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A mammalian homolog of the zebrafish transmembrane protein 2 (TMEMZ2) is the
long-sought-after cell-surface hyaluronidase

A EE SACEREERLRY: BERERRE T BB (B IR EERERS: WRREAREHS: GiAi)
A7) F T F ORI G 2L S 5 0 (LR
Altered expression of GM3 molecular species during myoblast differentiation, and its
biological significance

S CH
I | FALBERERRERY: fHlad#E~2 (D3)
Inhibition of fucosylation by 2-fluorofucose suppresses human liver cancer HepG2
cell proliferation and migration as well as tumor formation
Scientific Reports 7(1):11563, 2017, doi:10.1038/s41598-017-11911-9
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A mammalian homolog of the zebrafish transmembrane protein 2 (TMEM2)
is the long-sought-after cell-surface hyaluronidase
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BWTEELEHE %2 $ 723 Transmembrane protein 2 (TMEM2) 23l EmIciFET 2 TH %
HA 3£ TH 5 Z £ %A L 72, £ 7 Live staining & X OF surface biotin assay % F\>T
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ZHER L 72, 2N DfERIZ, TMEM2 23fifastic 8v>T HMW-HA % dor 80 HA IZUIW 3 %
HA 5l ch b 2 L2 R7BLTw3 (1) ,
(1) Hayato Yamamoto, Yuki Tobisawa, Toshihiro Inubushi, Fumitoshi Irie, Chikara
Ohyama,Yu Yamaguchi. J. Biol. Chem., 292 (18), 2017. DOI 10.1074
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Altered expression of GM3 molecular species during myoblast differentiation,
and its biological significance
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4 v IHEREE 2 bt U 72, o LR O R o BeFE Tk GM3 @ > 7Ligl: TNeubAcy TH 5D
R U, ftErT (BB 1By, TNeu5Gey ~EZfLL 7, $72. GM3 D2 I I F7 oL
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G I HIAD S, 5, 26 A7 4 v IENRENGE 2 RRVE O SEBIHI IS . SE o MEH - BRee.
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(I) Inokuchi J. (2011) Proc. Jpn. Acad., Ser. B. 87, 179-198
(2) Veillon L, Go S, Matsuyama W, Suzuki A, Nagasaki M, Yatomi Y, Inokuchi J.,(2015) PLoS
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One.,10(6):e0129645
(3) Go S, Go S, Veillon L, Ciampa MG, Mauri L, Sato C, Kitajima K, Prinetti A, Sonnino S,
Inokuchi J. (2017) J. Biol. Chem., 292, 7040-7051
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Mnhibition of fucosylation by 2-fluorofucose suppresses human liver cancer
HepG2 cell proliferation and migration as well as tumor formation |
Scientific Reports 7(1):11563, 2017, doi:10.1038/s41598-017-11911-9
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(G X 2R

al,6 72— (a7 7a—R) EBFEEFWS)ICLVESREI NS 27 7 a2 VLI, T
ADNAF2—h—& L TIHEFICEHERENE W ETHEHI N L 3 EcH 5, —1., L
GIFDSADFAE - BEIC S a7 7 a P VALHHO RN EETH 2 Z EEZHSPITLTWDS, L
L. G %E#Z 22 LT3, Fut8 BinTORKPZ OMEEEDIE & v kiR TcHh 2, A
sEclx, a7 7 av bz PAMBR R T2 2 E2HWNIC, L-7a—207+0 7 TH
% 2-fluorofucose (2FF)D A k2 W3t L 7z, 2FF 1P B A £4C. GDP-fucose & D
de novo g #HET 2 LAISN T35, 2FF OGN X h & FFASA d2K HepG2 flifldo a2 7 7
aAIUEDBEIICHIfl S NS 2 &2 L 7 F VRIS EEDIT CHERE L 72, MillaZRim o B 2 2 R7 0k
THBEGFR® Bl A VYT 7)) v MO Thbar 7 ay WLk $ 2 2 &£ 2R L &,
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It’s really a great honor for me to receive the Sen-itiroh Hakomori glycoscience award. This is
the best affirmation and encouragement for my three years studying in Tohoku Medical and
pharmaceutical University.

Here, I would like to show my heartfelt gratitude to Prof. Hakomori as well as the Prize
committee members. Prof. Hakomori is an outstanding scientist in the world, who has made a
great contribution to the glycobiology, the biochemistry and cell biology. As a student, I was
very lucky to have several chances to listen to his lectures, and very impressed with his talk.
Under the guidance of Prof. Hakomori, I had deeper understanding of glycobiology and
became more and more interested in the glycobiology.

Time flies, I have been studying in Tohoku Medical and pharmaceutical University for nearly
3 years. I owe my deepest gratitude to President Motoaki Takayanagi to provide the
opportunity to study in Tohoku Medical and Pharmaceutical University. I feel grateful to our
university for providing us such a high-quality academic environment, a good academic
atmosphere, plenty of academic resource and an extensive communication platform. During
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BERERAE ) T-FHE D 2017 SR D b E v 713, 11 FEBOBFRA IS %2 i L 22 HFE ]
s 3 AR R R A DM - Bd% 3591 72 12 B S L7 i BE AR A B R & L
THRIEL 72 ThD, WL EDftFE, A7V A F GM3 LR, fingfbe Ay
7V FT R, 7 EMRE,. o-GIctNAc & 2 7 4 v THEIRERB, 2 EDLIEIchiz>T
EOBED AR LML T3, 1 0FEROMIEEHRIZ £ L7 2RO T4 7
U Ay F GM3 IR RERED S 15 A7 ¢ v IHilEERGE) (1)B X ¥ TGangliosides
and Hearing; 2)ZHK L7z, 7. BEOMERRETH S THigfbeE >y 7V 4 Fo
MR ISP 2 EE RS R JBC I L 72(3), ~ v AfMiZEfilie C2C12 fifld o 71t
WIRICB TR A7 4 v IWIBE 2N L7 & 25, Lo o Bt GM3 @
> 7 VIEIZ TNeubAc) TH L DITR L, MLET (FETE) 12fEv», TNeubGey ~&
ZA LTz, £/, GM3 D& 7 2 F 7 2 OVEHE T OREE I RN IZRFE B 24 Db DH3FE
FTHh o703, SLITEEVIRER 16 Db 0EM L FHEAE DN EZL L7, R L7
STV TRZLLB X T I Fo 7y VEEEZEH RO L 2 25 v 7T
HIETH S I ERBRINA3), 2% DHfili:, AU GM3 ThH->TdH, 2D 7 F
g X O T oS P LVBOEZZ2LE¥ 5 2 LT, Z2oWE2E A, otz @)
I, RECHIE L TR EEZ NS, ZOWTE TR, B ERE (B
H) 2ZELEDORAREZIL VI ETH B,

SR o TR I2E RS HH S o 24 1%

;IL{: D @iﬁ%ﬁ T % ) 71’: 5’??5??‘@%1@i Inflammatory GM3  Anti-inflammatory
HI20174EAH X DT & LTHELL %, L OBt B B R0, Sbim 16 Poysil species
FREFE 1 ALK SRS 0 B S B2 // e
ROFBFETH D HI1310 E L
B2 D F oYY % A TS Onerie  OLECs
EUEL, 2 0, JEK RO e
HEZOWIEETL a P a I NLTD I —
RIS ToR s 2 TS L 7248 8 d > C —

zb 7z L @ﬁ%%@:ﬁﬁ@ L 71,:0 }E‘T’f\ E ?&‘? NF-kB oo > TNF-q, IL-6, IL-1B
WERIC B B 27 4 v THIEE 0N o %%

:EEEE}EH@%% o: S Tﬁa%n\ﬁﬂ:% j‘& @ &) 1 HYITUAY REN URESIEX H =X LADIRER

Tw3, HTxDEMFEHETHS T2 ¥

Ry ZHEEERC BT 2 A 7 4 v THFEDRAEEFICANER ) OB W T, HALESR
DR RITEEICD O RIERIGOFEEIC, A7) A T F GM3 RN T v R
DEEDVFRHETH S L ZFHLOOH 5, K 1 ICBIEDFRICH-D R 2R T,
IR B O RFIE, BEEREABEO LGS ELFETH Y 7Y 4> F GM2 &%
IZBT 2 DN ERBRBREOMITIC O W TOFRERL 2 HEL -4), AiFZETIZ, GM2
AL (GM2S) 23T mRNA NY 7 v b2 65, ZOFH mRNA 2 & (30 ik s
7t LCHEBET % R-based motif # > M1-GM2S 3R I N2 2L 2R L 72, &5
12, R-based motif 2 b 7272 WEHID T A Y 7 4+ —LTH 3 M2-GM2S £ M1-GM2S A3~
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TRYA 2 —%PRT 5 LT M2-GM2S FE

y\\/f V_J: b {)%b)ﬁﬁllﬁ‘:% %)‘/): (1:7537‘?\‘?“ Lysosome

7oo BIRIRWGZ &2, ZOLEM DA I3/

PN DT C A < 3L (RIS [opman 1
2HDTHH, GM2S IZB T R-based motif

BTSRRI S 7 L L LCHEET B 2 L 3 "
MBI (M2), £7-.GM3 Ail#EE (GM3S) [ R
O) EX0n3 / 4 7 7 17 ]\ ~ 17 A %J;H X )71’: ﬁﬁ*ﬁf\ Retroggransport/ Golgi retention )
fh#HA%R TlE GM3 & EGEMEDN ST 2 23, TFl& T between Golgi = stabilzation | | g
GM3 AIEIEAEGF T 2 C L 2 Rl L 72, 2h \“ S
T, WMy ZDMHTICE T, AR 2 dis
i OM3 s on s tlps | gl | |

3. mRNA OFBLED Ml & b L L < e T
W ERRIN T, D ATEFREL | M | mimz | memz |
TWAHHE mRNA XY 7> b (cl-type) Z[FH GM2s

i L IFET O\ GM3 ARG cl-type @ 57 s SEERER SRS bt
FBUTHRT B 2R L7, £7, cl-type &

Exon3 827574 v 73NTH, FilcliCALWNB AT IA4 v T7A4 Y 7 4 — L03EIK
SN, Tid GM3S-Exon3-KO =7 2 DT GM3 G 0EHEEfE L T Bl TH
52 & %mLT2(5),

FUR R R RER ORI LA & o IFPFE T, JER ICBIRE CETRDF 5 7 (6), £ 7 2
F7+wu 27 ¢tdh % l-phenyl-2-decanoylamino-3-morpholino-1-propanol (PDMP) I A
7 4 v IFEIREOGHEA & LTI N, VY Y — A/ Mtk oI b EE
522 Z s T 0k, AifgETid, PDMP 25 mTORC1 OfifldNEEE 2L s ¢ %
Z & T mTORCI D&Mzl 2 AJRetEICEH L. Z OWGEEZ A7, Z OfiH PDMP
FRIZ X D mTORCI /g & D[R FRICHML 72, 512 mTORCL 2 V
YV —LRICENE T % 8 & 7% 5 Ragulator DR ELFE LAMTOR] &, PDMP LBz X b
UV Y — L0 /RN ERTEDZALT 52 2 LDV L 72, 206 OfERS2 6, PDMP 4L
BUZ X D mTORC1 239 VY — Lo S/NEEANEAT S 5 2 &£ DVR S 72(6), AWTSE I3
NRTEDZLE VY | SETIcalAs TR WIERRETFIC X 2 mTORCL BHEHIO B
FIZH OB LIRS NS,

201 7THRICHER L T X

1. Y70 A2 F GM3 GERESE RIBRED 6 W 5 2 7 4 v THENREMRE  WER], H 2 1
f=— TAAlkas) 2017

2. Gangliosides and hearing. Inokuchi J., Go S., Yoshikawa M. and Strauss K.
Biochim. Biophys. Acta, 1861, 2485-2493, 2017

3. Altered expression of ganglioside GM3 molecular species and a potential
regulatory role during myoblast differentiation. Go S., Go S., Veillon L., Ciampa
M.G., Mauri L., Soto C., Kitajima K., Prinetti A., Sonnino S. and Inokuchi J. J. Biol.
Chem., 292, 7040-7051, 2017

4. Identification of a new B4GalNAcCT1 (GM2/GDZ2/GAZ synthase) isoform, and
regulation of enzyme stability and intracellular transport by arginine-based motif
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EETFERICBEELZGY VNV ERBRZABORERE LB L A EREEE
iz X 2§
EEEBEREET E FEF

1. MBS GPCROKRE L Z DRy b U —2

A DBLFTIPSFEH LT3 H8Y FAHD G ¥ v o8 7 EHEZEAE (GPCR) O—
Tdh % GPRCEB (&, Hiieht R laftie, ik g8 ffic I L. 2 D% a2 v —»3 BMI
fili & A3 2 I BERZ RATH 5, mGIuR % L [A U Class C IZJE9 % GPRC5B 1. &
fEG SRR D BRI OB AR A~ 2 Y vk, EHE O HIEICBE S5 3 5, Bl 4 filia
DEGNERA v AV v 3ih3, GPRCSB ZHHT 2 L TIR T2 LB 0hoTED,
BRI H 3 o gl B M <lx GPRCSB FATEL T\ %, L2>L., GPRCGB 38 dD X
VT T TN ENLT, 2N6DHRZHIE L T2 D0IFHE TRV, 2 2 THRAL I,
GPRC5B OFBUZ X D fIANTED X ) %> VT NVRENE S SN Dz Et L
72 (1), £, HEK293 ffiffdic GPRC5B 23838 2 &, FHL L Mo iass T eE L <
WBZEWRToT, R, ¥ TP UmiEs T DOHEAR%Z T, GPRC5B O FEHlic L %
FHRHTE D TUEIC B D 2 > 7 F VRER I 2 iR L 72, ZDOREER. 73~ A > VY 7
) (MTOR) & 7u54 ¥+ —+ C (PKC) DfHEHRIZ X b . GPRC5B I X 2l
FESIIH E Ntz IS, ZBER G YU IEHD o ¥ 722y FOHEXRXTF FITXD,
GPRCHB IZHEET 2 Ga ¥ v 37 EEBE L2 & 24, Gaq DRHEIC X ) MR sEss i
flx N, 20 DR 5, GPRCSB D 7Lk, Gaq B X PKC Z4 L T mTOR
ZIEHAL T 5 E#Z 2 oz, mTOR > 7 Fuid, IRIGHIIE O BT T I & 0 B %2 358 ¢
%, 7. mTOR > 7 FL53Els B Mo DA v 2 ) v ribz et d 2 —75., 18w
BIEHAIEA YA VW R S, BEREORIEIC OB B EEZLNTWVWS,
GPRC5B 12 & 2 lEfl DR A > AV Vb Dl & v o 72 Bi5UE, mTOR > 7))L
ZHIfEIT A ETHIERHIENTWE LEZ SN,

% 2T, T4 lx. GPRC5B D@afIF B~ 24 > 2 ) —=< (MIN6) fifaoA v &
) VI UT T R ST L 72 & 2 A GPRCSB O #EIFEHLIC X > T MING filfians & k2
Wit En s AL v A VvEBERTAZEEZRBLE 2), R, 2DOA VR Vg
WIDED X A A LZHENIIT B2 A VA VBB TOHEEZY 7)L¥ 4 A PCRIC
X DHlET % &, GPRCHB Z@HEFEBIL 72 MING TlZA v AV VBEFOFKEL AL T
Wiz, 4 Vv AY ViETE, IBERTD PDX-1 Ik WEERFHIINS, £7-. PDX-1
DFBUE mTOR > 7 F iz X hiifidan s, fit-> T, GPRC5B DXl X 5 MIN6 @ A
VA WD TIHEIZ I, GPRCSB 205 mTOR ¥ 7 F L2 LA v R ) v OIS
HLTWaZ ERRBIns,

B2-7FLF V) UZEE (B2AR) 13, AT 27302 VA0YFETEGH U 7EH
wzimk (GPCR) ., [EXLIMEFOIE - i, 7V a—>7 ozl s, £
72. B2AR IZERGHIRIC S FB L . IREMREHCEISG 3 %, T, BRI R % H o 7 TS
W, B2AR & GPRCHB 2SMHEAEMAT 2 2 L3S S 7z, 41X, GPRC5B 235
THHRD, B2AR & GPRCHB OMAMEHICE DS I INTVED TRV EHE
Z7-, %22, HEK293T Iz B2AR & GPRCGB # ¥ &¥, EMMKEE ko7t 2
4. M GPCR IZHEE I 7z T, 2o BIHABYMIEIcEB W TOMHAEAL w3 2
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EDHHE IR 57 (3), KIT, EHALL 72 GPCR X B 7L AF U BSEAT 5 2 & CThik
EINBZENSL, B2AR E B PLAFVDFEEE B I 7 F ¥ —¥D a Hi%H
HLUTHRH L, Z0fEHE,. GPRCSB OFFEICL D, B2AR & B 7L AT v DFEEDME
TL7, 5612, B2AR 23K 2 A N fEATIREHEI KL 72 B2AR X, 72 =A
P X D BUERME X 13w, GPRCHB 23349 % & BEEHRIH B2AR & B 7L AF v
DEELHEFITETLTED., BUEENREI DI h3EEIZON, 2O END,
B2AR & GPRC5B oM AEMIZ, 7= MlIZ X % B2AR DtE/EZ L Z D iz <
L.B2AR D G ¥ v 3 7 EFEEE DIRIEALO3ERF S 115 ARB DR S 7z, £ 72 GPRC5HB
EOMHEEMIZ, B2AR @ N fEARNESHIZESS L 2w E & 2 51/, Fric, GPRCHB &
B2AR IZEWIIC B W THEREEH L T30 T, WO TBHAEEHAL B2AR o2 7+ )L
ZRER L. BERHEZ2ITEZI Y2 2 LIk > T, B8 R IC B> T 2 A[REEDS
b5,

2. GPCRO N BEAEHELE AL 7 4 FEBOKE., BES 7 L0BbLDY

Eido Z & . B2AR Tix N #EAHESHIZBUEIEDHIEICEI S L Tz, L OIFEETIZ
77X =V B2RBEMMB2R)VGTIb A 7Y AT FEay FuAF g C ok flig
WX DA s 2 & & ATP/UTP Z AR P2Y, (P2Y R) L k325 2 L 2 HHL 7 (4)
DT, ZOWRIZE T 5 NFEATEEORE 2 & 0 7270 Tl % ikt L T\ % ,B2R & P2Y,R
I Gaq/ll 2HE G ¥ 32 E$ % Class A @ GPCR T, RIEFHFE. IMTEAET,
FIRICEE T 5, MZo~Ta4) IT2—13P 2L 7 4 FEGBIC L 2 HAEAICE2b D
EHEEL T3, 22C, ¥9, MZAEEROMIAICE T 2RELZHFHNL, WX ER 225
2L P IEE T ORI 2 B TR R IC KB S N A0S, M T~ AL Z7a F XA
VADTAEIXD L ELD P2Y, R NUIIETTXRTHEE T 7 F DEFICTHE S L5 DITH LT
B2R 137 7 b LEIET 7 + DMlICIZIFFERTE S 172, P2Y,R @ N &SR IE N Kk
RAXAL N2 7Fid D, 2 7 BT OB %Z RIE X 9 72 28 BRI 2 ik 119712 ER
W E o705, IRE S 7 MEIDICIZOEIS N (6), BBRFEWC L2, P2Y,R #HFH T
% & B2R X7 7 Mg~ 7l S L MZ RO M AR "R I N (5),—7.
B2RIZ7 I = A MHIBICE D FESA 2 —%2 KL, COFEYA =R T L AF v
Y7 ) —RMIZIE N K F XA VDA RRTH B, F4 i, P2Y,RIcOWT7 I = A M
EIFEBARICAEY A v =B EIND L2 R L, 2RI AL 7 40 FEGICX 2
DTHBZERAHL (7). P2Y,RICENEKIHE AL >, B 1., 52, 4 3L —
ZIiZENZEN ] 7T Cys BREERET 5, MR mAEBCEE I BhE RO 2
7 D Cys I A, AMHlD 2 Bt Cys BRI OLEN K €5 A <~ —TBRICBESE T 3
ZEEHSDITL 7, B2RDO NEAHEHIZ TS A v — I E TW» 525, P2Y,R
EDANTFaAY) I —RI IS D/ Z v B2R 2MEENICE D > Tz (4), P2Y,R D
Bia. N MEEHEHEPNIWHERREY L v — -« 3 Y T —DBREIE D> 7 (8,9), Hi
BOTEL, 27D NEEHEEZRIETZ L, MEEIICREHEI N WD, 2 7FiE
b, HrwiE, EEob ]l rATOHRIBEREIHEREI D FEYf ~v— - F ) T<
— DIREE Do, 512, Asn9 FREL THIEEZ R L 7225, Asnl3 DRI:Z
EEZIZIERS7, D kHic, HLU Class AICJE$ 5% B2R £ P2Y,R TH B2, b
D N HIBESHDOBEREIZ K & < B o Tz,
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& ZzFEL 7 (Isaji,T., et al. JBC. 2009), ik, T4 1ZZ 514 77 v a 5ON-FIFEHIC
HBRZRY . o FHEEROIEEHRE X NS 7 F Vsl %2 @ L (X 2, B). ab»dlipid
raftic &\ CEGFR & #HA/EH L. EGFR%Z /v L 2 MifldN s 7 F VB2 AICHE$T 5 2 L 2o o
IZ L 7z(Hang, Q., et al. JBC. 290, 29345-60, 2015), F 7. #AFrRENAREAEZEKMH L CTab
DI1FEHOHE# D a5 EEGFRE DM AFHICEHETH D . Z O AIFEHIZEGFRD & O il filic FHYE
Td % Z & #=3GEL 7z (Hang, Q., et al. Sci. Rep. doi: 10.1038/srep33507, 2016), ZD11FHY
A MDA b &) pIEREE IS S MI N2 &b ahotc, ¥, AT 7Y v B1IC
XN LU THENTZ21T->7, BLIVWEGFREMAMFEHICEWT, BLIMMI LT 2 HEHOHTHRRC
BHEGE OB EETH L Z L 2O L, 512, 206 OFFEMEEIC 2,62 7 VLD
WETH % (Hou, S., FASEB J., 30, 4120-31, 2016), Z#.6 OHIE D6 N-BIESH F 72 (3R E D
PSS DSHNERE o FREIOMAFERICEE Z2BZE 2 Twb EEZ o5,

VT, fhEElE, MG 2 4 v 7 7)) v ab Lo BEELBEEMA LN (1£2%H) O
BRI L7 (1), 200 7EFE LT, 1E2FH IS L7 BEE MR Fsyndecan-44)
T L abt DEEHIBRICEET, ZOEZ S T L abo Ly FH A F—v 2A0IfII N, 2L
THIRBEIME T T4 EEZ 0N %, I HICHIIREVE 212, 201 L2FHOPEHO RETA v 7
TV oD T FIGEICEE L@ = %3 3Focal adhesion kinase (FAK)2S@E%E 2 iEMHA LS 1
7oo FIIFAKDTEMEAIZA » 7 77 v 20§ Ml E I KFTH 228, EF 2 iEEA I3 I il
BEZHET 2, 5K, N5 DERZInvivoTbBA L, £ V77V v LB RENT E Y
7" F NMnE D Cross-talk D 43 7B O fEIH R RESE 1 X 2 IS AAIDBHIF ICEHR§ 2 Hia Ao it %
Higd.

II. a77a—2i2k 308AEBELOHEIZDOWT

—Ji, a7 7 a—=RAEFRNRT X HIC7 a— AEBEEZFut8) I L h ALK I, A DK
BWINA T2 — D —HERER L L ELS b TEY, HHIN T B3O —>TH B, 20D
FutSEfE 723 RIBEE 2 L, v 7 AL RREEZAEL 2, —H., L IIHFBADFAE - BHIC D
a7 7 a )OO BB EETH S Z L 2L I LT 5% (Wang, et al., Sci Rep, 2015 ;
FASEB J, 2015), L2 L., %252 % LT, FutSEmTDRIRL Z OMEEEDHE & v
HiEEWREETH 2, Falk, a7 7 a3 bz B AMRRF RIS T2 2 2 HMIZ, L-73—2A
D7 F a7 THh % 2-fluorofucose 2FF)DFHMEEZ ML 72 (6), 2FFIZMIRENICE DA N T,
GDP-fucose& M de novoEgZHET 2 L Ao T3S, 2FFORIMIC X H & FFF2BAHK
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ARTICLE INFO ABSTRACT

Keywords: Mammalian or mechanistic target of rapamycin complex 1 (mTORC1) is a master regulator of cell growth,
PDMP metabolism, and cell differentiation. Recent studies have revealed that the recruitment of mTORCI1 to lysosomes
mTOR is essential for its activation. The ceramide analogue 1-phenyl-2-decanoylamino-3-morpholino-1-propanol
Subcellular localization (PDMP), a well known glycosphingolipid synthesis inhibitor, also affects the structures and functions of various
;}l;sosome organelles, including lysosomes and endoplasmic reticulum (ER). We investigated whether PDMP regulates the
Osteoblast mTORC] activity through its effects on organellar behavior. PDMP induced the translocation of mTORC1 from

late endosomes/lysosomes, leading to the dissociation of mTORC1 from its activator Rheb in MC3T3-E1 cells.
Surprisingly, we found mTORC1 translocation to the ER upon PDMP treatment. This effect of PDMP was
independent of its action as the inhibitor, since two stereoisomers of PDMP, with and without the inhibitor
activity, showed essentially the same effect. We confirmed that PDMP inhibits the mTORC1 activity based on
the decrease in the phosphorylation of ribosomal S6 kinase, a downstream target of mTORC1, and the increase
in LC3 puncta, reflecting autophagosome formation. Furthermore, PDMP inhibited the mTORC1-dependent
osteoblastic cell proliferation and differentiation of MC3T3-E1 cells. Accordingly, the present results reveal a
novel mechanism of PDMP, which inhibits the mTORC1 activity by inducing the translocation of mTOR from
lysosomes to the ER.

1. Introduction has been identified as the major intracellular site where the multiple

signals are integrated to activate mTORC1 [10]. In the presence of

Mammalian (mechanistic) target of rapamycin (mTOR) is a serine/
threonine kinase that functions as the master regulator of cell
metabolism and growth [1]. mTOR forms two distinct complexes,
mTOR complex 1 (mTORC1) and mTOR complex 2 (mTORC2).
mTORCI regulates protein synthesis, cell proliferation, differentiation,
and autophagy [1-3]. mTORC2 controls cytoskeleton organization and
cell survival [1,2,4]. Recent studies revealed that mTORC1 also plays
an important role in osteoblast differentiation, both in vitro and in
vivo[5-9].

mTORCI is activated in response to growth factors, amino acids,
and energy status [1-3]. Recently, late endosome/lysosome (LE/Ly)
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amino acids, mTORCI is recruited to LE/Ly membranes and activated
by the mTORC]1 activator Rheb, which is constitutively located on LE/
Ly membranes [11]. The Ragulator complex and Rag GTPase are
essential for the recruitment of mTORC1 to LE/Ly, and the Ragulator
complex acts as a scaffold for mTORC1 at LE/Ly membranes [11-13].
Whereas the tethering of mTORCI to LE/Ly membranes is required for
mTORC] activation, the inactivation of mTORC1 occurs through the
dissociation of mTORC1 from LE/Ly and the recruitment of TSC2, a
negative regulator of Rheb, to LE/Ly membranes in the absence of
amino acids [14] or growth factors [15]. Thus, the association of
mTORC1 with LE/Ly is essential for cell growth, proliferation, and
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differentiation.

Ceramides, composed of a sphingosine base linked to a fatty acid,
are the precursors of all sphingolipids, including sphingomyelin and
glycolipids. In addition to their structural role, ceramides act as
bioactive molecules that regulate various cellular responses, including
metabolism, apoptosis, and differentiation [16—19]. Many studies have
demonstrated the biological actions of ceramides on the “plasma”
membrane. For example, studies on ceramides in insulin resistance
suggested that ceramides suppress the activation of Akt/protein kinase
B (PKB) on the plasma membrane, which plays a crucial key role in cell
growth, proliferation, survival, and metabolism [20,21]. The ceramide-
induced inhibition of the Akt/PKB signaling may also underlie the
apoptosis-inducing effects of ceramides in numerous types of cancer
cells [22]. One part of ceramides is generated from sphingomyelin by
neutral sphingomyelinase 2 (nSMase2), localized in the plasma mem-
brane. The deficiency of nSMase?2 reportedly causes impaired bone and
tooth mineralization in mice [23,24], suggesting the importance of the
ceramides on the plasma membrane for osteogenesis [25].

