migration. Our studies provide evidence for a cholinergic
contribution to growth factor-induced EC miigration. The
nAChRs may play an important role in growth factor-induced
angiogenesis, and thus may be a target for therapeutic modula-
tion in disorders of pathological or insufficient angiogenesis.
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Abstract

Ceruloplasmin has ferroxidase activity and plays an essential role in iron metabolism. In this study, a site-specific glycosylation analy-
sis of human ceruloplasmin (CP) was carried out using reversed-phase high-performance liquid chromatography with electrospray ioni-
zation tandem mass spectrometry (LC-ESI-MS/MS). A tryptic digest of carboxymethylated CP was subjected to LC-ESI-MS/MS.
Product ion spectra acquired data-dependently were used for both distinction of the glycopeptides from the peptides using the carbohy-
drate B-ions, such as m/z 204 (HexNAc) and m/z 366 (HexHexNAc), and identification of the peptide moiety of the glycopeptide based on
the presence of the b- and y-series ions derived from the peptide. Oligosaccharide composition was deduced from the molecular weight
calculated from the observed mass of the glycopeptide and theoretical mass of the peptide. Of the seven potential N-glycosylation sites,
four (Asn119, Asn339, Asn378, and Asn743) were occupied by a sialylated biantennary or triantennary oligosaccharide with fucose resi-
dues (0, 1, or 2). A small amount of sialylated tetraantennary oligosaccharide was detected. Exoglycosidase digestion suggested that
fucose residues were linked to reducing end GlcNAc in biantennary oligosaccharides and to reducing end and/or o1-3 to outer arms Gle-
NAc in triantennary oligosaccharides and that roughly one of the antennas in triantennary oligosaccharides was 02-3 sialylated and
occasionally «1-3 fucosylated at GIcNAc.
© 2005 Elsevier Inc. All rights reserved.

Keywords: Ceruloplasmin; Glycopeptide; Liquid chromatography-electrospray tandem mass spectrometry; Product ion spectrum; Exoglycosidase
digestion

peptide chain of 1046 amino acid residues [5]. The amino
acid sequence was confirmed from complete cDNA
sequence [6]. The major oligosaccharides in human CP were
reported to be sialylated bi- and triantennary structures
with or without a fucose residue [7,8]. Although four N-gly-
cosylation sites (Asnll9, Asn339, Asn378, and Asn743)
were identified among seven potential sites [9], the heteroge-

Ceruloplasmin (CP)! is a blue copper serum glycopro-
tein synthesized in the liver. CP has ferroxidase activity and
plays an essential role in iron metabolism [1-4]. The pri-
mary structure of human CP has been determined by
amino acid sequencing, and it is composed of a single poly-
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aminetetraacetic acid; TFA, trifluoroacetic acid; Q-TOF, quadrupole
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neity of oligosaccharides was still unknown at each glyco-
sylation site. CP is an acute phase reactant, and the serum
concentration increases during inflammation, infection, and
trauma [10]. It is known that the patterns of glycosylation
are changed by inflammatory cytokines [11]. Several studies
have reported that CP is a good diagnostic marker of solid
malignant tumors [12,13] and that the CP glycoform might
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be a valuable supplement [12]. Thus, it is important to con-
duct a site-specific glycosylation analysis of normal human
CP.

One of the most effective techniques for determining the
site-specific carbohydrate heterogeneity of glycoproteins is
the mass spectrometric peptide mapping of proteolytic
fragments of glycoproteins by liquid chromatography with
electrospray ionization mass spectrometry (LC-ESI-MS)
[14-19]. The specific detection of glycopeptides in a com-
plex peptide mixture is generally achieved by monitoring
specific carbohydrate fragment ions such as m/z 204 (Hex-
NAc) and m/z 366 (HexHexNAc) produced by cone voltage
fragmentation or by precursor ion scanning [15-19].
Because product ion spectra of glycopeptides show high
abundant carbohydrate fragment ions and low abundant b-
and y-series fragment ions derived from the peptide
backbone [20,21], product ion spectra acquired data-depen-
dently in liquid chromatography with electrospray
ionization tandem mass spectrometry (LC-ESI-MS/MS)
can be used for both the selection from the peptides and the
identification of the glycopeptides [22]. MS in combination
with specific exoglycosidase digestions allows us to obtain
the site-specific information on anomericity and linkage of
glycans [23]. In the current study, we conducted a site-spe-
cific glycosylation analysis of human CP and successfully
determined glycosylation status and glycosylation profile at
each N-glycosylation site.