Endogenous ceramides generated by de novo synthesis are rapidly
converted into sphingolipid species, whereas exogenously added cer-
amide analogues that cannot be metabolized are accumulated within
intracellular “organelles”. Ceramide analogues reportedly act on the
mitochondrial membrane to induce apoptosis [26]. However, the
biological actions of ceramides or ceramide analogues on other
organelle membranes have not been sufficiently investigated.

The ceramide analogue 1-phenyl-2-decanoylamino-3-morpholino-
1-propanol (PDMP) inhibits glucosylceramide synthase, leading to the
suppression of glycosphingolipid biosynthesis [27]. PDMP prevents
atherosclerosis and cardiac hypertrophy [28,29] and augments the
activities of several anti-cancer agents, including the MEK/ERK
inhibitor AZD-6244 [30,31]. Apart from the inhibitory effect on
glucosylceramide synthase, PDMP has also been reported to alter the
organization of LE/Ly [32,33] and the endoplasmic reticulum (ER)
[34]. This action of PDMP on the organellar morphology can be clearly
distinguished from that on the glycosphingolipid biosynthesis by the
use of two distinct stereoisomers of PDMP. D-threo-PDMP (D-PDMP),
but not its stereoisomer L-threo-PDMP (L-PDMP), inhibits glucosyl-
ceramide synthase [27], whereas both PDMP isomers affect organellar
organization [33,34]. In addition, the inhibitory effect of PDMP on the
mTORCI activity has been reported [30]. Therefore, we considered
PDMP to be an excellent material to evaluate the biological potential of
ceramide analogues on intracellular organelles.

The objective of the present study was to clarify whether the

A D-PDMP

L-PDMP
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ceramide analogue PDMP regulates the mTORCI activity by affecting
its subcellular localization. We used the pre-osteoblastic cell line
MC3T3-El, in which PDMP suppressed the cell proliferation and the
osteoblastic differentiation. We successfully linked the effects of PDMP
on the mTORCI activity and the intracellular organelles: PDMP causes
the translocation of mTOR from LE/Ly membranes to the ER and the
segregation of mTOR from its activator Rheb, leading to the inhibition
of the mTORCI activity. The present study provides a new perspective
on the biological actions of ceramide analogues on LE/Ly membranes.

2. Materials and methods
2.1. Compounds

The syntheses of D-PDMP and L-PDMP, were performed as
described previously [27]. D-threo-1-phenyl-2-benzyloxycarbonylami-
no-3-pyrrolidino-1-propanol (PBPP), a newly developed glucosylcer-
amide synthase inhibitor, was synthesized according to our previous
report [35]. D-PDMP, L-PDMP, and PBPP were dissolved in water. The
structures of D-PDMP, L-PDMP, and PBPP are shown in Fig. 1A.
Rapamycin was purchased from Focus Biomolecules (Pennsylvania,
USA).

2.2. Cell culture

The mouse pre-osteoblastic cell line (MC3T3-E1) was obtained
from the RIKEN Bioresource Center (RCB1126). The cells were seeded
and maintained in growth medium consisting of a-modified MEM
(Sigma-Aldrich Japan, Tokyo, Japan), supplemented with 10% fetal
bovine serum (Sigma-Aldrich Japan, Tokyo, Japan), 4 mM L-gluta-
mine, L-penicillin (50 U/ml), and streptomycin (50 pg/ml), at 37 °C in
a 5% CO, atmosphere. To induce osteoblastic differentiation, MC3T3-
E1l cells were cultured in osteogenic medium, consisting of growth
medium supplemented with (-glycerophosphate (10 mM), ascorbic
acid (50 pg/ml), and dexamethasone (10 nM).

2.3. Immunocytochemistry

MC3T3-E1 cells were cultured on 15-mm round glass coverslips in
12-well plates (4x10* cells/well). After 24 h, the medium was ex-
changed from growth medium to osteogenic medium in the absence
(control) or presence of the compounds. The cells were washed once
with PBS and fixed with 3 or 4% paraformaldehyde (PFA) in PBS,

PBPP

O OH 9H
R B
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KDEL

Fig. 1. D-PDMP and L-PDMP, but not PBPP, affect the ER morphology. (A) The structures of ceramide analogues. D-PDMP is an inhibitor of glucosylceramide synthase, but L-PDMP, a
stereoisomer of D-PDMP, lacks this inhibitory activity. PBPP is a newly developed, more potent inhibitor of glucosylceramide synthase. (B) The ER morphology is altered by treatments
with D-PDMP and L-PDMP, but not PBPP. MC3T3-EL1 cells were seeded on 15-mm round glass coverslips in 12-well plates (4x10* cells/well). After 24 h, the cells were treated without
or with 40 uM D-PDMP, 40 uM L-PDMP, or 40 pM PBPP in osteogenic medium for 24 h. Untreated cells cultured in osteogenic medium for 24 h were used as the control. The cells were
fixed with 4% PFA for 15 min, permeabilized with 0.1% Triton X-100 for 5 min, and then labeled with an anti-KDEL antibody. Cells are outlined with white dashed lines.
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followed by permeabilization with 0.1% Triton X-100 or digitonin (50
or 100 pg/ml) in PBS containing 0.1 M glycine. The cells were then
washed with PBS, blocked with 1% bovine serum albumin (BSA) in PBS
for 30 min at RT, and then stained with the primary antibodies for 1 h
at RT. The primary antibodies used in the present study were against
the ER marker KDEL (sc-58774, 1:400; Santa Cruz Biotechnology, CA,
USA), mTOR (2983, 1:400; Cell Signaling Technology, MA, USA), the
LE/Ly marker LBPA (1:20; prepared as described [36]), LAMTOR1
(8975, 1:100; Cell Signaling Technology, MA, USA), and the autopha-
gosome marker LC3 (PMO036, 1:500; MBL, Nagoya, Japan).
Subsequently, the cells were washed three times with 0.1% BSA in
PBS and incubated with an Alexa Fluor 488-conjugated anti-rabbit
antibody (A11008, 1:200; Invitrogen, OR, USA) and/or an Alexa Fluor
555-conjugated anti-mouse antibody (A21422, 1:200; Invitrogen, OR,
USA). Images were captured using a FLUOVIEW FV10i laser confocal
microscope (Olympus, Tokyo, Japan).

Co-localization analysis was performed using the FV10-ASW soft-
ware (Olympus, Tokyo, Japan). The co-localization ratio was quantified
as described [15,37,38]. Briefly, the ratio of the number of mTOR
pixels co-localized with LBPA or KDEL pixels to the total number of
mTOR pixels was calculated, as expressed as the percentage. At least 20
cells were randomly chosen for co-localization analysis for each
experimental condition.

2.4. Co-immunoprecipitation

MC3T3-E1 cells were transfected with pRK7-Rheb (15888,
Addgene, MA, USA), the plasmid encoding FLAG-tagged Rheb, using
the FuGENES transfection reagent (Promega, WI, USA). The cells were
washed with PBS and lysed with 1% Triton X-100 in buffer A (20 mM
Tris—HCI, pH 7.5, 150 mM NaCl, 10 mM iodoacetamide, 2.5 mM NaF,
2.5 mM sodium pyrophosphate, 10 mM EDTA, 10 mM [-glyceropho-
sphate, 1 mM sodium orthovanadate, 1 mM phenylmethylsulfonyl
fluoride, 5 pug/ml leupeptin, 10 pg/ml pepstatin, and 10 pg/ml aproti-
nin, pH 7.5) for 60 min on ice. The lysates were then centrifuged for
15 min at 15,000¢g, and the supernatants were incubated with anti-
FLAG M2 affinity gel (Sigma-Aldrich Japan, Tokyo, Japan) for 120 min
at 4 °C with rotation. The immune-complexes were washed with PBS
and subjected to immunoblotting. A biotinylated polyclonal rabbit anti-
FLAG antibody (GTX77459, 1:1,000; GeneTex, CA, USA), a mono-
clonal anti-FLAG M2 antibody (F1804, 1:2,000; Sigma-Aldrich Japan,
Tokyo, Japan), and the mTOR antibody (1:1,000) were used for the
immunoblotting of immunoprecipitants (IP), cell lysates, and both,
respectively.

2.5. Immunoblotting

The cells were lysed with 1% Triton X-100 in buffer A for 15 min on
ice, and then centrifuged for 10 min at 15,000g. The supernatants were
subjected to 10% SDS-PAGE, and then transferred to PVDF membranes.
For the detection of ribosomal S6 kinase (S6K), phosphorylated S6K (P-
S6K), or mTOR, the membranes were incubated with 5% BSA in TBS-T
for 1 h, followed by an incubation with primary antibodies overnight at
4 °C. The membranes were then washed three times with TBS-T and
incubated with secondary antibodies for 1 h. When the polyclonal rabbit
biotinylated anti-FLAG antibody or the monoclonal anti-FLAG M2
antibody was used, the membranes were incubated with 1% BSA in
TBS-T or with 4% Block Ace (Yukijirushi, Tokyo, Japan), respectively, for
1 h, and incubated with each primary antibody for another 1 h at RT.
The primary antibodies against S6K (9202, 1:500; Cell Signaling
Technology, MA, USA), P-S6K (9205, 1:500; Cell Signaling
Technology, MA, USA), and a-tubulin (ab4074, 1:10,000; Abcam,
Tokyo, Japan) were used. The secondary antibodies were an HRP-
conjugated anti-rabbit antibody (1858415, Pierce, IL, USA) and an HRP-
linked anti-biotin antibody (7075 S, Cell Signaling Technology, MA,
USA). The immunoblot signals were visualized using the ECL Prime
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Western Blotting Detection Reagent (GE Healthcare Japan, Tokyo,
Japan). The band intensities of S6K and P-S6K were determined using
the ImageJ software (NIH, MD, USA), and the intensities of the P-S6K
bands relative to those of the S6K bands were calculated.

2.6. Cell proliferation assay

MC3T3-E1 cells were seeded in 96-well plates (2x10° cells/well)
and treated without or with D-PDMP, L-PDMP, PBPP, or rapamycin in
osteogenic medium for 1, 2, and 3 days. The cell proliferation assay was
performed using a WST-8 assay (Cell Counting Kit-8, Dojindo,
Kumamoto, Japan), according to the manufacturer's instructions with
minor modifications. The absorbance was measured at 450 nm using a
microplate reader (Model 680, Bio-Rad, CA, USA).

2.7. Alkaline phosphatase (ALP) staining

The cells were plated in 12-well plates (1x10* cells/well). After
24 h, the medium was exchanged from growth medium to osteogenic
medium in the absence or presence of D-PDMP, L-PDMP, PBPP, or
rapamycin, and the cells were then incubated for 12 days. The
osteogenic medium without or with these compounds was changed
every 3 days. The cells were washed three times with PBS and fixed
with 4% PFA in PBS for 10 min at RT. Subsequently, the cells were
incubated with ALP staining solution, consisting of 0.2 M Tris-HCl, pH
8.6, 50 mM MgCl,, 0.01% naphthol AS-MX phosphate (Sigma-Aldrich
Japan, Tokyo, Japan), and 0.06% Fast Blue BB Salt (Sigma-Aldrich
Japan, Tokyo, Japan), for 30 min at RT, and then washed three times
with MilliQ water.

2.8. Real-time RT-PCR

The cells were seeded in 6-well plates (2.25x10* cells/well). After
24 h, the medium was changed from growth medium to osteogenic
medium in the absence or presence of D-PDMP, L-PDMP, PBPP, or
rapamycin (Day 0), and the cells were then incubated for 14 days (Day
14). Total RNA was isolated using an RNAqueous-4PCR Kit (Ambion,
TX, USA), according to the manufacturer's instructions. The cDNAs
were obtained from 1 pg of RNA, using a High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems, CA, USA). Quantitative PCR
was performed using SYBR Premix Ex Taq II (TaKaRa, Shiga, Japan)
and a Thermal Cycler Dice Real-Time System II (TaKaRa, Shiga,
Japan). The primers used were 5’-GCGTCAACACCATCATTCTG-3’
and 5’-CAGACCAGCAGCACTCCATA-3’ (Runx2), 5’-AAGGCGGTTG-
GCAATAGTGG-3’ and 5’-CCGCTCTAGCTCCTGACAGT-3’ (Osx), and
5’-AGGACCAGGTTGTCTCCTGT-3’ and 5’-TTACTCCTTGGAGGCCAT-
GT-3’ (GAPDH). Amplification conditions were as follows: 95 °C for
5s, 55°C for 10s, and 72 °C for 20 s, with 45 cycles. The mRNA
expression levels of the target genes were normalized to those of
GAPDH, and the relative ratios of the expression levels in the Day 14
group to those in the Day 0 group were calculated.

2.9. Statistical analysis

Differences between different groups were analyzed using the
Student's t-test or Welch's t-test. All experiments were repeated at
least twice, with triplicate samples.
3. Results
3.1. The alteration of ER morphology in MC3T3-E]1 cells induced by
PDMP is independent of its inhibitory action related to

glycosphingolipid synthesis

PDMP has been widely used as an inhibitor of glucosylceramide
synthase. In addition, PDMP affects the morphology of the ER in HeLa
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cells [34] and the LE/Ly in human skin fibroblasts [33]. In the present
study, we focused on the effects of PDMP on the organellar morphology.
In order to discriminate between the inhibitor activity-dependent and
-independent effects, we used three ceramide analogues, D-PDMP and
its stereoisomer L-PDMP, as well as the newly developed glucosylcer-
amide synthase inhibitor PBPP. D-PDMP and PBPP, but not L-PDMP,
showed inhibitory activity against glucosylceramide synthase [27,35].
The glucosylceramide levels in the D-PDMP- and PBPP-treated MC3T3-
E1 cells were significantly lower than that in the untreated control cells,
while the glucosylceramide level in the L-PDMP-treated cells was similar
to that in the control cells (Supplementary Fig. S1). In our system,
MC3T3-E1 cells were treated without or with D-PDMP, L-PDMP, or
PBPP, followed by an immunocytochemical analysis with the anti-KDEL
(an ER marker) antibody. The anti-KDEL antibody recognizes the
sequence Lys-Asp-Glu-Leu (KDEL) at the carboxy-terminus of the ER-
resident proteins [39]. The staining pattern of KDEL in the D-PDMP- or
L-PDMP-treated cells was altered, as compared with that in control cells,
and the intensity was appreciably increased in the presence of PDMP
(Fig. 1B), likely due to the PDMP-dependent restructuring of the ER
[34]. In contrast, PBPP had no obvious effect on the KDEL-staining
pattern. These results suggested that PDMP affects the ER architecture in
MC3T3-E1 cells, and this effect is independent of the inhibition of
glucosylceramide synthase.

3.2. Dissociation of mTOR from LE/Ly induced by PDMP

The recruitment of mTOR to LE/Ly membranes is required for its
activation [11]. mTOR is dissociated from LE/Ly in the absence of amino
acids [14] or growth factors [15]. In the present study, cell fractionation
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experiments revealed the presence of mTOR in the membrane fraction,
rather than the cytosolic fraction, under normal conditions
(Supplementary Fig. S2). Since PDMP reportedly affects the function
and morphology of LE/Ly [32,33], we investigated the effects of
ceramide analogues on the subcellular localization of mTOR. MC3T3-
E1 cells were co-stained with anti-mTOR and anti-LBPA (an LE/Ly
marker) antibodies. In control cells, both mTOR and LBPA exhibited
punctate staining patterns (Fig. 2A). In contrast, a non-punctate
fluorescence pattern was observed in both the D-PDMP- and L-PDMP-
treated cells. No appreciable changes were seen in the PBPP-treated cells,
as compared to control cells. A co-localization analysis of mTOR and
LBPA revealed that mTOR was specifically co-localized with LBPA in the
control group (Fig. 2B). The co-localization ratio was significantly
decreased in the D-PDMP-treated group and the L-PDMP-treated group,
while no significant difference was observed between the control group
and the PBPP-treated group, suggesting that PDMP induces the dis-
sociation of mTOR from LE/Ly. Similar results were obtained in a mouse
bone marrow-derived stromal cell line (ST2) and a mouse embryonic
fibroblast cell line (NIH3T3) (Supplementary Fig. S3).

In order to study the kinetic actions of D-PDMP, we performed a
time-course analysis of the decrease in the co-localization between
mTOR and LBPA upon D-PDMP treatment. The decrease occurred
significantly 12 h after D-PDMP treatment (Fig. 3). We also investi-
gated the effects of the culture medium composition on the subcellular
localization of mTOR, and found that the co-localization between
mTOR and LBPA remained unchanged in MC3T3-El cells cultured
in growth medium or osteogenic medium without D-PDMP at any time
point (Supplementary Fig. S4).

As shown in Fig. 2A and Supplementary Fig. S3 A and C, the intensity
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Fig. 2. mTOR is dissociated from LE/Ly by D-PDMP and L-PDMP treatments. (A) The co-localization of mTOR with LBPA is decreased in the presence of D-PDMP and L-PDMP.
MC3T3-E1 cells were seeded on 15-mm round glass coverslips in 12-well plates (4x10* cells/well). After 24 h, the cells were treated without or with 40 uM D-PDMP, 40 uM L-PDMP, or
40 uM PBPP in osteogenic medium for 24 h. Untreated cells cultured in osteogenic medium for 24 h were used as the control. The cells were fixed with 3% PFA for 20 min, permeabilized
with 50 pg/ml digitonin for 5 min, and then labeled with an anti-mTOR antibody (green) and an anti-LBPA antibody (magenta). Cells are outlined with white dashed lines. (B)
Quantification of the co-localization between mTOR and LBPA in MC3T3-E1 cells. (C) The interaction between FLAG-tagged Rheb (FLAG-Rheb) and endogenous mTOR is impaired by
D-PDMP and L-PDMP treatments. MC3T3-E1 cells were seeded in 10-cm dishes (3x10° cells/dish). After 24 h, the cells were treated without or with 40 uM D-PDMP, 40 uM L-PDMP,
or 40 uM PBPP for 24 h, and then transfected or mock-transfected with the plasmid encoding FLAG-Rheb. Based on the results of preliminary experiments, we adjusted the amount of
the plasmid encoding FLAG-tagged Rheb, so that comparable amounts of the FLAG-Rheb protein were expressed under the four conditions (control, D-PDMP, L-PDMP, and PBPP).
After the immunoprecipitation of FLAG-Rheb, the co-immunoprecipitated mTOR was detected by immunoblotting. Data are expressed as means + SD. ***P < 0.001 compared with

control group.
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of the LBPA fluorescence was lower in the D-PDMP-treated cells than in
the control cells. Using immunocytochemistry for LAMP-1, another
lysosome marker, we analyzed whether this phenomenon was due to
the decreased number of LE/Ly or the reduced reactivity of LBPA against
the anti-LBPA antibody. The number of LAMP-1-positive dots was not
decreased in the D-PDMP-treated cells (Supplementary Fig. S5), sug-
gesting that D-PDMP does not affect the LE/Ly biogenesis. PDMP
associates with the acidic compartment due to its positively charged
amino group, where LBPA (a unique acidic phospholipid) is enriched
[36]. Since PDMP induces the formation of multilamellar structures of
the LBPA-containing membranes [33], PDMP may cause the decreased
accessibility or reactivity of the anti-LBPA antibody to LBPA.

Furthermore, the staining for ICDH and GOLGA5, markers of
mitochondria and Golgi, respectively, revealed that D-PDMP does not
alter the subcellular localizations of mitochondria and Golgi
(Supplementary Figs. S5 and S6). Considering the characteristic
morphologies of mitochondria and Golgi, it is apparent that mTOR is
not present on these organelles.
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Since the localization of mTOR on the LE/Ly membranes is
required for the interaction of mTORC1 with its activator Rheb
[10,11], we investigated whether PDMP weakens the interaction
between mTOR and Rheb. Co-immunoprecipitation assays of mTOR
and Rheb in MC3T3-El cells demonstrated that the level of co-
immunoprecipitated mTOR was decreased in the presence of D-
PDMP or L-PDMP (Fig. 2C), suggesting that PDMP causes the
dissociation of mTORC1 from LE/Ly and reduces the interaction
between mTOR and Rheb.

3.3. mTOR translocation to ER upon PDMP treatment

D-PDMP treatment causes the dissociation of mTOR from LE/Ly,
as shown in Figs. 2 and 3 and Supplementary Fig. S3. However, the cell
fractionation experiments demonstrated that mTOR is not translocated
to the cytosol and remained localized at the membrane after D-PDMP
treatment (Supplementary Fig. S2). To identify the subcellular localiza-
tion of the mTOR that dissociated from LE/Ly in ceramide analogue-
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Fig. 3. Kinetics of mTOR dissociation from LE/Ly by D-PDMP. (A) Time-course analysis of the co-localization of mTOR with LBPA. MC3T3-E1 cells were seeded on 15-mm round glass
coverslips in 12-well plates (4x10? cells/well). After 24 h, the cells were treated without or with 40 uM D-PDMP in growth medium or osteogenic medium for the indicated times. The
cells were fixed with 3% PFA for 20 min, permeabilized with 50 pg/ml digitonin for 5 min, and then labeled with an anti-mTOR antibody (green) and an anti-LBPA antibody (magenta).
Cells are outlined with white dashed lines. (B) Quantification of the co-localization between mTOR and LBPA in MC3T3-E1 cells. Data are expressed as means + SD. ***P < 0.001; ns
(not significant), P > 0.05 compared with OM 24-h group. Abbreviations: GM, cells cultured in growth medium; OM, cells cultured in osteogenic medium.
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Fig. 4. mTOR is translocated to the ER by D-PDMP or L-PDMP treatment. (A) The co-localization of mTOR with KDEL is increased in the presence of D-PDMP and L-PDMP. MC3T3-
E1 cells were seeded on 15-mm round glass coverslips in 12-well plates (4x10* cells/well). After 24 h, the cells were treated without or with 40 uM D-PDMP, 40 uM L-PDMP, or 40 uM
PBPP in osteogenic medium for 24 h. Untreated cells cultured in osteogenic medium for 24 h were used as the control. The cells were fixed with 4% PFA for 15 min, permeabilized with
0.1% Triton X-100 for 5 min, and then labeled with an anti-mTOR antibody (green) and an anti-KDEL antibody (magenta). Cells are outlined with white dashed lines. (B) Quantification
of the co-localization between mTOR and KDEL in MC3T3-E1 cells. Data are expressed as means + SD. ***P < (0.001 compared with control group.

treated cells, the cells were co-stained with anti-mTOR and anti-KDEL
antibodies, because the mTOR-staining pattern resembled the KDEL-
staining pattern when the cells were treated with D-PDMP or L-PDMP,
as shown in Figs. 1B and 2A. The immunofluorescence double staining
and the subsequent co-localization analysis revealed that both mTOR
and KDEL showed the non-punctate fluorescence patterns in D-PDMP-
treated cells and L-PDMP-treated cells, and that the co-localization
ratios between mTOR and KDEL were significantly increased in the D-
PDMP-treated and L-PDMP-treated groups, as compared with the
control group (Fig. 4), clearly indicating the translocation of mTOR
from LE/Ly to the ER. Consistent with our mTOR and LBPA double
staining results, PBPP had no apparent effect on mTOR localization.
Similar effects of D-PDMP on the co-localization between mTOR and
KDEL were also observed in ST2 cells and NIH3T3 cells
(Supplementary Fig. S7). The increase in the co-localization between
mTOR and KDEL upon D-PDMP treatment occurred significantly 12 h
after D-PDMP treatment (Fig. 5), which inversely corresponds to the
decreased co-localization of mTOR with LE/Ly. The co-localization
between mTOR and KDEL remained unchanged in MC3T3-E1 cells
cultured in growth medium or osteogenic medium in the absence of D-
PDMP at any time point (Supplementary Fig. S8).

We noticed that the signal intensity of mTOR in the mTOR/LBPA
staining decreased upon the PDMP treatment (Figs. 2 and 3), whereas
that in the mTOR/KDEL staining increased (Figs. 4 and 5). The
immunocytochemistry methods for the two staining procedures are
different. Since the total surface area of the ER (~60%) is much larger
than that of LE/Ly (~1%), the distribution of mTOR can become
broader, when mTOR is translocated from LE/Ly to the ER. If the
accessibility of the anti-mTOR antibody to mTOR is unchanged, then
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the signal intensity of mTOR per unit area should be reduced. In
contrast, if the accessibility of the antibody to a sparse antigen is
significantly improved, then the signal intensity of mTOR per unit area
would be increased. The difference in the signal intensities of mTOR
may be explained by the possibilities that the accessibility of the
antibody is unchanged for the mTOR/LBPA staining and increased for
the mTOR/KDEL staining upon PDMP treatment.

3.4. Changes of LAMTORI1 subcellular localization upon PDMP
treatment

LAMTORI, also called p18, is an essential anchor protein of the
Ragulator complex. It functions as a scaffold to recruit mTORCI1 to LE/
Ly [13,40]. The subcellular localization analysis of LAMTOR1 demon-
strated that the LAMTOR1-fluorescence signals that were co-localized
with the LBPA-fluorescence signals were significantly decreased in the
D-PDMP-treated cells, as compared to control cells (Fig. 6 A and B). In
contrast, the D-PDMP treatment led to a significant increase in the co-
localization ratio between LAMTOR1 and KDEL (Fig. 6 C and D),
suggesting that not only mTOR but also LAMTORI is translocated
from LE/Ly to the ER by the treatment with PDMP.

Since LAMTORI1 is reportedly associated with lipid rafts [13], we
further analyzed the effects of PDMP on the raft-localization of
LAMTORI. Flotillin-1 was used as the raft marker of LE/Ly [41]. An
analysis of detergent-resistant membranes (DRMs) demonstrated that
the lipid rafts were dramatically affected by the D-PDMP treatment
(Supplementary Fig. S9A), and that the proportion of LAMTORI in
DRMs was increased upon the D-PDMP treatment (Supplementary Fig.
S9 B and C). These results imply that the PDMP treatment exerts its
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Fig. 5. Kinetics of translocation of mTOR to the ER by by D-PDMP. (A) Time-course analysis of the co-localization of mTOR with KDEL. MC3T3-E1 cells were seeded on 15-mm round
glass coverslips in 12-well plates (4x10* cells/well). After 24 h, the cells were treated without or with 40 uM D-PDMP in growth medium or osteogenic medium for the indicated times.
The cells were fixed with 4% PFA for 15 min, permeabilized with 0.1% Triton X-100 for 5 min, and then labeled with an anti-mTOR antibody (green) and an anti-KDEL antibody
(magenta). Cells are outlined with white dashed lines. (B) Quantification of the co-localization between mTOR and KDEL in MC3T3-E1 cells. Data are expressed as means + SD. ***P <
0.001; ns (not significant), P > 0.05 compared with OM 24-h group. Abbreviations: GM, cells cultured in growth medium; OM, cells cultured in osteogenic medium.

effects on LAMTOR1 by modulating lipid rafts.
3.5. PDMP inhibits mTORCI activity

The mTORC1 activity depends on its recruitment to the LE/Ly
membranes [11,14,15]. Since PDMP caused the translocation of
mTORC1 from LE/Ly to the ER (Figs. 2 and 4), we monitored the
effects of PDMP on the mTORC]1 activity based on the phosphorylation
level of S6K, a downstream target of mTORC1. MC3T3-E1 cells were
treated with D-PDMP, L-PDMP, or PBPP. Rapamycin was used as a
positive control of mTORC1 inhibition. As shown in Fig. 7A, the D-
PDMP and L-PDMP treatments, but not the PBPP treatment, drama-
tically decreased the level of P-S6K, indicating the inhibition of
mTORC1 activity. The level of P-S6K was decreased in a dose-
dependent manner in the D-PDMP- and L-PDMP-treated groups. In
contrast, the PBPP-treated group showed no significant change even at
a high concentration (50 uM) (Fig. 7 B-D). The mTORC1 activity
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increased in a time-dependent manner in the cells cultured in
osteogenic medium (Fig. 7E, left panel). In contrast, in the D-PDMP-
and L-PDMP-treated groups, the mTORC1 activity increased after a
short-term treatment (6 h) and then decreased (Fig. 7E, middle and
right panels, respectively), which implies that the inhibitory effect of
PDMP is not one-step process, but requires several intermediate steps
to take place. The mechanisms of the transient and stimulatory effects
should be elucidated in future work. In the present study, the time-
course experiments confirmed that the inhibition of the mTORC1
activity by D-PDMP and L-PDMP was evident after treatments for
24 h.

The inactivation of mTORC1 induces autophagy [1-3]. Hence, we
assessed the activity of mTORC1 by monitoring the punctate formation
of LC3 (an autophagosome marker). The results indicated that D-
PDMP and L-PDMP, but not PBPP, induced the LC3 puncta formation
(Fig. 7F). Taken together, PDMP inhibits the mTORC1 activity,
regardless of the presence or absence of the glucosylceramide
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MC3T3-E1 cells were seeded on 15-mm round glass coverslips in 12-well plates (4x10* cells/well). After 24 h, the cells were treated without or with 40 uM D-PDMP in osteogenic
medium for 24 h. Untreated cells cultured in osteogenic medium for 24 h were used as the control. The cells were fixed with 3% PFA for 20 min, permeabilized with 50 pg/ml digitonin
for 5 min, and then labeled with an anti-LAMTORI1 antibody (green) and an anti-LBPA antibody (magenta). Cells are outlined with white dashed lines. (B) Quantification of the co-
localization between LAMTOR1 and LBPA in MC3T3-E1 cells. (C) The co-localization of LAMTOR1 with KDEL is increased in the D-PDMP-treated cells. MC3T3-E1 cells were seeded
on 15-mm round glass coverslips in 12-well plates (4x10* cells/well). After 24 h, the cells were treated without or with 40 uM D-PDMP in osteogenic medium for 24 h. Untreated cells
cultured in osteogenic medium for 24 h were used as the control. The cells were fixed with 3% PFA for 20 min, permeabilized with 100 pg/ml digitonin for 10 min, and then labeled with
an anti-LAMTORI1 antibody (green) and an anti-KDEL antibody (magenta). Cells are outlined with white dashed lines. (D) Quantification of the co-localization between LAMTOR1 and
KDEL in MC3T3-E1 cells. Data are expressed as means + SD. ***P < 0.001 compared with control group.

synthase-inhibitory activity.

3.6. Inhibition of mTORCI activity by PDMP affects osteoblastic
proliferation and differentiation

The contribution of mTORC1 inactivation to the inhibition of
osteoblastic cell proliferation has been confirmed by several recent
studies [7,8]. Thus, we investigated the effects of PDMP on osteoblastic
cell proliferation and differentiation, using MC3T3-E1 cells. The
proliferation rates of MC3T3-E1 cells treated with D-PDMP, L-
PDMP, or rapamycin for 3 days were dramatically decreased, as
compared with the control group, while no significant difference was
observed in the PBPP-treated group (Fig. 8A). Both D-PDMP and L-
PDMP inhibited the cell proliferation in dose-dependent manners
(Fig. 8B). The decreased cell proliferation by the PDMP treatment is
not due to cell death, as the amounts of LDH release in all treatment
groups were not significantly different from that in the untreated
control group (Supplementary Fig. S10).
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We evaluated the effects of PDMP on the osteoblastic differentiation
of MC3T3-E1 cells, using ALP staining as an indicator of osteogenesis.
Control cells, cultured in osteogenic medium without any treatments
with compounds for 12 days, exhibited strongly positive ALP staining
(Fig. 9A). In contrast, ALP staining was negative in the cells treated
with rapamycin for 12 days, suggesting the importance of the mTORC1
activity in the differentiation process. In addition, the ALP staining
intensity was decreased by the treatment with D-PDMP or L-PDMP,
but not PBPP (Fig. 9A), and in a dose-dependent manner with D-
PDMP (Fig. 9B). Similar results were obtained in ST2 cells cultured in
osteogenic medium for 21 days (Supplementary Fig. S11).

We measured the mRNA levels of two transcription factors, Runx2
and Osx, early-stage markers of osteoblastic differentiation, in MC3T3-
E1 cells. Unlike the expression of the late-stage markers, the expression
of the early-stage markers does not exclusively depend on the mTORC1
activity, since the expression is not affected by the deletion of Raptor
(an essential component of mTORC1) [8]. Consistent with this notion,
rapamycin failed to abolish the expression of Runx2 and Osx.
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Fig. 7. The mTORC1 activity is inhibited by D-PDMP and L-PDMP. (A) D-PDMP and L-PDMP, but not PBPP, decrease the mTORC1 activity in MC3T3-E1 cells. MC3T3-E1 cells were
seeded in 6-well plates (1.8x10° cells/well). After 24 h, the cells were treated without or with 40 uM D-PDMP, 40 uM L-PDMP, 40 uM PBPP, or 100 nM rapamycin in osteogenic
medium for 24 h. Untreated cells cultured in osteogenic medium for 24 h were used as the control. P-S6K/S6K is the ratio of the band intensity of P-S6K versus the total amount of S6K.
Data are expressed as the relative values to the control group. The phosphorylation levels of S6K (P-S6K), a downstream target of mTORC1, were decreased in the D-PDMP- and L-
PDMP-treated groups, as compared with the control group. (B—D) D-PDMP and L-PDMP, but not PBPP, decrease the mTORCI activity in dose-dependent manners. MC3T3-E1 cells
were seeded in 6-well plates (1.8x10° cells/well). After 24 h, the cells were treated without or with the indicated concentrations of D-PDMP, L-PDMP, or PBPP in osteogenic medium for
24 h. Rapamycin (100 nM for 24 h) was used as a positive control. Each P-S6K/S6K shows the relative ratio to that in the absence of drugs. (E) D-PDMP and L-PDMP time-dependently
reduce the levels of P-S6K. MC3T3-E1 cells were seeded in 6-well plates (1.8x10° cells/well). After 24 h, the medium was exchanged from growth medium to osteogenic medium in the
absence or presence of 40 pM D-PDMP, 40 uM L-PDMP, or 100 nM rapamycin for the indicated times. P-S6K/S6K shows the relative ratio to the OM 24-h group. (F) D-PDMP and L-
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endogenous LC3 protein, the cells were labeled with an anti-LC3 antibody (green). Abbreviations: OM, cells cultured in osteogenic medium; Rapa, rapamycin.

Nonetheless, the expression levels of Runx2 and Osx were significantly
reduced in the D-PDMP- and L-PDMP-treated groups, as compared
with the control group (Fig. 9 C and D), suggesting that PDMP
suppresses the early stage of osteoblastic differentiation by an
mTORCI1-independent mechanism.

It is noteworthy that L-PDMP tended to inhibit cell proliferation
and osteoblastic differentiation more than D-PDMP (Figs. 8 and 9),
whereas the apparent difference between these compounds was not
observed in the P-S6K levels (Fig. 7A) (We will discuss this point
later.). These results suggested that PDMP inhibits not only cell
proliferation but also the early stage of osteoblastic differentiation,
through the inactivation of mTORCI.

Collectively, PDMP suppresses the proliferation and osteoblastic
differentiation of MC3T3-E1 cells in an mTORC1 activity-dependent
manner. PDMP also exerts the mTORC1-independent action to inhibit

the early stage of osteoblastic differentiation.

4. Discussion

Accumulating evidence has revealed that the LE/Ly surface is a
crucial site for the activation of mTORC1 [10]. In the present study,
using an MC3T3-E1 model, we demonstrated that the ceramide
analogue PDMP induces the translocation of both mTORC1 and its
scaffold protein LAMTORI1 from LE/Ly to the ER, and suppresses the
activation of mTORC1. The time-course experiments strongly support
the proposal that mTOR is translocated from LE/Ly to the ER in the
presence of PDMP, which is closely related to the inhibition of the
mTORCI1 activity (Figs. 3, 5, and 7E). We also found that PDMP
impairs the association of mTORC1 with its activator Rheb, suggesting
the PDMP-dependent spatial control of the mTORCI1 signaling by the
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treatments. Data are expressed as means + SD. *P < 0.05; **P < 0.01; ***P < 0.001 compared with control group. Abbreviations: GM, cells cultured in growth medium; OM, cells cultured
in osteogenic medium; Rapa, rapamycin.
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segregation of mTOR from Rheb. Furthermore, the present study also
suggests that the effects of PDMP treatment on LAMTORI1 are
mediated via lipid rafts (Supplementary Fig. S9). Thus, we propose a
novel mechanism of action for ceramide analogues that target mTORC1
on the LE/Ly membrane. This mechanism adds new insights to our
current understanding of the biological actions of ceramides and
ceramide analogues, which is mainly based on the Akt/PKB signaling
on the plasma membrane.

PDMP reportedly induces the formation of an ER tubular network
in a glycosphingolipid-independent manner [34]. Sprocati et al. pro-
posed that PDMP induces ribosome clustering on the ER and leaves a
large area available for tubular network formation. The exclusion of
ribosomes from the ER membrane is a prominent feature of the
membrane contact sites between the ER and other organelles [42].
Recent studies suggested the importance of the contact sites between
the ER and LE/Ly in endosome trafficking and endosome fission, as
well as the transport of cholesterol and ceramide [42,43]. Combining
these studies, as an underlying mechanism for the translocation of
mTORCI from LE/Ly to the ER, we hypothesize that PDMP promotes
the contacts between the ER and LE/Ly.

Impaired intracellular cholesterol transport is associated with the
inhibition of the mTORCI activity, in the cases of ezetimibe in human
hepatocytes [41] and itraconazole in human endothelial cells and
glioblastoma cells [44,45]. Coincidentally, ezetimibe also significantly
increases the proportion of LAMTOR1 in DRMs [41], similar to PDMP.
The oxysterol-binding protein ORP1L senses the cholesterol level in
LE/Ly and interacts with the ER integral protein VAP (vesicle-
associated membrane protein) [46], which may link the inhibition of
intracellular cholesterol transport with the formation of ER-LE/Ly
contact sites. We speculate that the molecular machinery of cholesterol
transport, the ER-LE/Ly contact sites, and the association of
LAMTORI1 to DRMs are converged for the translocation of mTORC1
from LE/Ly to the ER.

According to the results shown in Figs. 2 and 4, the translocation of
mTORCI from LE/Ly to the ER was induced by PDMP, but not PBPP.
Morpholino and decanoylamino groups are present in PDMP, whereas
pyrrolidino and benzyloxycarbonylamino groups exist at the corre-
sponding positions in PBPP, respectively (Fig. 1A). The presence of the
acyl chain in PDMP may be involved in its affinity to membrane lipids.
It is also possible that an oxygen atom in the morpholino group has an
affinity to a hydroxyl or amino group in the vicinal PDMP molecules,
which allows the lateral association of the PDMP molecules to form
distinct membrane domains similar to lipid rafts. Further studies are
required to identify whether PDMP exerts its effects though alterations
of local membrane structures or associations with distinct target
proteins.

In the present study, we demonstrated the PDMP-dependent
translocation of mTORC1 and its scaffold protein LAMTORI to the
ER, and the PDMP-dependent dissociation of mTORC1 from Rheb. In
the presence of PDMP, Rheb likely remains on the LE/Ly membrane,
thus leading to the segregation of mTORC1 from Rheb. Then, the
question arises: why is LAMTOR1, but not Rheb, translocated to the
ER? The difference in the membrane association modes, such as the
fatty acid modification of LAMTORI and the isoprenoid modification of
Rheb, is likely to be responsible for the distinct effects of PDMP on
LAMTOR1 and Rheb.

PDMP is a promising target for preventing atherosclerosis and
cardiac hypertrophy [28,29] and for suppressing osteoclastogenesis
[47,48] by inhibiting glycosphingolipid synthesis. PDMP is reportedly
potent in combination therapies for cancer treatment [30,31]. Since the
mTORC1 activity is enhanced in cancer cells to potentiate their
survival, the inhibitory effect of PDMP on the mTORC1 activity could
explain the sensitization of cancer cells to anti-cancer drugs. In the
present study, we showed that PDMP suppresses osteoblastic prolif-
eration and pre-osteoblastic cell differentiation by inhibiting the
mTORC1 activity. The underlying mechanism is distinct from the
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inhibition of glycosphingolipid synthesis. However, the effect of L-
PDMP on osteoblastic differentiation was more potent than that of D-
PDMP. Since glycosphingolipids such as GM3 inhibit osteoblastic
differentiation [49,50], the effect of D-PDMP may have relieved the
glycosphingolipid-mediated inhibition of differentiation. It is concei-
vable that the various effects of PDMP are opposing or additive in
membrane property-dependent manners. Accordingly, the present
study adds an important rationale to extend the utility of PDMP.

5. Conclusions

Our study revealed that PDMP induces the translocation of mTOR
from LE/Ly to the ER through the effects on the organelles, which is
independent of its well-known action as an inhibitor of glycosphingo-
lipid synthesis. The translocation of mTOR results in the impaired
interaction between mTOR and Rheb, an mTOR activator, leading to
mTORCI inactivation. The inactivation of mMTORCI leads to reductions
in the proliferation and osteoblastic differentiation of MC3T3-E1 cells.
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Severe auditory impairment observed in GM3 synthase-deficient mice and humans indicates that glyco-
sphingolipids, especially sialic-acid containing gangliosides, are indispensable for hearing. Gangliosides as-
sociate with glycoproteins to form membrane microdomains, the composition of which plays a special role in
maintaining the structural and functional integrity of hair cells. These microdomains, also called lipid rafts,
connect with intracellular signaling and cytoskeletal systems to link cellular responses to environmental cues.
During development, ganglioside species are expressed in distinctive spatial and temporal patterns throughout

the cochlea. In both mice and humans, blocking particular steps of ganglioside metabolism produces distinctive
neurological and auditory phenotypes. Thus each ganglioside species may have specific, non-overlapping
functions within the cochlea, central auditory network, and brain.

1. Background

Deafness is the most common hereditary disability in humans, af-
fecting 1 per 1000 newborns, and more than 40% of people older than
65 years suffer from age-related hearing loss. Cell-surface glycoconjuga-
tes—proteoglycans, glycoproteins, and glycosphingolipids (GSLs)—have
specific spatial and temporal patterns of expression in the developing
cochlea and appear to subserve important roles in hearing [1]. Ganglio-
sides (sialic acid-containing GSLs) are abundant in mammalian brains,
where they typically reside in the outer leaflet of cell membranes and
cluster in microdomains (lipid rafts) specialized for adhesion and signaling
[3,4]. They comprise 0.5% of mature human brain (~1.8% of non-water
brain weight) [5], have 3-fold greater abundance in gray relative to white
matter, and are requisite for the normal growth, differentiation, and
maintenance of neural tissues [2].

GM3 synthase (a.k.a lactosylceramide sialyltransferase; SIAT9,
ST3GALS5) is encoded by ST3GAL5 and mediates the sialylation of lac-
tosylceramide (LacCer) to form GM3, the root structure for all down-
stream a- and b-series gangliosides (Fig. 1A) [6-8]. BAGALNT1 subse-
quently transfers N-acetylgalactosamine to LacCer, GM3, or GD3 to
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form GA2, GM2 or GD2, respectively. Based on this enzymology, var-
ious patterns of systemic ganglioside deficiency have been modeled in
transgenic mice [9].

St8sial —/— (GD3 synthase null) mice lack b-series gangliosides (GD3
and its downstream derivatives) and suffer from thermal hyperalgesia and
mechanical allodynia [10]. B4galntl —/— mice express only two gang-
lioside species (GM3 and GD3) and manifest delayed nerve conduction,
axonal degeneration, and ataxia [11,12]. B4galntl —/—: St8sial —/—
double knockout animals express only GM3 and have fatal audiogenic
seizures and peripheral neuropathy [7,13]. Knocking out both St3gal5 and
B4galnt1 produces mice deficient of GM3 as well as all downstream a-, b-,
and o-series gangliosides; these animals have lethal neurodegenerative
disease characterized by micrencephaly, aberrant axon-glial interactions,
and axonal degeneration [14].

We generated St3gal5 —/— mice lacking GM3 as well as a- and b-
series gangliosides [9]. These animals have no overt neurodegenerative
phenotype, perhaps owing to compensatory B4galntl-mediated produc-
tion of o-series ganglisosides [14]. St3gal5 —/— mice do not startle in
response to sound but startle normally to puffs of air, which suggests
hearing impairment [15]. This is corroborated by electrophysiological and
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Fig. 1. Marked increase of GSLs in cochlea during postnatal maturation period. (A) Schematic presentation of GSL biosynthesis. (B) High performance-thin-layer chromatograms (HPTLC
analysis of gangliosides in cochlea of wild-type mice during the postnatal maturation period. Upper panel is neutral glycolipids and lower panel is acidic glycolipids. Cochlea were isolated
and subjected for the purification of GSL analysis as described in ref. [16]. Each purified fraction was spotted as 2 mg protein per lane. (C) HPTLC analysis of gangliosides in whole brain
of wild-type mice during the postnatal maturation period (D) Summary of stage-specific expression of GSLs during postnatal maturation of cochlea based on the information of Fig. 1B and
LC-MS/MS analysis of ganglioside species reported in ref. [16]. Comparative development of the cochlea of both humans and mice are also shown.

histological analyses of the auditory system, which reveal selective de- 2. Scope of review

generation of the organ of Corti [15,16]. Interestingly, auditory impair-

ment is the herald sign of disease in newborns with ST3GALS5 deficiency We provide an overview of glycoconjugate expression in the murine
[16], indicating that GM3 may be indispensible for murine and human auditory system and consider the association between ganglioside defi-
hearing. ciency and hearing, including recent auditory findings in ganglioside-
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Table 1

Phenotypes of hearing loss in mice depleted enzymes related to glycoconjugate metabolism.

BBA - General Subjects 1861 (2017) 2485-2493

Mouse Type of hearing loss Symptom, histology Ref.
Neul knockout (Lysosomal sialidase) Conductive Inflammation in middle ear [51]
Thickened mucosa
Sensorineural Reduce of endolymphatic potential
Fbs2 knockout (Ubiquitin ligase of glycoproteins) Sensorineural (progressive) Degradation of supporting cells [52]
Cmah knockout (Sialic acid metabolism) Sensorineural(reducing hearing ability Degradation of outer hair cells [53]
with age)
Mucopolysaccharidosis type VII model (Lysosomal Hearing loss with age No obvious cell loss [54]
glucuronidase)
ST3GALS5 knockout (GM3 synthase) Sensorineural Degeneration and loss of outer and inner hair cells [15,16]
Prosaposin knockout (Glycosphingolipid catabolism) Sensorineural (progressive) Hypertrophy of hair cells and dieters cells Loss of outer [55]
hair cells
SaposinB knockout (Glycosphingolipid catabolism) Sensorineural Degeneration of spiral ganglions [56]

deficient mice and humans.
3. Major conclusions

3.1. Hearing loss in human and animals with disorders of glycoconjugate
metabolism

Abundant glycans (carbohydrate portions of glycoconjugates) in
cochlear tissue have been reported from 1980s using various stainings
such as reagents, lectins and antibodies against specific glycan
[15-18,36-50]. Further insights about the relationship between gly-
conjugates and hearing emerged from studies of transgenic mice. De-
letion of enzymes that synthesize (Cmah and St3Gal5) and catabolize
(Neul, Fbx2, glucuronidase, and Saposins) glycoconjugates cause
hearing loss in mice, and each enzymopathy entrains a particular pat-
tern and mechanism of hearing loss (Table 1) [15,16,51-56].

Mixed type (conductive and sensorineural) hearing loss is observed
in humans with lysosomal storage diseases (LSDs) and congenital dis-
orders of glycosylation (CDGs), which result from mutations that in-
terfere with the catabolism and assembly of glycoconjugates, respec-
tively. Nerve defects and middle ear disease are observed in these
patients, but the molecular mechanisms of hearing loss may be more
specifically related to alterations of glycoconjugate expression within
the cochlea (Table 2, [57-66]).

The study of autosomal recessive ST3GAL5 (GM3 synthase) defi-
ciency provides the strongest link between ganglioside metabolism and
auditory function in humans. Biallelic damaging ST3GAL5 variants
cause infantile-onset epileptic encephalopathy, slow brain growth,
stagnant psychomotor development, growth failure, blindness, dyspig-
mentation, and deafness [19-23]. We examined eight children (ages
4.1 = 2.3years) from the Old Order Amish community who were
homozygous for pathogenic ST3GAL5 c¢.694C > T variants [16].

Table 2
Hearing loss in human LSDs and CDGs.

Human diseases Causative gene Ref.
Lysosomal storage disorders
+ Gaucher disease Glucocerebrosidase [57]
- Fabry disease Alpha-galactosidase [58]
+ Mucopolysaccharidosis hydrolases of glycosaminoglycans [59]
+ Pompe disease Alpha-glucosidase [60]
- Sialidosis Neuraminidase [61]
- GM2 gangliosidosis Beta-hexosaminidase [62]
+ Mannosidosis Mannosidases [63]
Congenital disorder of glycosylation
- Type Ig ALG12 [64]
+ Type II SLC35A2 (UDP-Gal transporter) [65]
SLC39A8 (Manganese transporter) [66]
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Plasma of affected children had undetectable GM3 and downstream a-
and b-series derivatives accompanied by elevations of LacCer, globo-
side, and paragloboside species. All ST3GAL5 c.694C > T homozygotes
had the characteristic phenotype of slow postnatal head growth, in-
tractable epileptic encephalopathy, severe psychomotor delay, visual
impairment, and hearing loss; the latter manifesting as a failed newborn
hearing screen.

Auditory brainstem responses (ABRs) had abnormal thresholds in all
ears tested and cochlear microphonics (CM) were consistently absent
(Table 3). One child had no reproducible ABR waves. Wave I was ob-
served in one subject, questionable in another, and absent in remaining
patients. In six children, only Waves III and V could be clearly defined.
Wave latencies were normal (80 dB) in the majority of patients. In most
ears, comparison of condensation and rarefaction responses revealed
waveform phase reversals (Fig. 2). Although cortical auditory-evoked
potentials (CAEPs) were detectable in all 8 ST3GAL5 c.694C > T
homozygotes (Table 3), their morphology was abnormal in 7 (88%) and
P2/N2 latency was delayed in 6 (75%).

3.2. Gangliosides and mammalian auditory development

3.2.1. Significant increase
maturation of murine cochlea

We investigated the expression of GSLs in wild-type murine cochlea
during the postnatal period of auditory system maturation. Healthy
mice begin to recognize sound by postnatal day 12 (P12), designated
the ‘onset of hearing’. As shown in Fig. 1B, GM3 is the dominant co-
chlear GSL at P1. After P3, there is marked increase of cochlear GM3 as
well as other GSLs, including glucosylceramide, complex gangliosides
(GM1, GDla, GD3, GD1b, GT1b), and sulfatides (SM3 and SM4)
(Fig. 1B). In contrast, expression of cerebral gangliosides reaches a
stable, mature pattern as early as P3 (Fig. 1C).

Significant alterations of ganglioside expression in murine cochlea
after P3 reveal the vital role these molecules play in hearing onset [16].
After auditory maturation, GM3 and GM1 are discretely distributed
among inner hair (IHC), outer hair (OHC), Dieters, and pillar cells of the
organ of Corti (Table 4). Both IHCs and OHCs express GM3, which is
preferentially distributed to the apical surface, cuticular plate, and
stereocilia. GM1 is the primary IHC ganglioside and predominates on
the apical surface of supporting cells, but is largely absent from OHCs
(Fig. 3) [16].

of glycosphingolipids during postnatal

3.2.2. Glycocalyx integrity and membrane cycling in GM3 synthase-
deficient mice

Apical membranes of stereocilia are covered with a glycocalyx
composed of sialic acid-containing glycoproteins and glycolipids (in-
cluding gangliosides) [24] to create a dense negative charge field that
normally prevents fusion of adjacent stereocilia. In experimental ani-
mals, aminoglycoside administration reduces expression of sialo-
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Table 3

Auditory brainstem responses and CAEPs in children homozygous for ST3GALS5 ¢.694C > T.

BBA - General Subjects 1861 (2017) 2485-2493

Age Auditory brainstem responses CAEPs
(years) CM Morphology Waves (80 dB) Thresholds Latency (80 dB) Phase reversal Morphology Latency
Left Right Left Right Left Right Left Right Left Right Left Right Left Right Left Right

1.6 Abs Abs - - Abs Abs - - - - - - Abn Abn D D
2.0 Abs Abs Abs Abs I I, vV I I, v 50 50 N N No Yes Abn Abn D D
2.8 Abs Abs Abs Abs 1L, V 11, V 70 70 D D Yes Yes Abn Abn D D
3.1 Abs Abs Abs Abs 1L, v 1L, v 80 80 N N No Yes Abn Abn D D
3.6 Abs Abs Abs Abs 1L, v 1L, v 80 80 N N Yes Yes Abn Abn D D
4.5 Abs Abs Abs Abs I 1L vV I* 1L, Vv DNT DNT N N Yes Yes Abn Abn N N
7.2 Abs Abs Abs Abs IIL, v IIL, v 60 50 N N No Yes N N N N
7.9 Abs Abs Abs Abs ure, v* e, v* 80 80 N D No a Abn Abn D D

Abn, abnormal; Abs, absent; CM, cochlear microphonic; D, delayed; N, normal; DNT, did not test.

2 Equivocal result.

Ci-P3
P3-On
Fp2 -F4
Fa-C4
Ca-Pa
Pa-02
Fp1-F7
F7-T3
T3-T§
T5-01

Fp2 -F8

600 pV | -

1sec

ABR

2488

Fig. 2. Neurological and auditory phenotype of ST3GAL5 (GM3
synthase) deficiency in humans. (A) From left to right, T2, fluid-
attenuated inversion recovery, diffusion-weighted, and 1H-MR
spectroscopy at 1.5 T show normal cortical and subcortical struc-
ture, but severe hypomyelination and increased water diffusion
throughout the corona radiata, as well as elevated choline (Cho)
relative to creatine-phosphocreatine (Cr) and N-acetylaspartate
(NAA) 1H signals (single voxel PRESS, TE 144/TR 1500). (B)
Electroencephalogram of a 2 year-old child homozygous for
ST3GALS5 ¢.694C > T shows a slow, chaotic background, absent
posterior rhythm and no discernable change through a sleep-wake
cycle. Beginning at the dashed red line, there is a burst of general-
ized, frontal predominant, 3 Hz spike-slow wave discharges in ex-
cess of 450 uV. (C) In the majority of affected children, auditory
brainstem responses show waveform reversals [16].
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Table 4
Comparison of GM3 and GM1 expression of specific regions in the organ of Corti at P14.

BBA - General Subjects 1861 (2017) 2485-2493

OHC THC DC PC
Stereocilia Cuticular plate Cell body Stereocilia Cuticular plate Cell body Cell surface Cell body Cell body
GM3 ++ + - ++ + - - + -
GM1 - - - ++ + + ++ + +

OHC; outer hair cell, IHC; inner hair cell, DC; Deiters cell, PC; pillar cell.

glycoconjugates in the OHC glycocalyx and precipitates fusion of ste-
reocilia [25,26].

To better define the role of various ganglioside species in hearing,
we compared auditory function between St3gal5 —/— and B4galnt1 —/
— mice, which have distinctive patterns of GSL expression within the
organ of Corti (Fig. 4A). Murine B4galntl —/— cochlea has rich GM3
content, intact hair bundles, and normal auditory function whereas
St3gal5 —/— cochlea, devoid of GM3, are associated with deafness
(Fig. 4B). Using confocal laser microscopy with phalloidin staining, we
observe normal IHC and OHC morphology in 4 week-old B4galntl —/ —
mice (Fig. 4C and D). In contrast, St3gal5 —/— OHCs have blebs and
intracellular vesicles, the latter composed of membranous structures
(Fig. 4E), indicative of unbalanced endocytosis and exocytosis [16]. As
noted above, GM3 is expressed in both IHCs and OHCs of wild-type
mice, whereas only IHCs express GM1 (Table 4). This may explain in
part why OHCs degenerate in advance of IHCs in St3gal5 —/— mice.

A GM3

Phalloidin

Phalloidin

3.2.3. GM3-enriched membrane organization, PTPRQ-myosin VI complex
localization and hair cell morphology

Hair cells are specialized to mediate auditory and vestibular trans-
duction. Projecting from their apical surface are filopodial processes
called stereocilia, each filled with hundreds of cross-linked actin fila-
ments. Certain proteins—e.g. unconventional myosins, Usher proteins,
and some deafness-related gene products (e.g. PTPRQ, cadherin23,
protocadherinl5, Usherin, and VLGR1)-are expressed predominantly
or exclusively in stereocilia to form a structured, interactive network
that supports mechanoelectrical transduction (Fig. 5) [27].