Materials and methods
Materials

Acetonitrile, formic acid, and guanidine hydrochloride
were purchased from Wako Pure Chemicals Industries
(Osaka, Japan). Purified human CP was purchased from
Calbiochem (San Diego, CA, USA). Modified trypsin was
purchased from Promega (Madison, WI, USA). o2-3 Neur-
aminidase (EC 3.2.1.18) of Macrobdella decora, a recombi-
nant form, and «l-3,4 fucosidase (EC 3.2.1.51) from
Xanthomonas sp. were purchased from Calbiochem. o2
3,6,8,9 Neuraminidase (EC 3.2.1.18) of Arthrobacter urea-
Jaciens, a recombinant form, and B1-4 galactosidase (EC
3.2.1.23) were purchased from Sigma Chemical (St. Louis,
MO, USA). The water used was obtained from a Milli-Q
water system (Millipore, Bedford, MA, USA). All other
reagents were of the highest quality available,

Reduction and S-carboxymethylation of CP

CP (100 ng) was dissolved in 270 ul of 0.5M Tris—HCI
buffer (pH 8.5) that contained 8 M guanidine hydrochloride
and S5mM ethylenediaminetetraacetic acid (EDTA). After
the addition of 2 pl of 2-mercaptoethanol, the mixture was
incubated for 2h at 40 °C. Then 5.67 mg of moncoiodoacetic
acid was added, and the resulting mixture was incubated
for 2h at 40°C in the dark. The reaction mixture was
applied to a PD-10 column (Amersham Biosciences, Upp-

sala, Sweden) to remove the reagents, and the eluate was
lyophilized.

Trypsin digestion of CP

Reduced and carboxymethylated CP was redissolved in
100 ul of 0.1 M Tris-HCI buffer (pH 8.0). An aliquot of 1 pl
of trypsin prepared as 1 pg/ul was added to 50 ul of CP
solution (1:50, w/w), and the mixture was incubated for 16h
at 37°C. The enzyme digestion was stopped by storing at
—20°C before analysis.

HPLC of tryptic digest of CP

Tryptic digests (0.2 and 0.4 pg) of human CP were ana-
lyzed by LC-ESI-MS/MS to identify the peptides and gly-
copeptides, respectively. HPLC was performed on a
Paradigm MS 4 (Michrome BioResources, Auburn, CA,
USA) equipped with a Magic C18 column (0.2, 50mm,
Michrome BioResources). The eluents consisted of water
containing 2% (v/v) acetonitrile and 0.1% (v/v) formic acid
(pump A) and 90% acetonitrile and 0.1% formic acid
(pump B). Trypsin-digested samples were loaded onto a
microtrap (peptide captrap, Michrom BioResources). After
a wash with 15 pl H,0O/CH,CN (98:2) with 0.1% trifluoro-
acetic acid (TFA), the trapping column was switched into
line with the column. Samples were eluted with 5% of B for
10min, followed by a linear gradient from 5 to 65% of B in
60min at a flow rate of 2 ul/min.

ESI-Q-TOF-MSIMS

Mass spectrometric analyses were performed using a
quadrupole time-of-flight (Q-TOF) mass spectrometer
(QSTAR Pulsar, MDS Sciex, Toronto, Canada) equipped
with a nano-electrospray ion source. The mass spectrome-
ter was operated in the positive ion mode. The nanospray
voltage was set at 2500V. Mass spectra were acquired at
miz 400-2000 or m/z 1000-2000 for MS analysis and at m/z
100-2000 for MS/MS analysis. After every regular MS
acquisition, two MS/MS acquisitions against top two of the
multiply charged molecular ions were performed (data-
dependent acquisition). The precursor ions with the same
mj/z as acquired previously were excluded for 120s. The col-
lision energy was varied between 30 and 80eV depending
on the size and charge of the molecular ion. Accumulation
times for the spectra were 1.0 and 2.0s for MS and MS/MS,
respectively. All peaks were resolved monoisotopically.

Tandem MS/MS data from LC-ESI-MS/MS runs were
submitted to the search engine Mascot to identify the tryp-
tic peptides of CP. One missed cleavage was allowed, and
tolerances of 2.0 and 0.8 u mass were used for precursor and
product ions, respectively. From the data for LC-ESI-MS/
MS at m/z 1000-2000, glycopeptide precursor ions were
selected manually based on the presence of oligosaccharide
oxonium ions such as m/z 204 (HexNAc) and m/z 366 (Hex-
HexINAc). The glycopeptide ions were assigned based on