In the normal organ of Corti, functional complexes of PTPRQ and
myosin VI appear critical to maintaining the integrity of this network
[28]. PTPRQ, a shaft connector at the tapered base of stereocilia, is
composed of an extracellular domain containing 18 fibronectin III
(FNIII) repeats, a membrane spanning domain, and a cytoplasmic do-
main with both phosphatidylinositol and tyrosine phosphatase activ-
ities [29,30]. Myosin VI is an actin-based motor protein that associates

Fig. 3. Comparison of gangliosides expression in hair cells of
mice aged 4 weeks. (A) Whole-mount immunostaining was
performed. GM3 (upper panel, green) and GM1 (lower
panel, green) of OHC stereocilia. Only GM3 was highly en-
riched in OHC stereocilia without staining of GM1. On the
other hand, the expression levels of GM1 but not GM3 was
especially high on the surface of supporting cells. (B)
Schematic images of distinct expression of GM3 and GM1 in
OHC.

merge

GM3

GM1
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Fig. 4. Identification of GM3 as an essential molecule for hair cell function. (A) HP-TLC of acidic (left) and neutral (right) GSLs from the cochlea of 4-week-old wild-type (WT),
B4galntl —/— and St3gal5 —/ — mice. The cochlea of B4galntl —/— mice were mainly expressed GM3 and GD3. Each purified fraction was spotted 2 mg protein per lane. (B) Auditory-
evoked brainstem response (ABR) of wild-type, B4galntl —/— and St3gal5 —/— mice at 4 weeks old. (C and D) Comparison of gangliosides expression in hair cells among wild-type,
B4galntl —/ — and St3gal5 —/ — mice aged 4 weeks. Whole-mount immunostaining was performed. GM1 (C, green) and GM3 (D, green) of IHC (a—c) and OHC (d-f) stereocilia in wild-
type (a and d), B4galntl —/— (b and e) and St3gal5 —/— (c and f) mice. In IHC, both GM1 and GM3 were expressed along the stereocilium from the taper region to top (Ca and Da). On
the other hand, only GM3 was highly enriched in OHC stereocilia (Dd) without staining of GM1 (Cd). The stereocilia of IHC and OHC in B4galntl —/— mice were expressed GM3 but not
GM1 (Cb and Db). In St3gal5 —/— mice, fused stereocilia was observed in IHC (Cc and Dc) and irregular phalloidin staining was observed in OHC (Cf and Df). Notably, the expression
levels of GM1 but not GM3 was especially high on the surface of supporting cells (Deiters cell) (Cd and Dd). (E) TEM images of OHC in St3gal5 +/+ and —/— mice at P17 [16].
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Fig. 5. Dislocalization of PTPRQ and myosinVI in
the stereocilia of St3gal5 null mice. Confocal

OHC

Myosin VI

WT mice
NN 5N
LY (< <l
ALY (] Rl
LT Kl B[P
4l B4l 1€l P
sl
b Ned b \1
Vi | Y
*£ Myosin VI

PTPRQ

with PTPRQ to form a complex mediating interaction between the
plasma membrane and cytoskeleton [31]. Mice lacking PTPRQ are deaf
and lack tapering at the base of stereocilia, which become fused [28].
Myosin VI-deficient mice are also deaf and have comparable structural
changes of hair cells accompanied by maldistribution of PTPRQ along
the length of stereocilia [28,32,33].

In bull frogs, PTPRQ colocalizes with ganglioside-rich membrane
domains in basal stereocilia [34]. We used immunostaining to further
investigate the relationship between gangliosides and the basal PTPRQ-
myosin VI complex (Fig. 5). In wild-type murine IHCs, PTPRQ localizes
exclusively to the stereocilia base, whereas PTPRQ is maldistributed
along shafts of fused St3gal5 —/ — stereocilia (Fig. 5B) and myosin VI is
present from base to midshaft but absent from distal regions (Fig. S5A).
Such structural disturbances likely reflect loss of normal ciliary motor
action. In St3gal5 —/— OHCs, myosin VI expression is concentrated at
the surface of the cuticular plate, close to vestigial kinocilia (Fig. 5A).

Together, these observations suggest that membrane microdomains

[
I
I
/
/

images showing stereocilia of IHCs and OHCs of
St3gal5 +/+ and —/— mice stained for myosinVI
(A) PTPRQ (B) (green) and F-actin (phalloidin,
magenta). (C) Schematic images for dislocalization
of PTPRQ and myosin VI in the IHC stereocilia of
St3gal5 —/— mouse [16].

Myosin VI Merge

PTPRQ Merge

St3gal57/-mice

)

—
f’-

AAALR A A
TTYYY Y

enriched with GM3 are crucial to the formation and proper localization
of PTPRQ-myosin VI complexes in hair cells. In the absence of GM3,
aberrant expression of PTPRQ-myosin VI complexes has important
structural consequences for stereocilia and likely impairs their ability to
transduce auditory signals (Fig. 5C).

4. Conclusions

Our results implicate a specific and indispensable role for GM3 in
the development, function, and viability of cochlear hair cells. Although
hearing is already impaired at birth in humans with GM3 synthase
deficiency, the murine St3gal5 —/— auditory phenotype indicates that
ganglioside repletion might partially rescue auditory function during a
critical postnatal window. These findings inform our understanding of
hearing loss in humans with ST3GALS deficiency, but do not explain the
broader neurological phenotype associated with this condition (Fig. 2).
Thus future studies should more carefully delineate the role of lipid
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rafts generally, and GM3 specifically, in the development and phy-
siology of the central nervous system.

New concepts and techniques will allow us to determine novel
therapies for hearing impairment. In a recent report, functional hair
cell-like cells were generated from embryonic and induced pluripotent
stem cells [35]. This and other strategies will give rise to new frontiers
of hearing research, further advancing studies of glycoconjugate-rich
microdomains and their auditory actions. We hope such research will
engender new and effective therapies to restore hearing in humans.
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Gangliosides (sialic acid-containing glycosphingolipids) help
regulate many important biological processes, including cell
proliferation, signal transduction, and differentiation, via for-
mation of functional microdomains in plasma membranes. The
structural diversity of gangliosides arises from both the cer-
amide moiety and glycan portion. Recently, differing molecular
species of a given ganglioside are suggested to have distinct bio-
logical properties and regulate specific and distinct biological
events. Elucidation of the function of each molecular species is
important and will provide new insights into ganglioside biol-
ogy. Gangliosides are also suggested to be involved in skeletal
muscle differentiation; however, the differential roles of gangli-
oside molecular species remain unclear. Here we describe strik-
ing changes in quantity and quality of gangliosides (particularly
GM3) during differentiation of mouse C2C12 myoblast cells and
key roles played by distinct GM3 molecular species at each step
of the process.

Glycosphingolipids (GSLs)® are constituents of eukaryotic
cell membranes located exclusively on the outer leaflet of the
plasma membrane. Gangliosides, a subgroup of GSLs having
one or more sialic acid residues, are involved in regulation of
numerous cell biological events, including development, traf-
ficking, signaling, and cellular interactions. Gangliosides have
pathophysiological functions in diseases such as cancer, neuro-
degenerative disorders, and diabetes (1, 2). Sialic acid plays a
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key role in the biological activities of gangliosides (3). For exam-
ple, we demonstrated that localization of insulin receptor in
caveolae is disrupted by elevated levels of endogenous GM3
during the state of insulin resistance. This effect is due to elec-
trostatic interaction between the lysine residue of insulin recep-
tor (Lys-944) and the carboxyl group of sialic acid of GM3
(4-8).

The structural diversity of GSLs arises from both the cer-
amide (Cer) moiety and glycan portion (Fig. 1). Cer is composed
of sphingosine and a single acyl chain (Fig. 1B). Cer acyl chains
vary in length of carbon backbone, degree of saturation, and the
presence/absence of a-hydroxylation (9, 10).

Additional structural diversity of gangliosides arises from
sialic acid (acidic sugar molecule with characteristic nine-
carbon backbone) in the glycan portion. The most common
sialic acid in mammals is N-acetylneuraminic acid (Neu5Ac).
The other common sialic acid, N-glycolylneuraminic acid
(Neu5Gc), differs from Neu5Ac by the presence of an addi-
tional oxygen atom in the acyl group at position C5 (Fig. 1B).
Further structural diversity of sialic acids results from combi-
nations of this variation at position C5 with modifications of
hydroxyl groups at positions C4, C7, C8, and C9 by acetate,
lactate, sulfate, phosphate esters, or methyl ethers. Sialic acid
modifications greatly alter the size, hydrophobicity, net charge,
and enzymatic susceptibility of the parent compound (11).
Such structural divergence generated by different combina-
tions of Cer and sialic acids in gangliosides (Fig. 1B) results in a
huge numbers of “molecular species.” The identity of sialic acid
species in GM3 affects its biological properties. GM3 inhibits
EGFR-tyrosine kinase to differing degrees depending on its
sialic acid species. Such a difference apparently results from
differential carbohydrate-carbohydrate interactions between
EGFR and GM3 (Neu5Ac) or GM3 (Neu5Gc) (12). We have
also demonstrated relationships between various metabolic
diseases and levels of serum ganglioside GM3 “acyl chain”
molecular species. In particular, levels of GM3 with hydroxy-
lated acyl chain species in human serum show strong correla-
tions with several risk factors for metabolic diseases (13).

Taken together, the above findings indicate that differing
molecular species of a given ganglioside have distinct biological
properties and regulate specific and distinct biological events.
Elucidation of the function of each molecular species is impor-
tant and will provide new insights into ganglioside biology.
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Figure 1. Structural diversity of gangliosides. A, ganglioside biosynthetic pathways. B, structures of ganglioside GM3 and sialic acid molecular species.

Regulation of skeletal muscle formation is an essential pro-
cess in both normal development and repair of damaged muscle
tissue. Differentiation of skeletal muscle cells (myocytes) is a
multistep process; the steps include signal transduction, cell
adhesion, and cell-cell fusion (14, 15). Gangliosides are known
to modulate various plasma membrane functions, e.g. cell-cell
interactions, signal transduction, and membrane ion channel
activity, through formation of functional membrane microdo-
mains termed “rafts.” Gangliosides are presumably involved in
these processes in myocytes (16 —19); however, direct evidence
for such involvement is limited and fragmentary. In the present
study we evaluated expression of gangliosides in myoblasts dur-
ing differentiation. We observed striking changes in ganglioside
molecular species composition during differentiation and
assessed their differential functions. GM3 (Neu5Gc) and 16:0
acyl chain species, in particular, appear to play essential roles in
differentiation of myoblasts to myotubes.

SASBMB

Results

Changes in ganglioside quantity and quality during myogenic
differentiation

C2C12 is a myoblast line established from normal adult C3H
mouse leg skeletal muscle and is a well established model of in
vitro differentiation. C2C12 cells were cultured to ~90% con-
fluence in growth medium and then cultured in differentiation
medium (DM; see “Experimental procedures”). Upon differen-
tiation stimulus, the cells gradually fused to form multinucle-
ated fibers (myotubes) (Fig. 24) as expected. Differentiation to
myotubes was confirmed by Western blotting. Levels of differ-
entiation marker proteins myogenin and myosin heavy chain
(MyHC) increased during differentiation (Fig. 2B). HPTLC
revealed the appearance of bands corresponding to GM3, GM2,
GM1, and GDla mobilities during differentiation (Fig. 2C).
Amounts of all acidic GSLs increased gradually during differ-
entiation (Fig. 2C). In particular, GM3 content increased strik-
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Figure 2. Changes of ganglioside expression during myoblast C2C12 dif-
ferentiation. Differentiation of C2C12 cells was induced by culture in DM (see
“Experimental procedures”). A, morphology of proliferating cells (day 0) and
myotube formation on days 2- 8, as revealed by phase-contrast microscopy.
Scale bar, 200 um. B, expression of differentiation marker proteins myogenin
and MyHC on various days, revealed by Western blotting. B-actin: loading
control. Shown are representative Western blot images. C, GSL fraction was
prepared as described under “Experimental procedures.” Acidic GSLs
extracted from cells (0.2 mg protein basis) were spotted and separated on
HPTLC. GSLs were visualized by orcinol/sulfuric acid staining. Pointers indi-
cate GM3 species with differing polarity (see “Changes in ganglioside quan-
tity and quality during myogenic differentiation” under “Results”). Shown is a
representative HPTLC image.

ingly, with three major bands. Through day 2, the top band
(black pointer) and middle band (gray pointer) were the major
GM3 bands. From day 3 onward, the top band decreased, and
the middle band and bottom band (white pointer) became the
major bands. These findings revealed clear changes in quantity
and quality of GM3 molecular species, reflecting their impor-
tance in myogenic differentiation.

Changes of sialic acid species in gangliosides during myogenic
differentiation

GM3 synthase expression increased during differentiation
(Fig. 3A), consistent with the observed increase of GM3 levels
(Fig. 2A). To evaluate ganglioside changes during differentia-
tion, we used TLC immunostaining and fluorometric HPLC to
assess the quantity and quality of lipid-linked sialic acids.

7042 ) Biol. Chem. (2017) 292(17) 7040-7051
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Figure 3. Alteration of sialic acid species of GM3 during C2C12 differen-
tiation. A, the GM3 synthase mRNA expression levels on the indicated days,
determined by quantitative RT-PCR. Data represent the relative gene expres-
sion in cells of each day compared with that in cells of day 0 (set to 1.0 sepa-
rately for each target gene). Average -fold change was obtained from three
experiments, shown as the means = S.D. B, GM3 (Neu5Ac) expression,
detected by TLC immunostaining with specific mAb GMR6. C, GM3 (Neu5Gc)
expression, detected by TLCimmunostaining with specific mAb GMR8. Point-
ers indicate the position of the GM3 band on HPTLC in Fig. 2.

(Day)

Changes of sialic acid species of GM3 were confirmed by TLC
immunostaining using specific anti-GM3 mAbs. For anti-GM3
(Neu5Ac) mAb GMR6, positive staining was detected at day 0,
and its intensity increased until day 3 and decreased thereafter
(Fig. 3B). In contrast, for anti-GM3 (Neu5Gc) mAb GMRS (20),
positive bands were very weak until day 2 then increased grad-
ually after day 3 (Fig. 3B). High GM3 (Neu5Gc) expression was
maintained even on day 8.

Quantity and quality of lipid-linked sialic acids were next
assessed by fluorometric HPLC. In C2C12 myoblasts before
differentiation, almost all gangliosides contained Neu5Ac as
sialic acid in the glycan portion (Fig. 44, ). After differentia-
tion induction, the total amount of lipid-linked sialic acid
increased (Fig. 44, A), consistent with TLC immunostaining
results (Fig. 2C). The amount of lipid-linked Neu5Ac increased
gradually through day 3 and declined thereafter. In contrast,
lipid-linked Neu5Gc was barely detectable until day 2, in-
creased markedly on day 3, and by day 5 was the major sialic
acid species (Fig. 44, A), again consistent with TLC results (Fig.
3, B and C). Taken together, these findings demonstrate that
sialic acid species of gangliosides change from Neu5Ac to
Neu5Gc during myogenic differentiation of C2C12 cells.
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Figure 4. Quantitative and qualitative analysis of lipid-linked sialic acid
species during C2C12 differentiation. A, lipid-linked sialic acid species in
C2C12 were quantified and qualified by fluorometric HPLC. A, total lipid-
linked sialic acids. B, lipid-linked Neu5Ac. X, lipid-linked Neu5Gc. Detected
sialic acids: sum of sialic acids in GM3, GM2, GM1, and GD1a. B, lipid-linked
sialic acid species in growth and differentiation medium were quantified by
fluorometric HPLC. Shown is growth medium containing 10% FBS (black bar)
and differentiation medium containing 2% HS (gray bar). C, expression levels
of Cmah mRNA, determined by agarose gel electrophoresis and quantitative
RT-PCR. Data represent the relative gene expression in cells of each day com-
pared with that in cells of day 0 (set to 1.0 separately for each target gene).
Average -fold change obtained from three experiments is shown as the
means * S.D.

SASBMB

GM3 molecular species and myoblast differentiation

Neu5Gc residues on glycans are synthesized from CMP-
Neu5Gce through catalytic activity of sialyltransferases. There
are two CMP-Neu5Gc synthesis pathways in mammalian cells.
(i) In the salvage pathway, cells take up extracellular Neu5Gc-
containing glycoconjugates derived from foods such as meat,
fish, and eggs (or from serum in the case of cultured cell lines).
Subsequently, Neu5Gc-containing glycoconjugates are hydro-
lyzed to Neu5Gc monosaccharides in lysosomes. Neu5Gc
monosaccharides are transported to cytosol, and Neu5Gc is
activated to CMP-Neu5Gc by CMP-sialic acid synthetase in the
nucleus (21-23). (ii) In the de novo synthesis pathway, sialic
acid Neu5Ac is synthesized in cytosol and activated to CMP-
Neu5Ac in the nucleus, and CMP-Neu5Ac is subsequently con-
verted to CMP-Neu5Gc by the enzyme CMP-Neu5Ac hydrox-
ylase (CMAH) in cytosol (24, 25). CMP-Neu5Gc is transported
into the Golgi apparatus, where it undergoes transfer to glycans
through catalytic activity of various sialyltransferases. Reverse-
transcription polymerase chain reaction (RT-PCR) analysis of
the CMAH encoding gene (Cmah) revealed that expression
level of Cmah mRNA was very low during days 0-2 but
increased thereafter (Fig. 4C). Expression of Cmah mRNA was
correlated with GM3 (Neu5Gc) level during C2C12 differenti-
ation (Figs. 3 and 4).

It is known that fetal bovine and horse serum contain
Neu5Gc glycoconjugates. Therefore, we analyzed sialic acid in
growth (10% FBS) and differentiation (2% HS) medium and
confirmed the existence of Neu5Gc in both mediums. Lipid-
linked Sia in the media is shown in Fig. 4B. Growth medium
contained large amounts of sialyl glycosphingolipids compare
with differentiation medium. Both mediums contained large
amounts of Neu5Ac compare with Neu5Gc. Although Neu5Gce
glycosphingolipids, especially Neu5Gc-GM3 in medium, may
be taken up and utilized by differentiating cells, the amounts
would be small. Because the expression levels of both GM3
synthase and Cmah increased after the induction of differenti-
ation (Figs. 34 and 4C), we could conclude that the increase of
Neu5Gc-GM3 during differentiation may be due to the in-
creased de novo synthesis.

Changes of acyl chain structures in the Cer portion of GM3
during myogenic differentiation

Structural diversity of GM3 derived from acyl chain struc-
tures in C2C12 cells was evaluated by LC-MS/MS after differ-
entiation induction. On day 0 (Fig. 54, black bars), the three
most abundant GM3 species detected were Neu5Ac-GM3
(d18:1-24:0), Neu5Ac-GM3 (d18:1-24:1), and NeubAc-GM3
(d18:1-16:0). Species with acyl chain carbon number 24
accounted for >50% of total GM3 (Fig. 5B, green and blue col-
ors). Species that were abundant on day 0 contained primarily
Neu5Ac as sialic acid, consistent with TLC immunostaining
and HPLC results (Figs. 3 and 4).

On day 7, when differentiation was completed, Neu5Gce-
GM3 (d18:1-16:0) was the most abundant GM3 molecular spe-
cies, and Neu5Ac-GM3 (d18:1-16:0) was the second most
abundant (Fig. 54). GM3 species with 16:0 acyl chains
accounted for ~70% of the total. Proportions of Neu5Ac spe-
cies were lower, and those of Neu5Gc species were higher on
day 7, but total amounts of 24:0 and 24:1 species showed little
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Figure 5. LC-MS/MS analysis of GM3 molecular species during C2C12 differentiation. A, levels of GM3 molecular species in C2C12 cells. The eight most
abundant species on day 0 (black bars) and day 7 (gray bars) are shown. The amount of each species was quantified by LC-MS/MS using Neu5Ac GM3
(d18:1-['3C]16:0) as the internal standard, as described under “Experimental procedures.” y axis, amount of GM3 species (ng) present per 50 ug of cell protein.
B, proportions of GM3 molecular species on days 0 and 7. Amounts of individual species were determined, and their proportions were calculated.

change (Fig. 54). The proportion of 16:0 species increased
markedly during differentiation (Fig. 5, A and B).

Expression of Cer synthases

Ceramide synthase (CerS) enzymes regulate synthesis of the
various Cer species. Six types of mammalian CerS have been
reported. Each CerS has a preference for a unique range of
acyl-CoA groups and, therefore, controls a particular subset of
Cer species. We used real-time PCR to determine expression
levels of CerS1 through CerS6 in C2C12 cells. The predominant
forms detected in these cells were CerS1, -2, -5, and -6. CerS2,

7044 ) Biol. Chem. (2017) 292(17) 7040-7051

which catalyzes synthesis of ceramide with very long acyl chains
such as C24, was most abundant in C2C12. CerS2 was slightly
increased after the induction of differentiation, but it was
decreased sharply during the differentiation process. On the
other hand the levels of CerS5 and -6, which catalyze C16-Cer
synthesis, remained constant (Fig. 6A4). Therefore, the increase
of GM3 C16 species after differentiation (Fig. 5) could be attrib-
uted to the marked decrease of CerS2 expression during the
differentiation process (Fig. 6A).

We also examined changes in mRNA expression levels of
fatty acyl-CoA elongases (Elovls) during differentiation. Levels
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Figure 6. Changes in expression of Cer synthase mRNAs during C2C12
differentiation. A, expression levels of CerS mRNAs, determined by quanti-
tative RT-PCR. -Fold change was calculated as 274+ with tubulin used as
the endogenous control. B, expression levels of Elovl mRNAs during differen-
tiation, determined by quantitative RT-PCR. Data represent the relative gene
expression in cells of each day compared with that in cells of day 0 (set to 1.0
separately for each target gene). Average -fold change obtained from three
experiments is shown the means = S.D.

of all five Elovls examined were lower on day 8 than on day 0
(Fig. 6B). This trend may also explain in part the increase of
shorter acyl-chain Cer species.

Effects of exogenous sialic acid and GM3 species on cell
morphology

Sialic acid and acyl chain structures of GM3 showed notable
changes during C2C12 cell differentiation. The potential role of
such changes was investigated by adding various sialic acid and
GM3 molecular species to culture medium.

Sialic acid monosaccharide (Neu5Ac or Neu5Gc) was added
during medium change each day to change the sialic acid spe-
cies of sialylglycoconjugates. Treatment with 2 mm Neu5Ac or
Neu5Gc efficiently increased intracellular Sia monosaccharide
(Fig. 7A, left panel), so exogenous sialic acids were taken up by
C2C12 cells. After 2 days the amount of lipid-linked Neu5Gce
exceeded that of Neu5Ac in cells treated with 2 mm Neu5Gc,
although Neu5Ac was the major sialic acid in normal and
Neu5Ac-treated cells (Fig. 7A, right panel). Thus, we were able
to change the ratio of sialic acid species in gangliosides by treat-
ment with Neu5Gc. Cell morphology on day 6 is shown in Fig. 7,
Band C.

SASBMB
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Sialic acid species differentially affected morphology of myo-
blasts and/or myofibers. The ratio of long fibers was increased
by treatment with Neu5Gc (Fig. 7C, right panel). And the
formed fiber width was small (Fig. 7C, left panel). Therefore,
cells treated with Neu5Gc monosaccharide formed longer, nar-
rower myofibers. Neu5Ac or Neu5Gc treatment had no effect
on the expression of differentiation marker proteins myogenin
and MyHC (Fig. 7D, left panel). However, phosphorylation of
paxillin, which regulates adhesion state, was increased by treat-
ment with Neu5Gc (Fig. 7D, right panel). These findings sug-
gest that sialic acid affects cell morphology via control of cyto-
skeleton formation or myofiber adhesion state.

Although Neu5Ac was taken up by cells during Neu5Ac
treatment, the quality and quantity of glycosphingolipids was
not drastically changed (Fig. 7A). The ratio of shorter length
myotubes was slightly increased by Neu5Ac treatment. These
changes may not be an effect of only change in GLSs, although
these results suggest that extracellular sialic acid affected myo-
blast differentiation.

Exogenous gangliosides can be inserted into the outer leaflet
of plasma membranes and be partially taken up and metabo-
lized (26). We confirmed the uptake and increase of GM3 in
cells by TLC and fluorometric HPLC (Fig. 84). 25 um exoge-
nous GM3 efficiently increased cellular gangliosides (Fig. 84,
left panel) and lipid linked sialic acids (Fig. 84, right panel).
Therefore, we added GM3 species, shorter (16:0) species, which
are the major species after differentiation, and longer (24:0 or
18:0) species, which are the major species before differentiation
to evaluate their properties. In experiments with different GM3
molecular species, d18:1-16:0 species were well aligned and
formed numerous myotubes, whereas cells treated with GM3
d18:1-18:0 or d18:1-24:0 species were poorly aligned and
formed fewer myotubes (Fig. 8B); the ratio of cells with shorter
length and larger width was increased when treated with GM3
d18:1-18:0 or d18:1-24:0 species (Fig. 8C). Although expres-
sion level of myogenin was relatively unaffected by treatment
with different GM3 molecular species, the level of MyHC was
notably reduced by treatment with GM3 d18:1-18:0 or d18:1—
24:0 species (Fig. 8D). Cells treated with GM3 d18:1-16:0
formed relatively longer myofibers.

These findings indicate that increased longer acyl-chain
GMS3 species inhibit some signaling in differentiation pro-
cesses such as fusion process and/or formation of myotubes,
whereas shorter acyl-chain GM3 species do not inhibit, or
might, enhance.

In this study we found an association of GM3 lipid species
change and differentiation in myoblast. The results shown in
Fig. 7 and in Fig. 8 are consistent with the hypothesis that myo-
blasts may regulate their differentiation by changing GSLs
species.

Discussion

Skeletal muscle differentiation comprises a chain of complex
processes in which cell plasma membranes play a crucial role.
Cell-to-cell adhesion and recognition are essential for the dif-
ferentiation process. It is necessary for progenitor cells to con-
tact numerous similar cells and respond to inductive signals in
order to undergo a coordinated process of differentiation. In
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Figure 7. Effects of sialic acid monosaccharide supplementation on C2C12 differentiation. A, uptake and utilization of exogenous sialic acids in C2C12
cells.2 mm Neu5Ac or Neu5Gc was added to the differentiation medium. After 2 days Sia monosaccharide in cytosol (left panel) and lipid-bound Sia (right panel)
were measured as described under “Experimental procedures.” B, phase-contrast microphotographs on day 6 of cells treated with sialic acid (2 mm) in DM. C,
effects of exogenous sialic acids on morphology of myofibers. The ratio of each fiber length (right panel) and width (left panel) are shown (control and Neu5Gc;
n =100, Neu5Ac; n = 89). D, expression levels, on day 6 of differentiation, of marker proteins myogenin and MyHC in cells treated with sialic acid in DM (right
panel). Shown are the effects of sialic acids on the phosphorylation state of paxillin on days 1and 2 (left panel). Shown are representative Western blot images.

the final steps of differentiation, plasma membranes fuse with
each other (14, 15, 27). Biochemical characteristics of plasma
membranes thus have important effects on skeletal muscle dif-
ferentiation. GSLs, particularly gangliosides, help determine
plasma membrane properties and play essential roles in regu-
lating many biological processes, including cell-cell interac-
tions and signal transduction (1, 2). Expression of GM3, GM2,
GM1, and GD1a has been reported in myoblast cell line C2C12
(16-18); however, changes in ganglioside expression and func-
tions of specific ganglioside species during myogenic differen-
tiation have not been studied. We analyzed changes in gangli-
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oside species during myogenic differentiation using C2C12
cells as a model. We demonstrated for the first time striking
changes in quantity and quality of gangliosides during the dif-
ferentiation process. Alterations of molecular species of GM3,
the major ganglioside in C2C12 cells, were particularly notable.
Sialic acid species in GM3 were changed from Neu5Ac to
Neu5Gc through elevated expression of hydroxylase CMAH.
GM3 species with 16:0 acyl chains were greatly increased. To
elucidate the function of this GM3 molecular species change,
we added sialic acid monosaccharide or synthetic GM3 acyl
chain species to culture medium. Our findings (Figs. 6 and 7)
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Figure 8. Effects of GM3 acyl chain structure on C2C12 differentiation. A, uptake of exogenous GM3. Shown is TLC analysis (right panel), and the amounts
of lipid-linked sialic acids (left panel) of C2C12 cells treated with 25 mm GM3 for 24 h. B, phase-contrast microphotographs on day 6 of cells treated with three
GM3 species (25 um). C, effects of exogenous sialic acids on morphology of myofibers. The ratio of each fiber length (right panel) and width (left panel) are shown
(n = 20).D, expression levels on day 6 of differentiation marker proteins myogenin and MyHC in cells treated with three GM3 species. Shown are representative

Western blot images.

indicate that sialic acid species affect cell morphology and
that GM3 acyl chain structures play key roles in regulating
differentiation.

In regard to GM3 function in myogenic differentiation, pre-
vious studies indicate that sialidase (Neu3), which is localized in
the plasma membrane and hydrolyzes GM3 and other gan-
gliosides, affects differentiation of C2C12 cells. Neu3 overex-
pression delayed myoblast differentiation and induced hy-
pertrophic myotube formation, whereas differentiation was

=
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inhibited by Neu3 gene silencing (16-18). The Neu3 protein
per se presumably modulates certain cell functions, but these
studies suggest that GM3 in appropriate amounts also plays an
important role in normal C2C12 differentiation, most likely via
modulation of EGFR signaling. We used a GSL synthesis inhib-
itor to confirm that GSLs in appropriate amounts are important
in myofiber formation (data not shown). Thus, proper amounts
of GM3 are required at each step in the process for normal
myogenic differentiation. We observed here for the first time

J. Biol. Chem. (2017) 292(17) 7040-7051 7047

L10T ‘11 1oquuoydog uo AJSIOATU[) [BONNAORULIBYJ PUR [BIIPIJAl NYOYO], 38 /310" 0q[* mmm//:dNy woiy papeoumo(]


http://www.jbc.org/

GM3 molecular species and myoblast differentiation

striking changes in GM3 quality during differentiation; i.e.
major alterations in sialic acid species and acyl chain struc-
tures (Figs. 2—4). Our findings suggest that ganglioside qual-
ity as well as quantity is important at each step for normal
myogenic differentiation.

Sialic acid species and the acyl chain structures of ganglio-
sides are involved in maintaining cell membrane properties and
lipid microdomain structures. Hashimoto and co-workers (28,
29) observed that disruption of lipid rafts by cholesterol deple-
tion directly blocked the plasma membrane fusion that nor-
mally occurs as part of myogenic cell fusion. The molecular
mechanisms that control cell fusion and other steps of myo-
genic differentiation remain to be elucidated; however, plasma
membrane rafts clearly play an important role. A number of
membrane molecules have been implicated in regulation of
myogenic differentiation. Extracellular matrix receptor integ-
rins (30) and adhesion molecules such as cadherins, NCAM,
and CD9 (31-33) are involved in regulation of the recognition
and adhesion steps in myoblast differentiation and mainte-
nance of myofibers. Crucial molecules (e.g. BAI1, myomaker)
involved in regulation of initiation signals for myogenic differ-
entiation and plasma membrane fusion were discovered in
2013 (34, 35). Such transmembrane proteins are localized in
specific regions of the plasma membrane during differentia-
tion; it is thus possible that various GM3 molecular species
interact specifically with the proteins, directly or indirectly, to
regulate their functions and localization. Membrane fluidity
affects myogenic differentiation, particularly the plasma mem-
brane fusion process (36 —38); thus, another possibility is that
concentrations of various GSL molecular species in myoblasts
help regulate membrane fluidity and are strictly controlled for
this purpose.

Our knowledge of molecular mechanisms that regulate dis-
tribution and expression of GSL molecular species and other
plasma membrane molecules remains fragmentary. The CerS
enzymes provide one regulatory mechanism for expression of
GSL acyl chain molecular species. Six mammalian CerSs have
been described, each utilizing fatty acyl CoAs with differing
chain lengths for N-acylation of the sphingoid long chain base.
CerS5 and CerS6 catalyze synthesis of C16 acyl chain Cer spe-
cies (9, 10). Most studies to date focused on roles of CerSs in
regulation of sphingolipids have relied on CerS overexpression
to increase Cer synthesis. Therefore, it remains unclear how
individual CerSs contribute to a steady-state sphingolipid pool
in mammalian cells, and whether maintenance of sphingolipids
with specific acyl chains depends on specific CerSs (39). C16
GSL species were strikingly increased during C2C12 differenti-
ation in the present study (Fig. 5). The increase of GM3 C16
species after differentiation could be attributed to the marked
decrease of CerS2 expression during the process of differentia-
tion (Fig. 6A4). We also observed that expression levels of Elovls
declined during myogenic differentiation, which may help
account for increased levels of shorter acyl-chain species (Fig.
6B). Future studies may reveal unknown mechanisms for regu-
lation of GSL molecular species by inter-regulation of CerSs
and Elovls.

By treatment with exogenous GM3 species, cellular ganglio-
sides were changed (Fig. 8). We found that increased longer
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acyl-chain GM3 species inhibited differentiation, whereas
shorter acyl-chain GM3 did not result in inhibition (Fig. 8, B
and C). These results suggest that myoblasts regulate some sig-
naling processes during differentiation, such as fusion pro-
cesses and/or formation of myotubes, by changing the metab-
olism of ganglioside acyl chain species.

Besides changes in acyl chains of GM3 molecular species, the
present study demonstrates for the first time changes of sialic
acid species from Neu5Ac to Neu5Gc during differentiation.
We also observed morphological changes in myotubes after
treatment with Neu5Gc (Fig. 7, B and C). This phenomenon
suggests a function for Neu5Gc glycoconjugates in the process
of myogenic differentiation, especially in the regulation of cell
morphology. Although during the exogenous treatment we
employed, the ratio of Neu5Gc was increased in both glycopro-
teins and glycolipids (data not shown); therefore, we cannot
concluded the effects observed were the result of Neu5Gc GM3
alone. Several groups have described changes of sialic acid spe-
cies on glycans during various biological processes (40 —43). It
appears that Neu5Gc expression can also be affected by cell
activation and disease status. Cmah mRNA expression is
altered during lymphocyte activation in mice (41, 42), and
Neu5Gc treatment modifies interactions between glycans and
their binding proteins. Taken together, these past and present
findings indicate that the change of sialic acid species from
Neu5Ac to Neu5Gc is crucial for myogenic differentiation in
mice. Deletion of Cmah in mice increased the severity of mus-
cular dystrophy (44, 45), suggesting that this gene is a genetic
modifier of muscle homeostasis. Taken together, our results
suggest that myoblasts regulate their differentiation by chang-
ing the metabolism of sialic acids, ceramide, and, consequently,
gangliosides.

We want to elucidate the function of specific GM3 molecular
species, which have their expression levels affected before and
after myogenic differentiation, especially focusing on NeuGc
GM3 with a C16 acyl chain as shown in Fig. 54. We confirmed
the change in expression of some genes related to the synthesis
of this molecule. Therefore, we tried to modify the expression
of these genes (such as GM3 synthase, Cmah, and CerSs) to
show their function in myogenic differentiation. However, we
could not establish gene-modified C2C12 cells while maintain-
ing differentiation potency. Therefore, we will report further on
these investigations in our next manuscript.

In conclusion, the present results demonstrate that quantity
and quality of GM3 change greatly during myoblast C2C12 dif-
ferentiation and suggest that these changes play a key role in
regulation of the differentiation process. These findings help
clarify the significance of GSL structural diversity in mamma-
lian cells. Our ongoing studies, using genetically modified mice
and cells, are focused on roles of GM3 molecular species in
function and regeneration of muscle cells and tissues.

Experimental procedures
Materials

Hybridoma cells producing anti-GM3 (Neu5Gc) monoclonal
antibody (mAb) GMR8 were kindly donated by Ikuo Kawashima
(20), RIKEN BioResource Center. Anti-GM3 (Neu5Ac) mAb
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GMR6 was from Seikagaku Co. (Tokyo, Japan). Anti-myogenin
and myosin heavy chain antibodies were from e-Bioscience (Santa
Clara, CA). GM3 molecular species were synthesized according to
previous reports (46, 47). Neu5Ac GM3 (d18:1-[**C]16:0), an
internal standard for quantification by LC-MS/MS, was from
Tokyo Chemical Industry (Tokyo, Japan).

Cell culture

C2C12 myoblast cells were obtained from RIKEN Bio-
Resource Center (Tsukuba, Japan) and cultured in Dulbecco’s
modified Eagle’s medium (DMEM; Nacalai; Kyoto, Japan) con-
taining 10% heat-inactivated fetal bovine serum at 37 °C in 5%
CO, atmosphere. To induce differentiation, growth medium
was replaced with DMEM containing 2% horse serum (DM)
when cells reached ~90% confluency. Cells were replenished
with fresh DM every 24 h. To evaluate the effects of exogenous
sialic acids, Neu5Ac or Neu5Gc (2 mMm) were added to DM. To
evaluate the effects of exogenous GM3, synthetic GM3 acyl
chain species (25 um) were added to DM.

Analysis of GSLs

Analysis of GSLs by TLC was performed as described origi-
nally in Refs. 48 and 49 and slightly modified (50). In brief, total
cell lipids were extracted using chloroform/methanol, and
extracts were applied to DEAE-Sephadex A-25 column equili-
brated with chloroform/methanol/water (30:60:8, v/v/v). The
column was washed with the same solvent, and acidic GSL frac-
tion was eluted with chloroform/methanol/1 M sodium acetate
(30:60:8, v/v/v). Acidic and neutral lipids were subjected to mild
alkaline hydrolysis and desalted using a Sep-Pak C18 cartridge.
Acidic GSLs were spotted on a TLC plate and developed with
chloroform/methanol/0.2% CaCl, (60:25:4, v/v/v). GSLs were
visualized by orcinol/sulfuric acid staining.

TLC immunostaining

Acidic GSLs were spotted on a TLC plate and developed with
chloroform/methanol/0.2% CaCl, (60:25:4, v/v/v). The dried
plate was dipped in cyclohexane containing 0.1% (w/v) poly-
(isobutyl methacrylate) for 1 min, blocked by incubation in PBS
containing 1% BSA at room temperature for 1 h, incubated with
anti-GM3 mAb GMR6 (GM3(Neu5Ac) specific) or GMR8
(GM3(Neu5Gc) specific) in PBS containing 1% BSA at room
temperature for 2 h, washed 5 times with PBS, and incubated
with anti-mouse IgM horseradish peroxidase (HRP)-conju-
gated antibody at 37 °C for 1 h. HRP was detected by the addi-
tion of appropriate substrates following the manufacturer’s
instructions.

Sialic acid analysis by fluorometric HPLC

Sialic acids were hydrolyzed from acidic GSL fractions by
trifluoroacetic acid. An aliquot of the supernatant was lyophi-
lized and then incubated with 1,2-diamino-4,5-methylene
dioxybenzene as described previously (51). 1,2-Diamino-4,5-
methylene dioxybenzene-labeled sialic acids were separated
and detected using an HPLC system (JASCO; Tokyo, Japan)
equipped with a reversed-phase C18 column (Wakopak
Handy-ODS (4.6 mm X 250 mm); Wako Pure Chemical, Osaka,
Japan).

SASBMB

GM3 molecular species and myoblast differentiation

Table 1
Primers used to specifically enhance each mRNA fragment
Gene Primer sequence
CerS1 Forward 5'-TGACTGGTCAGATGCGTGA-3’
Reverse 5'-TCAGTGGCTTCTCGGCTTT-3’
CerS2 Forward 5'-TCATCATCACTCGGCTGGT-3’
Reverse 5'-AGCCAA AGAAGGCAGGGTA-3'
CerS3 Forward 5'-ATCTCGAGCCCTTCTTCTCC-3'
Reverse 5'-CTGGACGTTCTGCGTGAAT-3’
CerS4 Forward 5'-TGCGCATGCTCTACAGTTTC-3’
Reverse 5'-CTCGAGCCATCCCATTCTT-3’
CerS5 Forward 5'-TCCATGCCATCTGGTCCTA-3’
Reverse 5'-TGCTGCCAGAGAGGTTGTT-3’
CerS6 Forward 5'-GGGTTGAACTGCTTCTGGTC-3'
Reverse 5'-TTTCTTCCCTGGAGGCTCT-3’
Cmah Forward 5'-GAAAGGCCTGTGTTTTGGAA-3'
Reverse 5'-TCATGAACCGCAGACTTTTG-3’
St3gals Forward 5'-GTGGACCCTGACCGGATAAAG-3'
(GM3S) Reverse 5'-AACAGAGCCATAGCCGTCTTC-3’
Tubulin Forward 5'-CACTACACCATTGGCAAGGA-3’
Reverse 5'-TGTGGAAAACCAAGAAGCCC-3'
Elovl 1 Forward 5'-GGTGGGGGATAAAAATTGCT-3'
Reverse 5'-CCAAGGGCAGACAATCCATA-3’
Elovl 2 Forward 5'-GACGCTGGTCATCCTGTTCT-3'
Reverse 5'-GCTTTGGGGAAACCATTCTT-3'
Elovl 3 Forward 5'-TTTGCCATCTACACGGATGA-3’
Reverse 5'-CGTGTCTCCCAGTTCAACAA-3'
Elovi 4 Forward 5'-TTTGGTGGAAGCGATACCTG-3'
Reverse 5'-ATGTCCGAGTGTAGAAGTTG-3’
Elovl 5 Forward 5'-CTCTCGGGTGGCTGTTCTT-3’
Reverse 5'-AGAGGCCCCTTTCTTGTTGT-3’
Elovl 6 Forward 5'-ACAATGGACCTGTCAGCAAA-3'
Reverse 5'-GTACCAGTGCAGGAAGATCAGT-3’
Elovi 7 Forward 5'-ATGGGACCAGCCTACCAGAA-3'
Reverse 5'-TTGCAGTCCTCCATGAAGAA-3'
RT-PCR

Total RNAs were prepared from cells using TRIzol reagent.
Reverse transcription of total RNA was performed to generate
first-strand cDNA. For detection of cDNA of mouse CMP-
sialic acid hydroxylase, we performed RT-PCR assays using a
primer set based on sequences of CMP-sialic acid hydroxylase
(5'-ctgatcccaggtctectgaa-3’, 5'-agcctctecaaccagtcaga-3') and
GAPDH (5'-acaaaatggtgaaggtcggt-3', 5'-tccagggtttcttactcett-
3'). For quantitative real-time PCR, cDNA was prepared from
total RNA using a PrimeScript™ RT Reagent kit (Takara Bio).
RT-PCR was performed and analyzed using SsoFast™ EvaGreen
Supermix on a Real-Time PCR system (Bio-Rad). Expression
values were normalized to tubulin, and relative mRNA expres-
sion was calculated as described by Livak and Schmittgen (52).
Primers used are listed in Table 1.

Mass spectrometric analysis

Neu5Ac GM3 (d18:1-[*3C]16:0) was added to acidic GSL
samples as the internal standard. GM3 molecular species were
quantified using HPLC coupled with electrospray ionization
tandem mass spectrometry (MS/MS) in multiple reaction-
monitoring negative ionization mode. The triple-stage quadru-
pole (TSQ) Vantage AM instrument (Thermo Fisher, Wal-

tham, MA) was calibrated by directly infusing a mixture of

GMS3 species extracted from milk, and all ion source parame-
ters and ionization conditions were optimized to improve sen-
sitivity. GSLs were dissolved in methanol, injected onto an
HPLC pump (Accela 1250, Thermo Fisher), and separated
using a Develosil carbon 30 column (C30-UG-3-1 X 50 mm,
Nomura Co.; Aichi, Japan). The gradient program started with
100% solvent A (20% H,O, 50% 2-propanol, 30% methanol con-
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Table 2
Mass spectrometer settings and MRM transition pairs

Q, quadrupole; CE, collision energy; S-lens, stacked-ring ion guide; RF, radio fre-
quency.

Molecular Molecular S-lens RF
species (Sia) species (Cer) Q1 Q3 CE amplitude
mlz mlz eV
GM3 (Neu5Ac) [M-H]~
d18:1-16:1 1149.7 289.9 53 276
d18:1-16:0 1151.7 289.9 53 276
d18:1-h16:1 1165.7 289.9 53 276
d18:1-[**C]16:0 1167.9 289.9 53 276
d18:1-18:1 1177.7 2899 53 276
d18:1-18:0 1179.7 289.9 53 276
d18:1-h18:1 1193.7 289.9 53 276
d18:1-h18:0 1195.7 289.9 53 276
d18:1-20:1 1205.7 289.9 53 276
d18:1-20:0 1207.7 289.9 53 276
d18:1-21:1 1219.7 289.9 53 276
d18:1-21:0 1221.7 289.9 53 276
d18:1-h20:0 1223.7 289.9 53 276
d18:1-22:1 1233.7 289.9 53 276
d18:1-22:0 1235.7 289.9 53 276
d18:1-h21:0 1237.7 289.9 53 276
d18:1-23:1 1247.7 289.9 53 276
d18:1-23:0 1249.7 289.9 53 276
d18:1-h22:0 1251.7 289.9 53 276
d18:1-24:1 1261.8 289.9 53 276
d18:1-24:0 1263.8 289.9 53 276
d18:1-h23:0 1265.8 289.9 53 276
d18:1-h24:1 1277.8 289.9 53 276
d18:1-h24:0 1279.8 289.9 53 276
d18:1-16:1 1165.7 3059 53 276
GM3 (Neu5Gc) [M-H]~
d18:1-16:0 1167.7 3059 53 276
d18:1-h16:1 1181.7 3059 53 276
d18:1-18:1 1193.7 305.9 53 276
d18:1-18:0 1195.7 3059 53 276
d18:1-h18:1 1209.7 3059 53 276
d18:1-h18:0 1211.7 3059 53 276
d18:1-20:1 1221.7 3059 53 276
d18:1-20:0 1223.7 305.9 53 276
d18:1-21:1 1235.7 305.9 53 276
d18:1-21:0 1237.7 3059 53 276
d18:1-h20:0 1239.7 3059 53 276
d18:1-22:1 1249.7 3059 53 276
d18:1-22:0 1251.7 3059 53 276
d18:1-h21:0 1253.7 305.9 53 276
d18:1-23:1 1263.7 3059 53 276
d18:1-23:0 1265.7 3059 53 276
d18:1-h22:0 1267.7 305.9 53 276
d18:1-24:1 1277.8 3059 53 276
d18:1-24:0 1279.8 3059 53 276
d18:1-h23:0 1281.8 305.9 53 276
d18:1-h24:1 1293.8 3059 53 276
d18:1-h24:0 1295.8 3059 53 276

taining 0.1% acetic acid and 0.1% ammonia) for 5 min, then
ramped to 100% solvent B (2% H,O, 50% 2-propanol, 48%
methanol containing 0.1% acetic acid, and 0.1% ammonia) over
30 min. 100% solvent B was maintained for 4 min, then the
solvent was returned to 100% solvent A over 1 min and held
there for 10 min. Flow was 50 ul/min throughout the chro-
matographic run. —2500 V potential was applied between ion
source and electrospray needle. The carrier gas was nitrogen.
Relative abundances of molecular species were assessed based
on relative percentage of internal standard. All GM3 molecular
species may not necessarily have identical ionization efficien-
cies; however, because of limited availability of pure molecular
species standards, we assumed that all species have ionization
efficiencies comparable with that of the internal standard.
Thus, in evaluating relative abundances of molecular species,
detected amounts are compared that may not necessarily rep-
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resent absolute amounts (13). The details for the assignment of
ganglioside molecular species are shown in Table 2.
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Glycosphingolipids (GSLs) are abundant in plasma membranes of mammalian cells, and their synthesis is strictly
regulated in the Golgi apparatus. Disruption of GSL homeostasis is the cause of numerous diseases. Hundreds of
molecular species of GSLs exist, and the detailed mechanisms underlying their homeostasis remain unclear. We
investigated the physiological significance of isoform production for [31,4-N-acetyl-galactosaminyl transferase 1/
B4AGALNT1 (B4GN1), an enzyme involved in synthesis of ganglio-series GSLs GM2/GD2/GA2. We discovered a
new mRNA variant (termed variant 2) of BAGN1 through EST clone search. A new isoform, M1-B4GN1, which
has an NH,-terminal cytoplasmic tail longer than that of previously-known isoform M2-B4GN1, is translated
from variant 2. M1-B4GN1 has R-based motif (a retrograde transport signal) in the cytoplasmic tail. M1-
B4GNT1 is partially localized in the endoplasmic reticulum (ER) depending on the R-based muotif, whereas M2-
B4GNT1 is localized in the Golgi. Stability of M1-B4GN1 is higher than that of M2-B4GN1 because of the R-
based motif. M2-B4GN1 forms a homodimer via disulfide bonding. When M1-B4GN1 and M2-B4GN1 were co-
expressed in CHO-K1 cells, the two isoforms formed a heterodimer. The M1/M2-B4GN1 heterodimer was
more stable than the M2-B4GN1 homodimer, but the heterodimer was not transported from the Golgi to the
ER. Our findings indicate that stabilization of M1-B4GN1 homodimer and M1/M2-B4GN1 heterodimer by R-
based motif is related to prolongation of Golgi retention, but not to retrograde transport from the Golgi to the
ER. Coexistence of several B4GNT1 isoforms having distinctive characteristics presumably helps maintain overall
enzyme stability and GSL homeostasis.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

hanced in ST3 B-galactoside «2,3-sialyltransferase 5/ST3GAL5 (ST3G5)
knockout mice [9] (Fig. 1). In rodent obesity models, treatment with

Glycosphingolipids (GSLs), complex carbohydrate-based molecules
comprised of hydrophilic and hydrophobic regions, are abundant in
the outer leaflet of plasma membranes of mammalian cells and are in-
volved in a variety of important physiological processes, including cell
proliferation, differentiation, and adhesion [1-5]. The hydrophilic head
groups of GSLs vary in terms of number and type of carbohydrate chains,
resulting in the existence of several hundred molecular species of GSLs
[6,7]. Certain diseases result from disruption of GSL homeostasis; e.g.,
GM3 level is elevated in adipose tissue of Zucker fa/fa rats and ob/ob
mice, typical rodent models of obesity [8], and insulin sensitivity is en-

* Corresponding authors.
E-mail addresses: s-uemura@tohoku-mpu.ac,jp (S. Uemura), jin@tohoku-mpu.ac.jp
(J. Inokuchi).
! These two authors contributed equally to the study.
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0005-2736/© 2017 Elsevier B.V. All rights reserved.

GlcCer synthase inhibitors that significantly reduce GM3 content im-
proves insulin sensitivity and glucose homeostasis [10,11]. ST3G5
gene mutations were identified in patients with early-onset refractory
epilepsy or salt-and-pepper syndrome, characterized by severe intellec-
tual disability, epilepsy, scoliosis, choreoathetosis, dysmorphic facial
features, and altered dermal pigmentation (Table 1) [12-16]. 31,4-N-
acetyl-galactosaminyl transferase 1/B4GALNT1 (B4GN1), a key enzyme
in synthesis of complex gangliosides (GM1a, GD1a, GD1b, GT1b, GA1,
GM1b), also plays important roles in GSL homeostasis (Fig. 1). B4GN1
knockout mice, which lack all complex gangliosides in the central ner-
vous system, display subtle neurological disorders at birth and subse-
quent nervous system neurodegeneration, indicating that complex
gangliosides are essential for maintenance of nervous system integrity
[17-19]. In human native CD4™" T helper lymphocyte (Th), the expres-
sion level of GD2 synthesized by BAGNT1 is increased by the stimulation
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Cer
GIcCerSl
GlcCer
LacCerS
B4GN1  B3GT4 ST3G2
LacCer » GA2 » GA1 » GM1b
ST3G51 BAGN1  B3GT4  ST3G2
GM3 ——> GM2 —> GM1a—> GD1a
ST8811 B4GN1  B3GT4  ST3G2
GD3 ——> GD2 ——p GD1b —>GT1b

Fig. 1. Biosynthetic pathway of glycosphingolipids. Biosynthesis of ganglio-series GSLs
from LacCer. ST3G5: ST3 R-galactoside «2,3-sialyltransferase. ST8S1: ST8 a-N-acetyl-
neuraminide «2,8-sialyltransferase 1. BAGN1: 31,4-N-acetyl-galactosaminyl transferase
1. B3GT4: UDP-Gal: BGIcNAc [31,3-galactosyltransferase, polypeptide 4. ST3G2: ST3 {3-
galactoside «2,3-sialyltransferase 2.

of anti-CD3 and anti-CD28 antibodies [20]. The GD2 is important for ef-
ficient T cell receptor (TCR) clustering in the plasma membrane. In con-
trast, ST3G5 knockout mice, but not B4AGN1 knockout mice, show a
reduction in the proliferation of Th cells when activated with anti-CD3
and anti-CD28 antibodies and the phenotype is recovered by the sup-
plementation of GM3, GM1a, and GD1a [21]. Therefore, GM3 is neces-
sary for the activation of Th cell in murine. Human B4GN1 mutations
have been identified in families from Kuwait, Italy, and Old Order
Amish who display an unusual neurodegenerative phenotype classified
as a complex form of hereditary spastic paraplegia (SPG26) (Table 1)
[22-25].

We previously investigated the mechanisms whereby GSL biosyn-
thesis is regulated by ST3G5, the primary glycosyltransferase responsi-
ble for synthesis of ganglio-series gangliosides. There are three ST3G5
isoforms, having NH,-terminal cytoplasmic tail lengths of 69 amino
acids (aa) (M1-ST3G5), 42 aa (M2-ST3G5), and 14 aa (M3-ST3G5)
[26]. These isoforms are produced by leaky scanning from several
mRNA variants. M1-ST3G5 is localized primarily in the endoplasmic re-
ticulum (ER) through an arginine (R)-based motif (a retrograde

Table 1
Distribution of gene mutations in human ST3GAL5 and B4GALNT].

Genes Mutations®” Reference

ST3GAL5 ¢.584G > C (p.Cys195Ser) [15]
c.601G > A (p.Gly201Arg)
c.862C>T (p.Arg288*) [14]
¢.862C > T (p.Arg288*) [13]
¢.862C>T (p.Arg288*) [16]
¢.1063G > A (p.Glu355Lys) [12]

B4GALNT1 ¢.263dupG (p.Leu89Profs*13) [23]
¢358C > T (p.GIn120%)
c.395delC (p.Pro132GInfs*7)
c.682C > T (p.Arg228*)
¢.898C > T (p.Arg300Cys)
€.917_922dupTTACCG (p.Thr307_Val308dup)
¢.1298A > C (p.Asp433Ala)
¢.1315_1317delTTC (p.Phe439del)
¢.852G > C (p.Lys284Asn) [24]
¢.1458dupA (p.Leud87Thrfs*77)
c.1514G > A (p.Arg505His)
€.838-2A > G (p.Gly280_Leu326del) [25]

¢.1458dupA (p.Leud487Thrfs*77)

2 The reference sequences of ST3GAL5 and B4GNT1 are NM_003896.3 and
NM_001478.4, respectively.

b The mutations were described according to established mutation nomenclature
(http://varnomen.hgvs.org/).

transport signal), located on its cytoplasmic tail. R-based motifs interact
with COP [ subunits ([3-COP and 6-COP) to function as signal sequences
[27]. Binding affinities to 3-COP and 6-COP depend on not only R-based
motif sequence but also position in a lipid bilayer [28]. We demonstrat-
ed that ER targeting of M1-ST3G5 in vivo leads to suppression of its GM3
synthesis activity because this synthesis occurs in the Golgi. Both M2-
and M3-ST3GS5 are localized in the Golgi, but the half-life of M2-ST3G5
is shorter than that of M3-ST3G5 [26].

In the present study, we investigated the biological significance of
isoform production for glycosyltransferases, with focus on human and
mouse B4GN1. EST clone search revealed a new isoform, M1-B4GN1,
produced from new mRNA variant 2. NH,-terminal lengths of human
and mouse M1-B4GN1 (hM1- and mM1-B4GN1) are respectively 81
and 40 aa, much longer than that of previously-known isoform M2-
B4GN1 (6 aa). hM1- and mM1-B4GN1 have R-based motif, a retrograde
transport signal, and are partially localized in the ER, whereas hM2- and
mM2-B4GN1 are localized in the Golgi. Stability of hM1-B4GN1 was
higher than that of hM2-B4GN1. Co-expression of hM1- and hM2-
B4GNT1 resulted in enhanced stability of M2-B4GN1 through hM1-/
hM2-B4GN1 dimer formation via a disulfide bond. These findings indi-
cate that overall stability of BAGN1 is increased by M1-B4GN1 isoform
production. Coexistence of several isoforms having distinctive mem-
brane dynamics is presumably useful in maintenance of GSL homeosta-
sis under varying physiological conditions.

2. Materials and methods
2.1. Plasmids

The plasmids used in this study are listed in Table 2. The open read-
ing frame (ORF) of human M1-B4GaINT1 (hM1-B4GN1) was amplified
using cDNA prepared from human brain tissue, and primers 5’-
ATGCAGGAGAGGGCGAGAAGAAAG-3’ and 5'-TCACTGGGAGGTCATGC
ACTGCAG-3'. Resulting fragments were cloned into pGEM-T Easy Vector
(Promega; Madison, WI) to generate pFS432. pFS444 encoding hM1-
B4GN1-FLAG was constructed using pFS432 and primers 5’-
AGGGAGACCCAAGCTTCACCATGCAGGAGAGGGCGAGAA-3’ and 5'-

CTTGTAATCGGGATCCTGGGAGGTCATGCACTGCAG-3'. Resulting
Table 2
Plasmids used.
Plasmid name Inserted ORF Vector
pFS 444 hM1-B4GN1-FLAG PcDNA3-FLAG4
pFS 471 hM1-B4GN1-FLAG* pcDNA3-FLAG4
pFS 452 hM2-B4GN1-FLAG pcDNA3-FLAG4
pKM 6 mM1-B4GN1-FLAG PcDNA3-FLAG4
pKM 15 mM1-B4GN1-FLAG* pcDNA3-FLAG4
pKM 5 mM2-B4GN1-FLAG pcDNA3-FLAG4
PES 446 hM1-B4GN1(N)-GFP pEGFP-N1
PFS 468 hM1-B4GN1(N)-GFP R4S pPEGFP-N1
pFS 469 hM1-B4GN1(N)-GFP R6S pEGFP-N1
pFS 470 hM1-B4GN1(N)-GFP R7S pEGFP-N1
PFS 460 hM1-B4GN1(N)-GFP R6/7S PEGFP-N1
pFS 611 hM1-B4GN1(N)-GFP R4/6/7S pEGFP-N1
pFS 453 hM2-B4GN1(N)-GFP pPEGFP-N1
DPFS 222 mM1-B4GN1(N)-GFP PEGFP-N1
pFS 398 mM1-B4GN1(N)-GFP R8S pEGFP-N1
pFS 262 mM1-B4GN1(N)-GFP R11S pEGFP-N1
pES 424 mM1-B4GN1(N)-GFP R12S pEGFP-N1
pFS 425 mM1-B4GN1(N)-GFP R13S pPEGFP-N1
pFS 426 mM1-B4GN1(N)-GFP R14S pEGFP-N1
pFS 265 mM1-B4GN1(N)-GFP R11/12/13/14S pEGFP-N1
pKM 9 mM2-B4GN1(N)-GFP PEGFP-N1
pFS 473 hM1-B4GN1-FLAG CSII-CMV-RfA
pFS 527 hM1-B4GN1-FLAG R4/6/7S CSII-CMV-RfA
pES 493 hM2-B4GN1-FLAG CSII-CMV-RfA
pFS 563 hM2-B4GN1-HA CSII-CMV-RfA
pFS 571 mM1-B4GN1-FLAG CSII-CMV-RfA
pES 577 mM1-B4GN1-FLAG R11/12/13/14S CSII-CMV-RfA
pFS 573 mM2-B4GN1-HA CSII-CMV-RfA
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fragments were cloned into the HindlIll-BamHI site of pcDNA3-FLAG4
vector using the In-Fusion cloning system (Takara Bio; Shiga, Japan) to
generate pFS444. Plasmids encoding hM2-B4GN1-FLAG, hM1-B4GN1-
FLAG", and hM2-B4GN1-HA were created by similar procedures.

The ORF of mouse M1-B4GN1 was amplified using cDNA prepared
from mouse brain tissue, and primers 5’-ATGGCTGGCCTTGGGTA
CCTGCGCGAGCCTCGG-3’ and 5'-TCACTCGGCGGTCATGCACTGTA-3'.
Resulting fragments were cloned into pGEM-T Easy Vector to generate
pKM2. To insert the Kozak sequence (GCCACC) before ATG(M1), M1-
B4GN1 was amplified using pKM2 and primers 5’-GGATCCGCCACCA
TGGCTGGCCTTGGGTACCTG-3’ and 5’- TGGATCCTCGGCGGTCATGC
ACTGTAGCC-3'. Resulting fragments were cloned into pGEM-T Easy
Vector to generate pKM4. The 1.7-kb BamHI fragment of pKM4 was
then cloned into the BamHI site of pcDNA3-FLAG4 vector to generate
pKMB6. Plasmids encoding mM2-B4GN1-FLAG and mM1-B4GN1-FLAG*
were created by similar procedures.

A pFS446 (hM1-B4GN1(N)-GFP) plasmid encoding fusion proteins
of the NH,-terminus of M1-B4GN1 and GFP was constructed using
pFS432 and primers 5’- TCTCGAGCTCAAGCTTCACCATGCAGGAGAG
GGC-3’ and 5’- GGCGACCGGTGGATCAAGAGGTAGCCGGAGGCCGG-3'.
Resulting fragments were cloned into the Hindlll-BamHI site of pEGFP-
N1 vector using the In-Fusion system to generate pFS446. Plasmids
encoding hM2-B4GN1(N)-GFP, mM1-B4GN1(N)-GFP, and mM2-
B4GN1(N)-GFP were created by similar procedures.

Point mutants of hM1-B4GN1(N)-GFP, mM1-B4GN1(N)-GFP, hM1-
B4GN1-FLAG, and mM1-B4GN1-FLAG were created by site-directed
mutagenesis using PrimeSTAR® Mutagenesis Basal Kit (Takara) accord-
ing to the manufacturer's instructions.

For lentivirus production, a pFS473 (hM1-B4GN1-FLAG/CSII-CMV-
RfA) plasmid was constructed using pFS444 and primers 5’-
CACCATGCAGGAGAGGGCGA-3’ and 5’- TCAGATCTTATCGTCGTCATC
CTTGTAATC-3'. Resulting fragments were cloned into pENTR/D-TOPO
vector (Thermo Fisher; Waltham, MA) to generate pFS466. The CSII-
CMV-MCS plasmid was converted to a destination vector (CSII-CMV-
RfA) using the Gateway vector conversion system (Thermo Fisher).
The hM1-B4GN1-FLAG gene of pFS266 was inserted into lentiviral ex-
pression vector CSII-CMV-RfA, using the LR clonase reaction to generate
pFS473. Lentiviral expression plasmids encoding hM1-B4GN1-FLAG R4/
6/7S mutant, hM2-B4GN1-FLAG, hM2-B4GN1-HA, mM1-B4GN1-FLAG,
mM1-B4GN1-FLAG R11/12/13/14S mutant, and mM2-B4GN1-HA
were created by similar procedures.

For real-time PCR assay, hM1-B4GN1 sequence containing 5’-UTR was
amplified using cDNA prepared from human brain tissue, and primers 5’-
GCTTGCCGAGGCCACTCATCG-3’ and 5’- CCCGGGTGCTCGCGTACAGG-3'.
Resulting fragments were cloned into pGEM-T Easy Vector to generate
pFS635. The 18S rRNA sequence was amplified using cDNA prepared
from human brain tissue, and primers 5’-TACCTGGTTGATCCTGCCAGTAG-
3’ and 5’-TAATGATCCTTCCGCAGGTTCACC-3'. Resulting fragments were
cloned into pGEM-T Easy Vector to generate pFS636.

2.2. Semi-quantitative reverse transcription PCR (RT-PCR)

First-strand cDNA synthesis was performed using a First-Strand
cDNA Synthesis kit for RT-PCR (AMV; Roche Diagnostics; Basel, Switzer-
land) and total RNA isolated from mouse tissues or human brain tissue
(Takara). We designed specific primers as follows to amplify B4GNT1 (all
variants, or only variant 2): hB4GN1 all variants: 5'-GCTGGCAGT
GCAAACCCTAGC-3’ and 5-GTGAAAGCAGCCTCATGTCCCT-3’, hB4GN1
variant 2: 5'-ATGCAGGAGAGGGCGAGAAGA-3’ and 5’-GGCTGAACTTC
CACACCCTGTAGG-3’, mB4GN1 all variants: 5'-CTAGTCTTGCTGCTCGC
CTG-3’ and 5’-GCCACGTCCCAGGTGCCTAG-3’, mB4GN1 variant 2: 5'-
CTCACGTTCTCTGAGAGCCTGG-3’ and 5’- GCCACGTCCCAGGTGCCTAG-3'.
PCR was performed using 50 ng cDNA, specific primers as above, and
KOD FX polymerase (Takara), according to the manufacturer's instruc-
tions. Cycling conditions were 94 °C for 2 min, followed by 34 cycles of
98 °C for 10 s and 68 °C for 40 s. Respective lengths of amplified fragments

of hB4GN1 all variants, hB4GN1 variant 2, mB4GN1 all variants, and
mB4GN1 variant 2 were 599, 698, 539, and 618 bp.

2.3. Real-time PCR

First-strand cDNA synthesis was performed using ReverTra Ace qPCR
RT Master Mix with gDNA Remover (Toyobo; Osaka, Japan) and total
RNA isolated from human tissues (Takara), or human cell lines. Primers
and probes specific for hB4GN1 all variants (Hs00155195_m1) were from
Applied Biosystems (Foster City, CA). hBAGN1 variant 2 (primers, 5'-
CATCCAAATGTCTTCAGCATTAAGAT-3' and 5'-TCTCCCGGCCTCCTTTCTTCT-
3’; probe, 5'-TCGGGTGTGTGAGGAAACCGAGATG-3’) and 18S rRNA
(Hs-PT.39a.22214856.g) were from Integrated DNA Technologies (IDT;
Coralville, IA). Real-time PCR was performed with 2 x TagMan Universal
Master Mix Il (Applied Biosystems) using a Step One Plus real-time PCR
system (Applied Biosystems). Standard curves were constructed using
pFS466 (hB4GN1 variant all), pFS635 (hB4GN1 variant 2), or pFS636
(18S rRNA), and copy numbers of tissues or cells were calculated.

24. Cell culture

Chinese hamster ovary CHO-K1 (CHO) cells, human kidney 293T
cells, and human leukemia HAP1 cells [29] were cultured respectively
in Ham's F-12 medium (Wako; Osaka, Japan), high-glucose DMEM
(Nacalai Tesque; Kyoto, Japan), and low-glucose IMDM (Nacalai
Tesque), each supplemented with 10% fetal bovine serum, 100 U/mL
penicillin, and 100 pg/mL streptomycin. CHO-K1 cells were transiently
transfected using Lipofectamine 2000 (Thermo Fisher) according to
the manufacturer's instructions.

2.5. Preparation of lentiviral vectors

293 T cells (0.5 x 10°) were seeded in a polylysine-coated 60-mm
dish 24 h before transfection, and then transfected with 3 pg CSII-
CMV-RfA cloning hM1- B4GN1-FLAG, hM2- B4GN1-FLAG, mM1-
B4GN1-FLAG, mM2-B4GN1-FLAG, and hM2-B4GN1-HA, 1.5 ug pCAG-
HIVgp, and 1.5 ug pCMV-VSV-G-RSV-Rev. plasmids, using Lipofecta-
mine 2000. Cells were incubated 24 h at 37 °C, and medium was re-
placed with 4 mL high-glucose DMEM containing 10 puM forskolin. To
maintain virus stability, culture temperature was lowered from 37 to
32 °C ~32 h after transfection. Lentivirus-containing supernatant was
harvested 48 h after transfection, centrifuged at 200 x g for 3 min to re-
move living cells, and either used immediately for experiments or snap-
frozen in liquid nitrogen and stored at — 80 °C for later experiments. For
lentiviral transduction of CHO-K1 cells, 4 mL lentiviral supernatant was
added to 0.25 x 10° cells in a 60-mm dish, cells were cultured at 32 °C
for 24 h, culture temperature was raised from 32 to 37 °C, and incuba-
tion continued another 48 h.

2.6. Preparation of cell lysates

Cells were washed twice with ice-cold phosphate-buffered saline
(PBS), suspended in buffer A (50 mM Tris-HCI (pH 7.5), 150 mM Nadl,
10% glycerol, 4 M urea, and 1x Complete protease inhibitor mixture
(EDTA-free; Roche Diagnostics)), and lysed by sonication. Cell debris
was removed by centrifugation at 1000 x g for 3 min at 4 °C, and super-
natant (total cell lysates) was centrifuged at 100,000 x g for 1 h at 4 °C.
Precipitate (integral membrane protein fraction) was suspended in 2 x
SDS sample buffer (125 mM Tris-HCl (pH 6.8), 4% SDS, 20% glycerol,
and trace amount of bromophenol blue) containing 5% PMe, and incu-
bated 5 min at 37 °C. Integral membrane protein fraction was subjected
to PNGase F (New England Biolabs; Beverly, MA) digestion 1 h at 37 °C
according to the manufacturer's instructions. Protein concentrations of
total cell lysates were determined using a BCA protein kit (Pierce; Ther-
mo Fisher).
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2.7. Immunoblotting

Integral membrane protein fraction as above was subjected to im-
munoblotting. Proteins were separated by SDS-PAGE and transferred
to an Immobilon PVDF membrane (Millipore; Billerica, MA). The mem-
brane was incubated 1 h with 1:1000 dilution of anti-FLAG antibodies
(Agilent Technologies; Santa Clara, CA), or anti-GFP (IgY fraction)
(Aves Labs; Tigard, OR), washed, and incubated 1 h with 1:20,000 dilu-
tion of HRP-conjugated donkey anti-mouse IgG (GE Healthcare; Little
Chalfont, UK) or anti-chicken IgY (Aves Labs). Labeling was detected
using an ECL Select kit (GE Healthcare).

2.8. Immunofluorescence microscopy

Transfected cells were cultured on coverslips, fixed 15 min with 3.7%
formaldehyde in PBS at room temperature, rinsed with PBS, perme-
abilized (if necessary) with 0.5% SDS or 0.5% Triton X-100 in PBS, treated
with Image-iT FX Signal Enhancer (Thermo Fisher) for 30 min, incubat-
ed 1 h with anti-FLAG (monoclonal antibody: Agilent; polyclonal anti-
body: Sigma), anti-HA (InvivoGen; San Diego, CA), anti-KDEL
(StressGen Bioreagents; Victoria, BC, Canada), or anti-GM130 (BD Bio-
science; Franklin Lakes, NJ) diluted 1:100 with 1% BSA in PBS, washed
three times in PBS, and incubated 30 min with Alexa 488-conjugated
anti-rabbit IgG antibodies or Alexa 594-conjugated anti-mouse IgG an-
tibodies (Thermo Fisher) diluted in 1% BSA in PBS to 5 pg/mL. Coverslips
were washed three times in PBS, mounted on glass slides using ProLong
Gold antifade reagent (Thermo Fisher), and analyzed by fluorescence
microscopy (model FV1000, Olympus; Tokyo, Japan).

2.9. Lipid analysis
Lipids (GSLs) were analyzed as described previously [30].
2.10. Cycloheximide chase

CHO-K1 cells stably expressing hM1-B4GN1-FLAG, hM1-B4GN1-
FLAG R4/6/7S mutant, or hM2-B4GN1-FLAG, or co-expressing hM1-
B4GN1-FLAG and hM2-B4GN1-HA, were cultured in Ham's F-12 with
or without 50 pg/mL cycloheximide for 5 h at 37 °C. Total lysates and in-
tegral membrane protein fraction were prepared as described above.

3. Results

3.1. New mRNA variant of human and mouse B4GalNAcT1 (GM2/GD2/GA2
synthase) that produces an isoform with long cytoplasmic tail

Many glycosyltransferases are type Il membrane proteins that have a
short cytoplasmic tail (2-17 aa) and a luminal catalytic domain. In con-
trast, mouse ST3G5 includes an M1-ST3G5 isoform having a long (69
aa) cytoplasmic tail. M1-ST3G5 is localized mainly in the ER, and the cyto-
plasmic tail contains R-based motif, a retrograde transport signal [26]. To
clarify the biological significance of isoform production for lipid-glycosyl-
transferases, we examined B4GN1, which catalyzes GalNAc transfer to
GM3, GD3, or LacCer, for possible production of isoforms having distinc-
tive NH,-terminal cytoplasmic tail lengths. Isoforms of ST3G5 are
produced by leaky scanning from several transcriptional variants [26].
Human B4GN1 (hB4GN1) transcripts are classified into three variants
(1a, 1b, 1c) according to the position of transcription initiation (Exon 1a,
1b, 1c) (Fig. 2A) [31]. Because these three exons do not contain an initia-
tion codon, hB4GNT1 is translated from a common initiation codon (M2) of
Exon 2 in these transcripts, indicating that hB4GN1 expresses only one
isoform. We searched for an EST clone containing the sequence upstream
of M2, using the NCBI-BLAST program (http://blast.ncbi.nlm.nih.gov/
Blast.cgi). After eliminating clones that included the same sequence as
variants 1a, 1b, and 1c, we identified four EST clones (DC30908,
D(C341828, DC400781, DC302562) that included Exon 2 extending to
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Fig. 2. New transcriptional variant and quantitation of human and mouse B4GN1. (A and
B) Structures of human (A) and mouse (B) B4GN1 genes and their mRNA variants. Gray
boxes: exons. Horizontal lines: introns. M1 and M2: initiation codons. The accession
number of human and mouse B4GN1 variant 2 are LC273521 and LC273292,
respectively. (C) mRNA expression of B4GN1 variants in human and mouse tissues.
Variant 2 and total variants were amplified by semi-quantitative RT-PCR using brain
(human, mouse) and liver (mouse) tissues. Expression levels of variant 2 are shown as
percentage of level of total variants (defined as 100%). (D) Quantitative analyses of
hB4GN1 transcripts in various tissues and cell lines by real-time PCR. Expression levels
of variant 2 and total variant were normalized relative to 18S rRNA transcript.
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the 5’-upstream side (termed Exon 2’; Figs. 2A and S1). These clones start
from a position between Exon 1a/1b and 1c, or between 1c and 2 (dots in
Fig. S1). We termed this new transcript variant 2 (Fig. 2A). Notably, the
initiation codon (M1) is present in the sequence upstream of M2 in
Exon 2'. These findings indicate that the new hB4GN1 isoform having a
long NH,-terminal cytoplasmic tail is translated from variant 2.

The gene structure of mouse B4GN1 (mB4GN1) was reported as var-
iant 1 (Fig. 2B; M2 = initiation codon) [17,32]. Using the same method,
we searched for new mRNA variants of mB4GN1, and extracted 25 EST
clones similar to hB4GN1 variant 2 (Fig. S2). Many of these clones start
in the region between Exons 1 and 2, suggesting that this region is not
spliced. Again, we termed the new transcript variant 2 (Fig. 2B). Variant
2 includes a new initiation codon (M1) upstream of M2; therefore, a
new isoform is presumably translated.

To determine expression levels of variant 2, we performed semi-
quantitative RT-PCR using total RNAs of brain (human and mouse)
and liver (mouse) tissues expressing GM2 (Fig. 2C). Forward and re-
verse primers were designed to amplify all variants, or only variant 2.
Expression level of variant 2 as a percentage of the value for all variants
was 18 + 5.0% for human brain, 9.4 + 2.7% for mouse brain, and 11.2 4
2.3% for mouse liver. Variant 2 was a minor but detectable transcript in
brain and liver tissues. Next, copy numbers of BAGN1 variant 2 and all
variants for human brain, prostate, skeletal muscle, 293 T cells, and
HAP1 cells were determined by real-time PCR. 293 T (derived from
human embryonic kidney) and HAP1 cells [29] express GM2. In brain
tissues, copy numbers of B4GN1 variant 2 and all variants per 10° copies
of 18 sTRNA were 1.2 4 0.2 and 8.9 4 1.5, and the ratio of variant 2 to all
variants was 13.5 4 0.44%, similar to the value obtained by semi-quan-
titative RT-PCR. In other tissues and cell lines, gene expression levels of
hB4GN1 were much lower than in brain tissue, and ratios of variant 2 to
all variants were also low (prostate: 4.3 £ 0.5%, skeletal muscle: 3.2 +
0.4%,293 T: 1.0 & 0.2%,Hap1: 1.1 & 0.07%). We compared aa sequences
of the isoforms translated from variant 2 of human and mouse tissues,
termed hM1-B4GN1 and mM1-B4GNT1 (Fig. 3). NH,-terminal length of
hM1-B4GN1 was 41 aa longer than that of mM1-B4GN1. Each of these
isoforms had R-based motifs in the long cytoplasmic tail, similarly to
M1-ST3G5 (Fig. 3, underlining).

We performed 5’-RACE analysis using cDNA of human and mouse
brain tissues in an attempt to clarify transcriptional start sites (TSSs)
of B4GN1 variant 2. Unfortunately, the sequence between Exons 1c
and 2 was very similar to other genome sequences, and 5’-terminal se-
quences of variant 2 were therefore not amplified specifically. Use of
total RNA of human cell lines 293 T and HAP1 as templates gave the
same results. We were thus unable to identify TSSs of human variant
2. However, we succeeded in identifying the TSSs of mB4GN1 variants
(Fig. S2). The 5’-termini of all clones analyzed in this study started
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Fig. 3. Comparison of aa sequence of NH,-terminal cytoplasmic regions of human and
mouse BAGN1. Alignments were generated by the ClustalW program (DNA Data Bank of
Japan). Black boxes: identical residues. Gray boxes: aa similarities. Underlining: Arginine
(R)-based motif. TM: transmembrane region. M1 and M2: initiation codons.
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from Exon 1, and there were numerous TSSs (Fig. S2, black triangles).
These findings indicate that variant 2 of mB4GNT1 is a splicing variant
in which the intron between Exons 1 and 2 is not removed. The result
of 5’-RACE analysis of mB4GNT1 transcripts suggest that hB4GN1 variant
2 is also a splicing variant in which the intron between Exons 1cand 2 is
not removed.

3.2. Analysis of leaky scanning in new B4GN1 mRNA variant 2

The first AUG codon is usually recognized as an initiation codon by
the ribosome. However, in some cases (known as “leaky scanning sys-
tems”) the first AUG codon is skipped, and a downstream AUG codon
is recognized as an initiation codon [33]. In mammals, the optimal con-
text (motif) for recognition of an AUG start codon is GCCRCCAUGG.
Within this motif, the purine nucleotide (R = A or G) in position —3
is the most highly conserved and most functionally important. In
mST3G5 mRNA, leaky scanning occurs even though the sequence is
CCUAGCAUGC [26], and does not stop completely even when the se-
quence is changed to GCCACCAUGG. We investigated whether leaky
scanning occurs in B4GN1 mRNA variant 2. The sequences in hB4GN1
and mB4GN1 mRNA variant 2 were ACCGAGAUGT and GCCGAGAUGG
(Fig. 4A). In both these variants, the nucleotide in position —3 is G;
this is presumably sufficient for recognition of AUG. To compare the mo-
lecular masses of M1-B4GN1 and M2-B4GN1, we constructed plasmids
in which a Kozak sequence (ks; CACC) was inserted before M1 or M2 of
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Fig. 4. Analyses of leaky scanning of human and mouse B4GN1. (A) Nucleotide sequences
of human and mouse BAGN1 (hB4GN1 and mB4GN1) used. hB4GN1 or mB4GN1 was
fused with FLAG tag at C-terminus. Kozak sequence (ks; CACC) was inserted before M1
or M2 (initiation codon) of B4GN1 (ks-hM1-B4GN1-FLAG, ks-hM2-B4GN1-FLAG, ks-
mM1-B4GN1-FLAG, and ks-mM2-B4GN1-FLAG). hM1- and mM1-B4GN1-FLAG*: the
sequence just before M1 is the mRNA sequence of variant 2. (B and C) CHO-K1 cells
were transiently transfected with pcDNA3 vector (—) or a plasmid encoding hM1-
B4GN1-FLAG, hM2-B4GN1-FLAG, hM1-B4GN1-FLAG*, mM1-B4GN1-FLAG, mM2-B4GN1-
FLAG, or mM1-B4GN1-FLAG*. Integral membrane protein fractions were prepared,
treated with PNGase F, and analyzed by immunoblotting with anti-FLAG antibodies.
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B4GN1 (ks-hM1-B4GN1-FLAG, ks-hM2-B4GN1-FLAG, ks-mM1-B4GN1-
FLAG, ks-mM2-B4GN1-FLAG), and transiently transfected these plas-
mids into CHO-K1 cells. Integral membrane protein fractions were pre-
pared and immunoblotted with anti-FLAG antibodies. Human and
mouse B4GN1s have N-glycans [34]; we therefore treated integral frac-
tion samples with peptide: N-glycosidase F (PNGase F) to remove N-
glycans before immunoblotting. hM1-, hM2-, mM1-, and mM2-
B4GN1-FLAG proteins were detected respectively as 57.1, 49.6, 52.6,
and 51.0 kDa bands (Fig. 4B,C). We next replaced the Kozak sequences
of ks-hM1- and ks-mM1-B4GN1-FLAG with the original mRNA se-
quences (human: CGAG; mouse: GGAG), generated hM1- and mM1-
B4GN1-FLAG* (Fig. 4A), and transiently transfected the plasmids into
CHO-K1 cells. Integral membrane protein fractions were prepared,
treated with PNGase F, and immunoblotted with anti-FLAG antibodies.
hM1- and mM1-B4GN1-FLAG* bands migrated to the same positions
as did ks-hM1- and ks-mM1-B4GN1-FLAG bands (Fig. 4B,C). Taken to-
gether, these findings indicate that human and mouse M2-B4GN1 iso-
forms are not produced from B4AGN1 mRNA variant 2 by leaky scanning.

3.3. Retrograde transport of M1-B4GN1(N)-GFP chimeric proteins by R-
based motif

Human and mouse B4GN1s have RR and RXR sequences (R-based
motifs) in the NH,-terminal cytoplasmic region (Fig. 3, underlining).
To function as retrograde transport signals, R-based motifs must be po-
sitioned distally from a lipid bilayer [28]. To assess the possible function
of the above sequences as R-based motifs, we transiently transfected
CHO-K1 cells with fusion proteins for the NH,-terminus of hM1-,
hM2-, mM1-, or mM2-B4GN1 containing the transmembrane region
and green fluorescent protein (GFP) (hM1-B4GN1(N)-GFP, hM2-
B4GN1(N)-GFP, mM1-B4GN1(N)-GFP, mM2-B4GN1(N)-GFP) (Fig.
5A). Integral membrane protein fractions were prepared and
immunoblotted with anti-GFP antibodies. hM1-B4GN1(N)-GFP, hM2-
B4GN1(N)-GFP, mM1-B4GN1(N)-GFP, and mM2-B4GN1(N)-GFP chi-
meric proteins (the predicted molecular mass is 39.5 kDa, 31.5 kDa,
37.9 kDa and 33.6 kDa) were detected as 40 kDa, 28 kDa, 38 kDa, and
30 kDa bands, respectively (Fig. 5B). Some extra bands were detected
under the target bands and would be degradation products in lysosome.

These chimeric proteins were observed by fluorescence microscopy
(Figs. 5C, D, S3, S4, S5). Cells were fixed, permeabilized, stained with
anti-GFP antibodies, and incubated with Alexa 488-conjugated anti-
chicken IgY. hM1- and mM1-B4GN1(N)-GFP displayed a reticular im-
munofluorescence pattern in the perinuclear and cytosolic regions.
This pattern was attributable to ER localization of hM1- and mM1-
B4GN1(N)-GFP because it could be superimposed on the ER pattern
produced by an antibody against ER retention signal KDEL (Figs. S3,
S5). In contrast, hM2- and mM2-B4GN1(N)-GFP were localized in com-
pact juxtanuclear reticulum. hM2- and mM2-B4GN1(N)-GFP were par-
tially co-localized with GM130, a Golgi marker protein (Figs. S4, S5).
These findings suggested that R-based motifs of the M1-B4GN1 NH,-
terminus function as retrograde transport signals.

To further investigate this possibility, we generated hM1-
B4GN1(N)-GFP R4S, R6S, R7S, and R6/7S mutants by site-directed muta-
genesis, and examined their subcellular localization (Figs. 5C, S3). These
mutants were localized in both the Golgi and ER (“Golgi/ER” in Fig. 5C),
or the Golgi only. We generated a hM1-B4GN1(N)-GFP R4/6/7S mutant
and observed its subcellular localization. It was localized entirely in the
Golgi, indicating that the “R°R’R sequence is important for ER targeting
in hM1-B4GN1(N)-GFP. Finally, we generated mM1-B4GN1(N)-GFP
R8S,R11S, R12S, R13S, R14S, and R11/12/13/14S mutants and examined
their subcellular localization (Figs. 5D, S5). The R11S, R12S, R13S, and
R14S mutants were localized mainly in the Golgi, the R8S mutant was
localized in the ER, and the R11/12/13/14S mutant was localized
completely in the Golgi. These findings indicate that the ''R'?R'*R"R
sequence is necessary for localization of mM1-B4GN1(N)-GFP in the
ER, and that the R-based motifs located on the NH,-terminal

cytoplasmic tail of hM1- and mM1-B4GN1(N)-GFP function collectively
as a retrograde transport signal.

3.4. Subcellular localization and enzyme activity of B4GN1 full-length

To examine the possibility that M1-B4GNT1 full-length is also local-
ized in the ER by R-based motifs, we used a lentivirus expression system
to express hM1-B4GN1-FLAG and hM2-B4GN1-HA in CHO-K1 cells, and
applied indirect immunofluorescence microscopy with anti-FLAG and
anti-HA antibodies to evaluate subcellular localization (Figs. 6A, S6A).
hM1-B4GN1-FLAG staining pattern was partially consistent with that
of the ER (KDEL) and the Golgi (GM130). Because hM1-B4GN1-FLAG
R4/6/7S mutant was localized completely in the Golgi, a part of hM1-
B4GN1-FLAG was localized in the ER by R-based motif. In contrast,
hM2-B4GN1-HA, which does not contain R-based motif in the cytoplas-
mic tail, was localized in the Golgi. M1-ST3G5, which has R-based motif,
is localized mainly in the ER [26], suggesting that retrograde transport of
hM1-B4GN1-FLAG does not occur efficiently. We next transfected cells
with mM1-B4GN1-FLAG and mM2-B4GN1-HA, and subjected them to
anti-FLAG and anti-HA antibody staining (Figs. 6B, S6B). mM1-B4GN1-
FLAG was localized in both the ER and Golgi, whereas mM2-B4GN1-
HA and mM1-B4GN1-FLAG R11/12/13/14S mutant were localized only
in the Golgi. These findings indicate that the R-based motif of M1-
B4GN1 full-length functions in part as a retrograde transport signal. In
addition, we also visualized the localization of non-tagged forms of
mM1-B4GN1 and mM2-B4GN1 wusing anti-B4GN1 antibody
(9535Ex_ProteinA), which was raised against the luminal domain of
mouse B4GNT1 (504 aa). The localization patterns of the non-tagged
forms were quite similar to those of mM1-B4GN1-FLAG and mM2-
B4GN1-HA, indicating that the epitope tags do not affect the subcellular
localization of B4GN1 (Fig. S7).

We compared in vivo enzyme activity of hM1- vs. hM2-B4GNT1 in
CHO-K1 cells, which express primarily GM3 ganglioside. Expression
levels of hM1- and hM2-B4GN1-FLAG were nearly identical (Fig. 7A).
To evaluate GSL composition, we separated acidic and neutral lipid frac-
tions from total lipid extracts using DEAE-Sephadex A-25 column, and
analyzed the fractions by TLC. Presence of hM1- or hM2-B4GN1-FLAG
in the cells resulted in enhanced expression of GM2 and GD1a in acidic
fraction, and reduced expression of LacCer and Gb4 in neutral fraction
(Fig. 7B). No differences in lipid composition were observed, indicating
that hM1- and hM2-B4GNT1 display similar in vivo enzyme activities
when overexpressed.

3.5. Effects of hM1-/hM2-B4GN1 heterodimer formation on intracellular lo-
calization and stability

The observed expression level of mRNA variant 2 in human and
mouse tissues (Fig. 2C, D) suggests that M1-B4GN1 is a minor isoform.
M1- and M2-B4GN1 isoforms presumably coexist in tissues and cells.
M2-B4GN1 isoform was reported to form a dimer via disulfide bond
(89C and %2C) on the luminal side [35], suggesting that B4GN1 may
form not only M1/M1 or M2/M2 homodimers but also a M1/M2 hetero-
dimer. To assess this possibility in our CHO-K1 cells, we co-expressed
hM1-B4GN1-FLAG (hM1-FLAG) (predicted molecular mass 68.2 kDa)
and hM2-B4GN1-HA (hM2-HA) (predicted molecular mass 60.2 kDa)
using a lentivirus expression system. Integral membrane protein frac-
tions were prepared with or without 3-mercaptoethanol (BMe), treated
with PNGase F, and immunoblotted with anti-FLAG and anti-HA anti-
bodies (Fig. 8A). In CHO-K1/hM1-FLAG and CHO-K1/hM2-HA cells,
M1/M1 and M2/M2 homodimers were detected respectively as
~150 kDa and ~125 kDa bands, without pMe. In cells co-expressing
M1 and M2 isoforms, M1/M2 heterodimer was detected as an
~130 kDa band. A faint hM1-FLAG band was detected in the same posi-
tion as M1/M2 heterodimer under BMe(—) condition when cells
expressed only hM1-FLAG. hM1-FLAG was a single band under
BMe(+) condition, indicating that the NH,-terminus of M1-FLAG was
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and mM2-B4GN1(N)-GFP). TM: transmembrane region. M1 and M2: initiation codons. R: Arginine (R)-based motif. (B) CHO-K1 cells were transiently transfected with pcDNA3 vector (—
), hM1-B4GN1(N)-GFP, hM2-B4GN1(N)-GFP, mM1-B4GN1(N)-GFP, or mM2-B4GN1(N)-GFP. Integral membrane protein fractions were prepared and analyzed by immunoblotting with
anti-GFP antibodies. The asterisk indicates the putative degradated forms of the respective proteins. (C and D) CHO-K1 cells were transiently transfected with M1-B4GN1(N)-GFP wild type
(WT), M2-B4GN1(N)-GFP WT, or M1-B4GN1(N)-GFP mutants, in which the arginine (R) of the R-based motif was substituted with serine (S) (C: human; D: mouse). Cells were fixed,
permeabilized with 0.5% Triton X-100 in PBS, stained for 1 h with anti-GFP antibodies, incubated with Alexa 488-conjugated anti-chicken IgY, and visualized by confocal laser-
scanning microscopy. For co-localization studies, cells were incubated with antibodies against GM130 (a cis Golgi marker) or KDEL (an ER marker) for 1 h, and then with Alexa 594-
conjugated anti-mouse IgG for 30 min. Localization patterns (Golgi, Golgi/ER, ER) were quantified by cell counting, and quantitative data were expressed as mean + SD from three or
more independent counts. Bar: 10 um.

partially uncleaved. We therefore speculated that a small amount of formation was similar to that of homodimer formation when isoform
M1/M1 homodimer was not fully denatured by SDS under BMe(—) expression levels were equal.

condition, and that apparent molecular weight was less than Subcellular localization of hM1-FLAG and hM2-HA was evaluated in
~150 kDa. The amount of M1/M2 heterodimer was comparable to cells co-expressing these isoforms (Fig. 8B). hM1-FLAG was localized in
those of M1/M1 or M2/M2 homodimers; i.e., efficiency of heterodimer both the Golgi and ER, whereas hM2-HA was localized only in the Golgi.
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Fig. 6. Subcellular localization of M1-B4GN1 and M2-B4GN1 full-length. CHO-K1 cells
were stably transfected with hM1-B4GN1-FLAG (hM1-FLAG), hM1-B4GN1-FLAG R4/6/
7S mutant, hM2-B4GN1-HA (hM2-HA), mM1-B4GN1-FLAG (mM1-FLAG), mM1-B4GN1-
FLAG R11/12/13/14S mutant, or mM2-B4GN1-HA (mM2-HA) using a lentivirus
expression system (A: human; B: mouse). Cells were fixed, permeabilized with 0.5% SDS
in PBS, stained with anti-FLAG or anti-HA antibodies and Alexa 488-conjugated anti-
rabbit IgG, and visualized by confocal laser-scanning microscopy. For co-localization
studies, cells were incubated with anti-GM130 or anti-KDEL antibodies for 1 h, and then
with Alexa 594-conjugated anti-mouse IgG for 30 min. Localization patterns (Golgi,
Golgi/ER, ER) were quantified by cell counting, and quantitative data were expressed as
mean + SD from three or more independent counts. Bar: 10 pm.

Similar localization patterns were observed for cells expressing only one
isoform (Fig. S8), suggesting that retrograde transport of M1/M2 het-
erodimer did not occur. Partial ER localization of M1/M1 homodimer
was not affected by appearance of M1/M2 heterodimer.

To investigate the effect of M1/M2 heterodimer formation on stabil-
ity of M1- and M2-B4GNT1 isoforms, cells expressing hM1-FLAG/hM2-
HA, hM1-FLAG, or hM2-HA were cultured for 5 h with or without cyclo-
heximide (CHX), an inhibitor of protein synthesis. Integral membrane
protein fractions were prepared, treated with PNGase F, and
immunoblotted with anti-FLAG or anti-HA antibodies (Fig. 8C, D).
When a single isoform was expressed, expression levels of hM1-FLAG
and hM2-HA in CHX-treated cells were respectively 58 4+ 12% and 30
+ 11% of levels in untreated cells. In contrast, when the isoforms were
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Fig. 7. In vivo enzyme activities of hM1- and hM2-B4GNT1. (A) Total lysates and integral
membrane protein fractions were prepared from CHO-K1 cells stably expressing hM1-
B4GN1-FLAG (M1) and hM2-B4GN1-FLAG (M2), treated with PNGase F, and analyzed
by immunoblotting with anti-FLAG antibodies (for integral membrane protein fractions)
or anti-B-actin antibodies (for total lysates). (B) GSLs (acidic and neutral fractions)
extracted from CHO-K1 (—), CHO-K1/hM1-B4GN1 (M1), or CHO-K1/hM2-B4GN1 (M2)
cells, corresponding to 2 mg protein, were separated on TLC plates and stained with
orcinol sulfuric acid reagent.

co-expressed, expression levels of hM1-FLAG and hM2-HA in treated
cells were 51 4+ 17% and 55 + 6% of levels in untreated cells. These find-
ings indicate that M2-HA stability is slightly enhanced by co-expression
with M1-FLAG. Because subcellular localization of M2-HA was unaffect-
ed by M1-FLAG co-expression, the increase in M2-HA stability was most
likely due to prolongation of Golgi retention.

4. Discussion

To elucidate the biological significance of lipid-glycosyltransferase
isoform production, we searched for mRNA variants encoding new iso-
forms. An mRNA variant was found that encodes a new B4GN1 isoform
(M1-B4GNT1) that catalyzes synthesis of GM2, GD2, and GA2 in mice and
humans (Fig. 2). The new isoform has NH,-terminal length much longer
than that of previously known isoform M2-B4GN1 (Fig. 3). Human and
mouse M1-B4GNT1 isoforms (hM1-B4GN1, mM1-B4GN1) have respec-
tive lengths 81 and 40 aa, whereas hM2-B4GN1 and mM2-B4GN1
both have length 6 aa (Fig. 3). NH,-terminal aa sequences of hM1-
and mM1-B4GN1 have low similarity. On the other hand, both isoforms
have R-based motifs, and hM1- and mM1-B4GN1(N)-GFP chimeric pro-
teins are localized in the ER. R-based motifs function as retrograde
transport signals when positioned distally from a lipid bilayer [28].
The consensus sequences of R-based motifs in mM1-ST3G5 are RR,
RXXXXR, and RXXXXXR. We use the term “functional distance” to de-
scribe the space essential for an R-based muotif to function as retrograde
transport signal, and define this distance as the number of aa residues
from R to a lipid bilayer. Functional distances of RR, RXXXXR, and
RXXXXXR in mM1-ST3G5(N)-GFP are 30, 45, and 53 aa [26]. The
R11S, R12S, R13S, and R14S single mutants in mM1-B4GN1(N)-GFP
are localized mainly in the Golgi, indicating that the four R residues
("IR12R13R!“R), but not RRR, RXR, or RR sequence, are essential for func-
tion as R-based motif (Figs. 5D, S4). The distance between the
HRI2R13RMR sequence and a lipid bilayer is 27 aa; this is likely insuffi-
cient for RRR, RXR, or RR sequence to function. The position of >'RX>*R
sequence in hM1-B4GN1 is homologous to that in mM1-B4GN1
(Fig. 3). Again, however, this sequence likely cannot function as a retro-
grade transport signal because of the short distance (29 aa). hM1-
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B4GN1 has “RX®R"R sequence in addition to °'RX>R sequence, and the
former is located 75 aa from a lipid bilayer. Because the hM1-
B4GN1(N)-GFP R4/6/7S mutant is localized completely in the Golgi,
the “RX°R’R sequence clearly functions as an ER targeting signal. The
hM1-B4GN1(N)-GFP R4S, R6S, and R7S mutants are localized in both
the ER and Golgi, indicating that the RR, RXR, and RXXR motifs function
in part as signal sequences (Figs. 5C, S3). The hM1-B4GN1(N)-GFP R6/
7S mutant is also localized in both the ER and Golgi (Figs. 5C, S3),
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suggesting that only the “R sequence functions as signal. A single R
has never been shown to be sufficient to function as a signal sequence.
Another basic aa close to the R-based motif, such as K or 'R, may
also function as a retrograde transport signal.

Expression levels of lipid-glycosyltransferases are extremely low,
making it difficult to detect endogenous proteins. We previously detect-
ed endogenous ST3G5 protein by immunoprecipitation and immuno-
blotting, using specific anti-ST3G5 polyclonal antibody and brain
tissues of St3gal5™/™ and St3gal5~/~ mice [26]. Similarly, in an attempt
to detect endogenous BAGN1 protein, microsome fractions were pre-
pared from liver or brain tissues of B4gaint1*/™ and B4gaint1~/~ mice
and treated with PNGase F. The fractions were analyzed by immuno-
blotting using anti-B4GN1 antibody (ab135902), which can recognize
overexpressed non-tagged BAGN1 proteins in CHO-K1 cells (Fig. S9A).
But, we were unable to observe the bands of endogenous B4GN1 protein
(Fig. S9C, E). Moreover, we concentrated BAGN1 proteins including in
the microsome fraction of liver tissue by immunoprecipitation using
anti-B4GN1 antibody (9535Ex_ProteinA) (Fig. S9D). Nevertheless, en-
dogenous B4GN1 protein could not be detected. In addition, the non-
tagged forms (mM1-B4GN1 and mM2-B4GN1) treated with PNGase F
were detected as two bands by immunoblotting using anti-B4GN1 anti-
bodies (9535Ex_ProteinA or ab135902) (Fig. S9A), whereas tagged
forms of BAGN1 were detected as a single band by immunoblotting
using anti-FLAG or anti-HA antibody (Figs. 4, 7, and 8). Since the pre-
dicted molecular masses of mM1-B4GN1 and mM2-B4GN1 are
63.4 kDa and 59.2 kDa, respectively, the upper bands in Fig. S9A are ob-
viously high molecular masses. This may suggest that the two bands are
due to the post-translational modifications, such as phosphorylations.

We examined subcellular localization, enzyme activity, and stability
of overexpressed BAGN1 proteins. M1-B4GN1(N)-GFP chimeric protein
was completely localized in the ER, whereas M1-B4GN1 full-length was
partly localized in the Golgi. In view of the localization of M1-ST3G5 full-
length and M1-ST3G5(N)-GFP chimeric protein in the ER [26], the effi-
ciency of retrograde transport in M1-B4GNT1 full-length may be lower
than that in M1-ST3G5. COPI-coated vesicles including B-subcomplex
(-, B-, and €-COP) and F-subcomplex (-, 6-, -, and {-COP) are in-
volved in retrograde transport from the Golgi to the ER [36]. R-based
motif interacts with acidic aa of the pocket formed by 3-COP and 6-
COP in F-subcomplex [27]. Another retrograde transport signal,
K(X)KXX motif, interacts with a-COP or 3’-COP in B-subcomplex [37,
38]. Because F-subcomplex interacts with B-subcomplex [39], cargo
proteins having R-based motifs are presumably close to those having
K(X)KXX motifs when these proteins are packed into the same COPI-
coated vesicle. It is therefore possible that the large luminal domains
of these cargo proteins are responsible for steric hindrance between
them. The molecular mass of GFPs, including M1-B4GN1(N)-GFP, is

Fig. 8. Homodimer and heterodimer formation of hB4GN1 isoforms. (A) Integral
membrane protein fractions were prepared from CHO-K1 cells stably expressing hM1-
B4GN1-FLAG (hM1-FLAG) or hM2-B4GN1-HA (hM2-HA), or stably co-expressing hM1-
B4GN1-FLAG and hM2-B4GN1-HA (CHO-K1/hM1-B4GN1-FLAG, CHO-K1/hM2-B4GN1-
HA, or CHO-K1/hM1-B4GN1-FLAG/hM2-B4GN1-HA), and treated with (+) or without
(—) PMe. Samples were treated with PNGase F and analyzed by immunoblotting with
anti-FLAG (left panel) or anti-HA (right panel) antibodies. (B) CHO-K1/hM1-B4GN1-
FLAG, CHO-K1/hM2-B4GN1-HA, and CHO-K1/hM1-B4GN1-FLAG/hM2-B4GN1-HA cells
were fixed, permeabilized with 0.5% SDS in PBS, stained with anti-FLAG (rabbit
polyclonal) and anti-HA (mouse monoclonal) antibodies, incubated with Alexa 488-
conjugated anti-rabbit IgG and Alexa 594-conjugated anti-mouse IgG, and visualized by
confocal laser-scanning microscopy. Right panel: merged images. Bar: 10 pm. (C and D)
CHO-K1/hM1-B4GN1-FLAG, CHO-K1/hM2-B4GN1-HA, and CHO-K1/hM1-B4GN1-FLAG/
hM2-B4GN1-HA cells were cultured with (+) or without (—) 50 pg/mL cycloheximide
(CHX) for 5 h at 37 °C. C: Total lysates and integral membrane protein fractions were
prepared, treated with PNGase F, and analyzed by immunoblotting with anti-FLAG (for
integral membrane protein fractions), HA (for integral membrane protein fractions), or
anti-p-actin antibodies (for total lysates). D: Expression levels of CHX (—) and (+)
were quantified using the Image] software program. Expression levels of CHX (+) are
expressed as ratio relative to corresponding CHX (—) level. Quantitative data are
expressed as mean 4 SD from three or more independent experiments. *P < 0.01; **P <
0.05. Co-exp.: co-expression with hM1-B4GN1-FLAG and hM2-B4GN1-HA.
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26.8 kDa. The molecular mass of native luminal domains of M1-B4GN1
is 56.5 kDa or for practical purposes 113 kDa, because B4GN1 forms
homodimers. Our findings suggest that cargo proteins having small lu-
minal domains (e.g., GFP), in comparison with those having large lumi-
nal domains (e.g., B4GN1), are efficiently localized in the ER by R-based
motif. We observed reduced retrograde transport of M1-B4GN1(N)-
2GFP, which has two GFPs connected in tandem in the luminal domain
(Fig. S10). The large luminal domain of B4GN1 may cause steric hin-
drance with other cargo proteins having K(X)KXX motif, resulting in re-
duced efficiency of retrograde transport.

M1-ST3G5 having R-based motif is localized mainly in the ER, lead-
ing to suppression of its GM3 synthesis activity in vivo [26]. M1-
B4GNT1 is partially localized in the ER; however, enzyme activity of
hM1-B4GNT1 in vivo was identical to that of hM2-B4GN1 (Figs. 6, 7B).
To investigate in vivo enzyme activities of hM1- and hM2-B4GN1, we
expressed these enzymes in CHO-K1 cells using a lentivirus expression
system. Such systems generally lead to excessive protein expression in
comparison with endogenous protein expression. If our experimental
conditions resulted in saturation of hM1-B4GNT1 in the Golgi, differences
in subcellular localization between hM1- and hM2-B4GN1 may not
have been reflected in their enzyme activity in vivo. In future study,
we will establish knock-out cells expressing only M1- or M2-B4GN1
using CRISPR/Cas9 system, and clarify the contribution of M1- or M2-
B4GN1 to ganglioside biosynthesis in the Golgi.

hM1-B4GN1 was stable relative to hM2-B4GN1 (Fig. 8C, D). hM1-
B4GN1 stability was reduced by R4/6/7S mutation (data not shown), in-
dicating that R-based motif is necessary for such stability. hM1-B4GN1
was partially localized in the ER, whereas hM2-B4GN1 was localized
in the Golgi. hM1-B4GNT1 stability can therefore be attributed simply
to ER localization. In contrast, when hM2-B4GN1 was co-expressed
with hM1-B4GN1, hM2-B4GNT1 stability increased without ER localiza-
tion (Fig. 8B, C, D). Under this condition, hM1-B4GN1 homodimer,
hM2-B4GN1 homodimer, and hM1-B4GN1/hM2-B4GN1 heterodimer
were all present, in a ratio of ~1:1:1 (Fig. 8A). Taken together, these
findings suggest that hM1-B4GN1/hM2-B4GN1 heterodimer is not
targeted to the ER by retrograde transport, but is more stable than
hM2-B4GN1 homodimer (Fig. 9). ST3G5 and sphingomyelin synthase
2 are retained in the Golgi by retrograde transport between the Golgi
cisternae during Golgi maturation [40-42]. The R-based motif
(“RX®R7R sequence) of hM1-B4GN1 may promote retrograde transport
between the Golgi cisternae or suppress export of heterodimer from the
Golgi. Our findings indicate that Golgi retention, not ER localization, is a
key rate-limiting step in hBAGN1 degradation.

Expression of mRNA variant 2 accounted for only 10-20% of total
B4GN1 mRNA expression in human and mouse brain tissues (Fig. 2). Re-
sults of 5’-RACE analysis of mB4GN1 (Fig. 2S) suggested that hB4GN1
variant 2 may also be a splicing variant, and that expression level is reg-
ulated by a tissue-specific alternative splicing system. Because M1-
B4GN1 is produced only from mRNA variant 2, expression level of M1-
B4GNT1 is substantially lower than that of M2-B4GN1. Most M1-B4GN1
therefore forms a heterodimer with M2-B4GN1, but not a homodimer
with itself, indicating that M1-B4GN1 expression level determines over-
all stability of B4GN1 through prolongation of Golgi retention by R-
based motif. mRNA variant 2 is more highly expressed in human brain
tissue than in other tissues. Since brain tissue contains not only a-series
but also b-series gangliosides, maintenance of B4GN1 protein level may
be necessary to control both synthesis pathways. Results of the present
and previous studies, taken together, indicate that coexistence of sever-
al B4GN1 isoforms, each with distinctive stability and subcellular local-
ization, is essential for stable supplies and homeostasis of various GSLs.
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Fig. 9. Intracellular dynamics of B4GN1. M1/M1 homodimers are localized in the Golgi and
partially localized in the ER. M1-B4GN1 has R-based motif in its cytoplasmic tail, which is
involved in both retrograde transport from the Golgi to the ER and Golgi retention. M2/M2
homodimers without R-based motif are localized in the Golgi. M1/M2 heterodimers are
also localized in the Golgi even though they have R-based motif. M1/M2 heterodimers
are more stable than M2/M2 homodimers, but are not localized in the ER. This stability
is due to prolongation of Golgi retention by R-based motif, as explained in Discussion.

CHX cycloheximide

ER endoplasmic reticulum
GalCer  galactosylceramide

GalNAc N-acetylgalactosamine

GFP green fluorescent protein
GalT I [31,4-galactosyltransferase |

GIcAT-P  glucuronyl transferase

GlcCer  glucosylceramide
Golgi Golgi apparatus
GSL glycosphingolipid
ks Kozak sequence
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O-FUT1 o-fucosyltransferase

PNGase F peptide: N-glycosidase F

ST3G2  ST3 p-galactoside o2,3-sialyltransferase 2

ST3G5  ST3Gal5/ST3 -galactoside a2,3-sialyltransferase 5
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Abstract GM3, a major lipid component of the plasma
membrane outer leaflet in mammalian cells, is synthesized
in the luminal side of Golgi by ST3GALS protein
(ST3GY5), a type Il membrane protein. Two strains of
St3Gal5 knockout mice have been established for studies
of GM3 physiological function: St3Gal5-Ex5-KO (lack-
ing exon 5, which contains the catalytic domain of
ST3GS), and St3Gal5-Ex3-KO (lacking exon 3, which
contains the initiation codons). Results of the present
study demonstrate that GM3 synthesis is still present, at
a low level, in liver of St3Gal5-Ex3-KO mice. St3Gal5
has two mRNA transcriptional variants: a-type and b-type.
When exon 3 is deleted, ST3G5 is not translated from a-
type or b-type, as a result of initiation codon deletion or
frame shift. Through NCBI database search and real-time
PCR analyses of various mouse tissues, we identified a
liver-specific St3Gal5 transcriptional variant (c-type)
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capable of producing artificial ST3G5 (M*-ST3G5) hav-
ing GM3 synthase activity in the absence of exon 3.
St3Gal5-Ex3-KO mice expressed c-type mRNA without
exon 3 (c-type ") in liver. The transmembrane and cata-
lytic domains of M*-ST3GS5 translated from c-type ™
were identical to those from wild-type, although the cyto-
plasmic regions differed. Expression of M*-ST3G5 in em-
bryonic fibroblasts derived from St3Gal5-Ex3-KO mice
led to GM3 synthesis; M*-ST3G5 thus displayed enzyme
activity in vivo. Taken together, our findings indicate that
expression of liver-specific c-type variant accounts for the
residual GM3 synthase activity observed in liver of
St3Gal5-Ex3-KO mice.

Keywords Sialyltransferase - mRNA transcriptional variant -
Ganglioside GM3

Abbreviations

ER Endoplasmic reticulum

Ex Exon

Golgi Golgi apparatus

GSL Glycosphingolipid

H3K4mel Mono-methylation of residue Lys4 in histone H3
H3K4me3 Tri-methylation of residue Lys4 in histone H3
LacCer Lactosylceramide

MEF Mouse embryonic fibroblast

Neo Neomycin resistance gene

ORF Open reading frame

St3Gals ST3 (3-galactoside «2,3-sialyltransferase 5
ST3GS5 ST3GALS protein

TLC Thin-layer chromatography

TSSs Transcriptional start sites
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Introduction

GM3, one of the major gangliosides (sialic acid-containing
glycosphingolipids [GSLs]) in mammalian cells, is abundant
in the outer leaflet of the plasma membrane. GM3 synthesis is
catalyzed by a sialyltransferase, ST3GALS protein (ST3GS5),
in the luminal side of Golgi apparatus [1]. ST3G5 possesses
sialylmotifs L, S, and VS, which are conserved among
sialyltransferases and are thought to function as a catalytic
domain [1].

Two transcriptional variants (termed a-type and b-type)
of ST3G5-encoding mRNAs have been reported in mice
[2, 3]. Using a leaky scanning system, we demonstrated
translation of three isoforms (M1-, M2-, and M3-ST3G5)
from a-type and two isoforms (M2- and M3-ST3G5) from
b-type [4]. These isoforms differ greatly in terms of stabil-
ity and subcellular localization. They are all transported
from endoplasmic reticulum (ER) to Golgi by an arginine
(R)/lysine (K)-based motif located just above the trans-
membrane domain [5]. Only M1 isoform also has an R-
based motif, which functions as a retrograde transport sig-
nal and is positioned distally from a lipid bilayer.
Numerous M1 isoforms are localized in ER [4]. Both M2
and M3 isoforms are localized in Golgi, and the half-life of
M3 isoform is longer than that of M2 isoform [4]. Based on
result of our 2015 study, we proposed a mechanism in
which R/K-based motif is involved in Golgi retention of
M3 isoform [5]. Multiple isoforms are involved in GM3
synthesis, but the biological significance of coexistence of
more than one isoform in a single cell remains unclear.

We have previously investigated expression patterns of a-
type and b-type in various mouse tissues. The transcription
initiation point in a-type is close to that in b-type, suggesting
that transcriptional regulation is similar in the two variants.
Expression patterns of a-type and b-type in various tissues
were nearly identical, and both were highly expressed in brain,
heart, and testis [4]. Northern blotting analysis for detection of
total St3Gal5 mRNA variants also revealed similar patterns in
several tissues, except for liver [2]. Expression level of total
mRNA variants in mouse liver was high, whereas those of a-
type and b-type were low. These previous findings, taken to-
gether, indicate the presence in liver of other mRNA variants
besides a-type and b-type.

In the present study, we investigated a St3Gal5 knockout
mouse model (St3Gal5-Ex3-KO) in which exon 3, which
contains M2 and M3 initiation codons, is replaced by neomy-
cin resistance gene (Neo). These mice displayed GM3 syn-
thase activity in liver, but not in inner ear or lymphocytic cells.
We identified a new St3Gal5 mRNA variant (cl-type),
expressed specifically in liver. The St3Gal5-Ex3-KO mice
express artificial splicing isoforms (a-type ", b-type ", and
cl-type ") in which the Neo region is absent. ST3GS is not
translated from a-type ” and b-type ” because of initiation
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codon deletion and frame shift. On the other hand, liver-
specific c1-type " can produce artificial ST3G5 that displays
enzyme activity without exon 3.

Materials and methods
Mice

St3Gal5 knockout mice (termed St3Gal5-Ex3-KO) were
produced as described previously [6]. After a sufficient num-
ber of backcross generations, mutant mice were maintained on
the KK/TaJcl background.

mRNA variant-specific amplification

First-strand cDNA synthesis was performed using a First-
Strand ¢cDNA Synthesis kit for RT-PCR (AMV; Roche
Diagnostics; Penzberg, Germany). Total RNA was isolated
from tissues of KK/Talcl and St3Gal5™"~ mice. Specific
primers as follows were designed to amplify ST3GS5 transcrip-
tional variants (a-type, b-type, c1-type): a-type (F1-primer: 5'-
TCCCTAGCATGCACACAGAGG-3’; R4-primer: 5'-TTAT
CCGGTCAGGGTCCACATAGTGC-3"), b-type (F2-primer:
5-AGCCTGCGCAGGTGTGGAC-3"; R4-primer: 5'-TTAT
CCGGTCAGGGTCCACATAGTGC-3"), cl-type (FX-prim-
er: 5'-GATTTCTCGACACCTCTACTCACACAG-3'; R4-
primer: 5-TTATCCGGTCAGGGTCCACATAGTGC-3").
PCR was performed using 50 ng cDNA, specific primers,
and KOD FX polymerase (Takara Bio; Shiga, Japan), as per
the manufacturer’s instructions.

Plasmids

The open reading frame (ORF) of mouse M*- ST3GALS
(mM*-ST3GS5) was amplified using cDNA prepared from liv-
er of St3Gal5-Ex3-KO mice, and primers 5'-ATGT
CCTTGGCTGGACACGTTC-3" and 5'-GGTT
TGCCGTGTTCCGAGTTC-3'". Resulting fragments were
cloned into pGEM-T Easy Vector (Promega; Madison, WI)
to generate pFS615. pFS617-encoding M*-ST3GS5 plasmid
was constructed using pFS615 and primers 5'-CACC
ATGTCCTTGGCTGGACACGTTC-3' and 5'-GGTT
TGCCGTGTTCCGAGTTC-3'". Resulting fragments were
cloned into pPENTR/D-TOPO vector (Life Technologies;
Carlsbad, CA) to generate pFS617. CSII-CMV-MCS plasmid
was converted to Gateway® destination vector (CSII-CMV-
RfA) using the Gateway® vector conversion system (Life
Technologies). For lentivirus production, M*-ST3G5 of
pFS617 was inserted into lentiviral expression vector CSII-
CMV-RfA, using the LR clonase reaction to generate
pFS620. pFS311 (M3-ST3GS5/CSII-CMV-RfA) plasmid was
created by similar procedures [7].
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Real-time PCR

First-strand cDNA synthesis was performed as described
above, and total RNA was isolated from tissues of C57BL/6
mice. Primers and probes specific for mouse St3Gal5 cl-type
(primers, 5'-ACTCAGAGGCTGTTTGAAACAGTCT-3’
and 5-GTGAGTAGAGGTGTCGAGAAATCCAT-3'; probe,
5'-ATTTAAGCCCTCATGGACGCCGCTC-3’) and 18S
rRNA (Hs99999901-s1) were from Applied Biosystems
(Foster City, CA). Real-time PCR was performed with
2 x TagMan universal master mix using a 7500 Real-Time
PCR system (Applied Biosystems). Tissue copy numbers
were calculated using appropriate standard curves.

5'-RACE analysis

5'-RACE was performed using a SMARTer RACE 5'/3' Kit
(Takara) per the manufacturer’s instructions with some mod-
ification. SMARTer first-strand cDNA, incorporating specific
sequences at both ends, was synthesized from total RNA iso-
lated from mouse liver tissue. 5'-RACE fragments were gen-
erated using a set of universal primer and gene-specific prim-
er: 5'-CTAATACGACTCACTATAGGGCAAGCAGTGGT
ATCAACGCAGAGT-3’ and 5'-GATTACGCCAAGCT
TGCATTGCTGTGTGAGTAGAGGTGTCGAGAAATCC-
3'. The resulting fragment was cloned into linearized pRACE
vector using an In-Fusion HD Cloning Kit (Takara). Isolated
plasmid DNAs were sequenced using universal primers:
M13F, 5'-GTTTTCCCAGTCACGACGTT-3"; M13R, 5'-
GGAAACAGCTATGACCATGA-3'".

Cell culture

Mouse embryonic fibroblasts derived from Sz3Gal5-Ex3-KO
mice (MEF ") [4] were cultured in low-glucose DMEM
(Nacalai Tesque; Kyoto, Japan) supplemented with 10% fetal
bovine serum, 100 U/mL penicillin, and 100 pg/mL
streptomycin.

Preparation of lentiviral vectors

293 Tcells (0.5 x 10°) were seeded in a polylysine-coated 60-
mm dish 24 h before transfection, transfected with 3 pg
pFS311 (mM3-ST3GS5/CSII-CMV-RfA) or pFS620 (mM*-
ST3GS/CSII-CMV-RfA), 1.5 ug pCAG-HIVgp, and 1.5 pg
pCMV-VSV-G-RSV-Rev. plasmids using Lipofectamine
2000, and incubated 24 h at 37 °C. medium was then replaced
by 4 mL high-glucose DMEM containing 10 uM forskolin.
Culture temperature was lowered from 37 to 32 °C ~ 32 h after
transfection to maintain virus stability. Lentivirus-containing
supernatant was harvested 48 h after transfection, centrifuged
at 200 x g for 3 min to remove living cells, and either used
immediately for experiments or snap-frozen in liquid nitrogen

and stored at —80 °C for later applications. For lentiviral trans-
duction of MEF "~ cells, 2.5 x 10° cells in a 60-mm dish were
added with 4 mL lentiviral supernatant, cultured at 32 °C for
24 h, temperature lowered from 32 to 37 °C, and cells incu-
bated 48 h more.

Preparation of cell lysates

Cells were washed twice with ice-cold phosphate-buffered sa-
line (PBS), suspended in buffer A (50 mM Tris-HCI (pH 7.5),
150 mM NaCl, 10% glycerol, 4 M urea, and 1X cOmplete
Protease Inhibitor Cocktail (EDTA-free; Roche Diagnostics)),
and lysed by sonication. Cell debris was removed by centrifu-
gation at 1000 x g for 3 min at 4 °C, and supernatant (total cell
lysates) was centrifuged at 100,000 x g for 1 h at 4 °C.
Precipitate (integral membrane protein fraction) was suspended
in 2X SDS sample buffer (125 mM Tris-HCI (pH 6.8), 4% SDS,
20% glycerol, and trace amount of bromophenol blue) contain-
ing 5% [3Me, and incubated 5 min at 37 °C. Integral membrane
protein fraction was subjected to peptide: N-glycosidase F
(PNGase F) (New England Biolabs; Beverly, MA) digestion
for 1 h at 37 °C as per the manufacturer’s instructions. Protein
concentrations of total cell lysates were determined using a
BCA protein kit (Pierce/ Thermo Fisher; Waltham, MA).

Immunoblotting

Integral membrane protein fractions as above were subjected to
immunoblotting. Proteins were separated by SDS-PAGE and
transferred to an Immobilon PVDF membrane (Millipore;
Billerica, MA), which was then incubated 1 h with anti-
ST3GS5 [8] or anti-B-actin antibodies (1:1000 dilution)
(Sigma), washed, and incubated 1 h with HRP-conjugated don-
key anti-rabbit IgG (1:20,000 dilution) or anti-mouse IgG (GE
Healthcare Bio-Sciences; Piscataway, NJ). Labeling was de-
tected using an ECL Select™ kit (GE Healthcare).

Immunofluorescence microscopy

Transfected cells were cultured on coverslips, fixed for 15 min
with 3.7% formaldehyde in PBS at room temperature, rinsed
with PBS, permeabilized with 0.5% SDS in PBS, treated with
Image-iT FX Signal Enhancer (Thermo Fisher) for 30 min,
incubated 1 h with anti-ST3GS5 [4] or anti-GM130 (BD
Biosciences; Franklin Lakes, NJ) diluted 1:100 with 1%
BSA in PBS, washed three times in PBS, and incubated
30 min with Alexa 488-conjugated anti-rabbit IgG or Alexa
594-conjugated anti-mouse IgG antibodies (Thermo Fisher)
diluted in 1% BSA in PBS to 5 pg/mL. Coverslips were
washed three times in PBS, mounted on glass slides using
ProLong Gold antifade reagent (Thermo Fisher), and analyzed
by fluorescence microscopy (model FV1000; Olympus;
Tokyo, Japan).

@ Springer
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Lipid analysis

Lipid (GSL) analysis was performed as described previously [5].

Results

GSL composition of liver and brain tissues
in $S13Gal5-Ex3-KO mice

Proia’s group originally produced St3Gal5 knockout
mice termed St3Gal5-Ex5-KO by replacing exon 5
(which contains sialylmotif L) with neomycin resistance
gene (Neo) (see Fig. 1), and observed loss of GM3 syn-
thesis in brain, skeletal muscle, and adipose tissues in
these mice [9]. Kozaki’s group subsequently produced
St3Gal5 knockout mice termed St3Gal5-Ex3-KO by
replacing exon 3 (which contains two initiation codons,
M2 and M3) [4, 6] with Neo (Fig. 1), and we found that
TLC analysis did not detect GM3 in inner ear cells, thy-
mocytes, or CD4*/CD8" T cells [10, 11]. However, GM3
synthesis was still present at low level in liver tissue of
these mice (Fig. 2). In the present study, we separated
neutral and acidic GSL fractions from total lipid extracts
of liver and brain tissues of wild-type (WT) and St3Gal5-
Ex3-KO mice using a DEAE-Sephadex A-25 column, and
analyzed each fraction by TLC. In WT mice, GM2 was
mainly detected in the liver. Liver of St3Gal5-Ex3-KO
mice showed much lower GM2 content (~50%) than that
of WT mice, and correspondingly higher LacCer accumu-
lation and GA2 synthesis. TLC analysis revealed two

WT
Exons 12 34 5 67 8
s H—E-H-:
A A VA
M1 M2M3  sialylmotif L TGA

St3Gal5-Ex5-KO

5 H

St3Gal5-Ex3-KO
54  H—H- -
Neo

Fig. 1 Gene structures of St3Gal5 knockout (St3Gal5-Ex5-KO and
St3Gal5-Ex3-KO) mice. The St3Gal5 gene is composed of eight exons.
St3Gal5-Ex5-KO mice were produced by replacing exon 5 (which
contains sialylmotif L) with neomycin resistance gene (Neo). St3Gal5-
Ex3-KO mice were produced by replacing exon 3 (which includes
initiation codons M2 and M3) with Neo. Black boxes: exons.
Horizontal lines: introns
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bands above GM3 in St3Gal5-Ex3-KO mice (Fig. 2a,
left panel). These bands were identified by liquid
chromatography-mass spectrometry (LC-MS) as
sulfoglycolipids SM3 and SM2a (data not shown). These
findings indicate that GM3 synthase activity is reduced
but still present in liver of St3Gal5-Ex3-KO mice.

Brain tissues of WT mice express a-, b-, and c-series gan-
gliosides (GM1, GD1a, GD1b, GT1b). Deletion of exon 3
results in a shift of ganglioside synthesis to the o-series gan-
glioside (GM1b, GD1«) pathway (Fig. 2b). Lipid pattern
changes in S£3Gal5-Ex3-KO mice are generally similar to
those in St3Gal5-Ex5-KO mice [9]. However, St3Gal5-
Ex3-KO brain tissue showed two faint bands unrelated to
migration of GM3 and GM2 (Fig. 2b, left panel). The upper
band was identified by LC-MS as sulfoglycolipids SM1a (data
not shown), but we have not yet been able to identify lower
band (Fig. 2b, left panel, black dot). Our findings indicate that
deletion of exon 3 abolishes GM3 synthase activity in brain.

A
Liver
Acidic fraction Neutral fraction
g "
+SM3
-+ SM2a
: gl\'\ﬂg +LacCer
+—GA2
+Ori A i +Ori
+H+ +H+ - /- H+ ++ -~ /-
St3Gal5 St3Gals
Brain
Acidic fraction Neutral fraction
Eve o
- - 1 s == == ww|l GicCer
M | @ & - -I_GaICer
+SM1a
GNM1 ir® —LacCer
|| +~GM1b
i —GA2
* "GD10L —GA1
- +Ori =Ori
++ ++ - - +H+ ++ -/~ /-
St3Gal5 St3Gal5

Fig. 2 GSL composition of liver and brain tissues of St3Gal5-Ex3-KO
mice. Acidic and neutral GSL fractions were prepared from liver (a) and
brain (b) tissues of WT (+/+) and St3Gal5-KO mice (—/—), and separated
on TLC plates (amounts corresponding to 2 mg protein). GSLs were
stained by orcinol/sulfuric acid. Asterisk: GDla, GD1b, and GT1b
bands. Black dot: unidentified GSL (see text)
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Expression of a-type and b-type mRNA variants
in S13Gal5-Ex3-KO mice

Mice express two transcriptional variants of St3Gal5 mRNA:
a-type and b-type [2, 3]. Transcription of a-type starts from
exon 1; exon 2 is then removed by splicing, and exon 1 is
connected to exon 3 (Fig. 3a). a-Type expression was detected
as a 321-bp band by PCR using primers (F1/R4 primers) de-
signed for exons 1 and 4. In contrast, transcription of b-type
starts from exon 2, and exon 2 is then connected to exon 3. b-
Type expression was detected as a 265-bp band by PCR using
primers (F2/R4 primers) designed for exons 2 and 4. Because
exon 3 is replaced by Neo in St3Gal5-Ex3-KO mice, it is
possible that the Neo region is spliced, and exon 1 or exon 2 is
directly connected to exon 4, generating a-type '~ or b-type '
as a mature mRNA (Fig. 3a). If so, 197-bp (a-type ) and
141-bp (b-type ") bands should be amplified by PCR using
F1/R4 primers and F2/R4 primers, respectively.

We examined mRNA expression of a-type and b-type in
brain and liver tissues of WT (+/+) and St3Gal5-Ex3-KO
(=/—) mice using PCR primers (Fig. 3b). In WT, both a-
type and b-type bands were detected in brain, whereas only
a-type band was detected in liver. Expression level of a-
type in liver was much lower than in brain. These findings
are consistent with real-time PCR data in our 2009 study
[4]. In St3Gal5-Ex3-KO, we observed a-type '~ and/or b-
type ’~ bands in brain and liver. Expression levels and pat-
terns of these mRNA variants in St3Gal5-Ex3-KO were
generally similar to those in WT. St3Gal5 mRNAs in
St3Gal5-Ex3-KO were present as spliced forms a-type
and b-type . However, ST3G5 protein is not translated
from a-type "~ or b-type "~ as a result of deletion of initia-
tion codons (M2 and M3) or frame shift. Residual GM3
synthesis activity in St3Gal5-Ex3-KO therefore cannot
explained by production of a-type '~ or b-type /.

Specific expression of a novel S23Gal5 mRNA variant
in liver

To account for observed GM3 synthesis in St3Gal5-Ex3-KO
mice, we investigated the possible presence of novel mRNA
variants that ST3G5 ORF even without exon 3. In the NCBI
database (ncbi.nlm.nih.gov), nine transcriptional and splicing
variants (including a-type and b-type) are presented as
St3Gal5 mRNA variants (Fig. 4). X' and X? indicate new
exons of St3Gal5. We classified these variants into four types
(a-, b-, c-, and d-types). Transcriptions of a-type (al-a4), b-
type (b1, b2), and c-type (cl, c2) start respectively from exons
1,2, and X?. Transcription of d-type starts before exon 1, and
contains exons 1, 2, and X'. Splicing variants without exon 4
(a3-, a4-, b2-, and c2-types) encode the catalytic domain in-
volved in GM3/GM4 synthesis, but do not encode the trans-
membrane domain. The soluble form of ST3GS5, which cannot

A
Exons 1 2 3 4 8
wT s-lHE—EHE- -
F1-primer R4-primer
e
M2,M3
a-type 321 bp
a-type™: 197 bp
F2-primer R4-primer
b-type
btyoe” IR 141 bp
B
bp
500-
400- 321 bp
300- —265 bp
200- =197 bp
=,
100- 141 bp

St3Gal5 +/+ /- +/+ -/- M +/+ -/- +/+ -/-
a b a b
Brain Liver

Fig.3 Expression of mRNA transcriptional variants a-type and b-type in
WT and St3Gal5-Ex3-KO mice. a. PCR products of a-type, a-type ', b-
type, and b-type . a-type” and b-type are transcripts in which exon 3
is removed by splicing. Numbers on gray background: sizes of PCR
products using F1/R4-primers or F2/R4-primers. Black boxes: exons.
Horizontal lines: introns. M1, M2, M3: initiation codons. b. Transcripts
were amplified by PCR using F1/R4-primers or F2/R4-primers, and
cDNAs prepared from mouse brain and liver tissues. PCR products
were separated by agarose electrophoresis and stained with ethidium
bromide

produce GM3 in the luminal side of Golgi, is therefore trans-
lated from the splicing variant. Consequently, the mRNA var-
iants that encode GM3 synthase are al-, a2-, bl-, c1-, and d-
types. We presume that, among these variants, only cl-type
encodes an ORF of GM3 synthase when exon 3 is removed. In
WT, M2 and M3 isoforms are most likely translated as GM3
synthases from c1-type because the initiation codons (M2 and
M3) are present in exon 3 of c1-type [4]. Deletion of exon 3 in
St3Gal5-Ex3-KO leads to generation of a novel initiation
codon (M*) in exon X of cl—typef/f (Fig. 5a). M*-ST3G5
isoform, translated from M*, has a catalytic domain for GM3
synthesis, and amino acid sequence of the NH,-terminal cy-
toplasmic region of this isoform is different from that of M2-
ST3GS5 isoform (Fig. 5b).
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Exon 1 2 X' X? 3 4 5

al-type
(a-type)

a2-type (X3)

a3-type (X7)

ad-type (X4)

b1-type
(b-type)

b2-type (X5)

cl-type (X2)

i M2,M3
c2-type (X6) I\/.\/l/
. ,
M4
d-type (X1)
= .
M1 M2,M3

Fig. 4 Structures of mouse St3Gal5 gene and its mRNA variants.
St3Gal5 mRNA variants (a-type, b-type, X1 through X7) in the NCBI
database are shown. Transcripts are classified into four groups (a-, b-, c-,
d-type) based on structure. Black boxes: exons in mouse St3Gal5. Exons
X" and X? are not present in known al-type and bl-type variants. M1,
M2, M3, M4: initiation codons

To determine whether cl-type and cl-type ’ are pres-
ent in liver of WT and S73Gal5-Ex3-KO, we performed
PCR using FX/R4-primers (Fig. Sa, c¢). 261-bp and 137-
bp bands were detected in WT and St3Gal5-Ex3-KO,
respectively. This finding indicates that mouse liver ex-
presses cl-type, and that deletion of exon 3 in St3Gal5-
Ex3-KO results in production of cl-type ’~ that encodes
M*-ST3GS5. We evaluated cl-type expression in various
mouse tissues by real-time PCR, and found that it was
highest in liver (Fig. 6).

To identify transcriptional start sites (TSSs) of cl-
type, we performed 5'-RACE analysis using total RNA
of mouse liver. Thirty-four clones containing 5'- end of
cl-type were obtained, and their sequences were deter-
mined (Fig. 7). In this figure, black dots indicate TSSs,
and numbers above the dots indicate number of clones.
Only one clone starts before M* (ATG), indicating that
although cl-type expression in mouse liver is high, the
amount of cl-type capable of translating M*-ST3GS5 is
quite limited.
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A
Exons 1 2 X2 3 4 8
wT s HE——EHE-— -3
FX-primer  R4-primer
WT k¢
ci-type KEIE 261 bp
FX-primer  R4-primer
St3Gal5-Ex3-KO ¢ 4 R
M*
ci-type” PEP 137 bp
B
M2
WT 1

MPSEFTSAKLEC
-/- 1 MSLAGHVHSSHVCSLRGCLKQSAVFK T
A

SLLIKDICEE
ISRHLYSH ™

M M3

v

WT 16 SRTSLOQWYTRTQHKM
-/- 31 PLLPAVLPSQRRWRG

— 261 bp
—-137 bp

M +/+ -/- St3Gal5

Liver (c1-type)
Fig. 5 Expression of c1-type in WT and S13Gal5-Ex3-KO mice. a. PCR
products of cl-type and cl-type . cl-type "~ is a transcript in which
exon 3 is removed by splicing. Numbers on gray background: sizes of
PCR products using FX/R4-primers. Black boxes: exons. Horizontal
lines: introns. b. Amino acid sequences of NH,-terminal cytoplasmic
regions of WT and St3Gal5-Ex3-KO (—/—) mice. Alignments were
generated using the ClustalW program (DNA Data Bank of Japan
(DDBYJ)). Black boxes: identical residues. Gray boxes: aa similarities.
M2, M3, M*: initiation codons. TM: transmembrane region. c.
Transcripts were amplified by PCR using FX/R4-primers, and cDNAs
were prepared from mouse liver tissue. PCR products were separated by
agarose electrophoresis and stained with ethidium bromide

Subcellular localization and in vivo enzyme activity
of artificial M*-ST3GS5 isoform

To examine GM3 synthase activity of M*-ST3GS5 in vivo, we
stably expressed mouse embryonic fibroblasts derived from
St3Gal5-Ex3-KO mice (MEF ) with M3- and M*-ST3GS5,
using a lentiviral expression system. Integral membrane pro-
tein fractions were prepared and subjected to immunoblotting
with anti-ST3GS5 antibodies. Expression level of M*-ST3G5
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Fig. 6 St3Gal5 cl-type transcripts from mouse tissues. Expression
levels of St3Gal5 cl-type transcripts from various tissues of C57BL/6
mice were analyzed by real-time PCR assay. Expression levels of c1-type
were normalized relative to 18S rRNA transcript

was slightly lower than that of M3-ST3G5 (Fig. 8a). Acidic
and neutral lipid fractions of cells were prepared and analyzed
by TLC. MEF /" cells expressed only GM1b (o-series) as
acidic GSL, and glucosylceramide (GlcCer), LacCer, and
globosides (Gb3 and Gb4) as neutral GSLs. In MEF " /M3-
ST3GS5 and M*-ST3GS cells, GM3, GM2, GM1, and GDla
were detected in acidic fractions, while LacCer and globoside
levels in neutral fractions were lower than those in MEF .
Amounts of gangliosides in MEF " /M*-ST3GS5 cells were
similar to those in MEF ' /M3-ST3G5 cells. These findings
indicate that in vivo enzyme activities of M3- and M*-ST3G5
are nearly identical.

Our 2009 study showed that the cytoplasmic region of
ST3GS affects subcellular localization [4]. Amino acid
sequences of the cytoplasmic region in M*-ST3G5 are
quite different from those in M3-ST3GS5. We used indirect
immunofluorescence assay to examine subcellular locali-
zation of M*-ST3G5 in MEF "~ cells (Fig. 8c). We con-
firmed that the fluorescence from anti-ST3GS5 antibody

Exon X2
1 M*
[ ]
1 CCCACAGATTTTATCCCCINRETCCTTGGCT 30
129
e o
31 GGACACGTTCACTCCAGTCATGTTTGCTCA 60

21
X
61 CTCAGAGGCTGTTTGAAACAGTCTGCAGTA 90

91 TTTAAGCCCTCATGGACGCCGCTCCTGCCT 120
121 GCTGTCCTTCCCTCGCAGCGGAGGTGGAGA 150
151 GGGGTGAGATGGATTTCTCGACACCTCTAC 180

181 TCACACAG

Fig. 7 Transcriptional start sites (TSSs) of mouse St3Gal5 cl-type. The
nucleotide sequence shown is that of exon X? in mouse St3Gal5. Black
dots: TSSs. Numbers above dots: number of clones obtained by 5-RACE
analysis. White letters on black background: artificial initiation codon
(M)
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Fig. 8 In vivo enzyme activities and subcellular localization of M3-
ST3GS and M*-ST3G5. MEF cells derived from St3Gal5-Ex3-KO
mice were stably expressed with M3-ST3G5 (M3) or M*-ST3G5 (M*)
using a lentiviral expression system. Minus sign (—): no transfection. a.
Total cell lysates and integral membrane protein fractions were prepared,
treated with PNGase F, and analyzed by immunoblotting with anti-f3-
actin and anti-ST3GS5 antibodies, respectively. b. Acidic and neutral
GSL fractions were extracted from cells, separated on TLC plates
(amounts corresponding to 2 mg total protein), and GSLs were stained
by orcinol/sulfuric acid. ¢. Cells were fixed, permeabilized with 0.5%
SDS in PBS, stained with anti-ST3GS5 antibody and Alexa 488-
conjugated anti-rabbit IgG, and visualized by confocal laser-scanning
microscopy. For co-localization studies, cells were incubated with
antibody vs. GM130 (a cis-Golgi marker) for 1 h, and then with
Alexa594-conjugated anti-mouse IgG for 30 min. Bar: 10 pm
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was absent in MEF '~ cells (no expression). Both M3- and
M#*-ST3GS were partially colocalized with cis-Golgi
marker GM130, indicating that M*-ST3GS is transported
from ER to Golgi as with M3-ST3GS5.

Discussion

Two strains of St3Gal5 knockout mice (St3Gal5-Ex5-KO and
St3Gal5-Ex3-KO) have been established as models for study-
ing physiological functions of ganglioside GM3. Strain
St3Gal5-Ex5-KO, produced by deletion of exon 5 (which
encodes sialylmotif L), has no GM3 synthesis activity in brain,
skeletal muscle, or adipose tissues [9]. Insulin sensitivity is
enhanced in this strain because insulin receptor phosphoryla-
tion is up-regulated in skeletal muscle. This finding supports
the concept of type II diabetes therapy based on inhibition of
ganglioside synthesis [12, 13]. Strain Sz3Gal5-Ex3-KO, which
we produced by replacing exon 3 with Neo, has no GM3 syn-
thesis in inner ear cells, thymocytes, or CD4*/CD8" T-cells.
The knockout mice (St3Gal5-Ex3-KO) display selective de-
generation of the organ of Corti, and inhibition of CD4" T-cell
activation by treatment with anti-CD3 and anti-CD28 antibod-
ies [10, 11]. The above findings indicate that either exon 5 or
exon 3 deletion is sufficient to abolish GM3 synthase activity.

The present study showed that acidic GSL composition of
liver in S#3Gal5-Ex3-KO is similar to that in WT (Fig. 2),
indicating that GM3 synthase activity is still present at low
level in liver. GM3 and GM2 are not expressed in liver of
St3Gal5-Ex5-KO (data not shown), indicating that ST3G5
is the sole GM3 synthase. We identified a liver-specific
mRNA transcriptional variant (cl-type), and explained the
residual synthase activity by production of artificial c1-type
(cl-type_/_) that lacks exon 3 (Figs. 5 and 6). In liver of
St3Gal5-Ex3-KO, M*-ST3GS5, which has GM3 synthesis
activity, is presumably translated from c1-type .

Sulfoglycolipids (SM3, SM2a, and SM1a) were detected in
livers or brains of St3Gal5-Ex3-KO (Fig. 2a and b) and
St3Gal5-Ex5-KO (data not shown). The unknown band in
of St3Gal5-Ex3-KO brain (Fig. 2b, black dot) is most likely
also SB1a, but identification remains to be completed. LacCer
level is strikingly increased in St3Gal5-Ex3-KO liver (Fig.
2a), consistent with induction of SM3 and SM2a synthesis.
GAL3ST1/galactose-3-O-sulfotransferase 1 (CST) transcript
encoding SM3 synthase was previously detected by PCR in
WT liver, although expression level was low [14]. We detect-
ed CST transcripts by real-time PCR in WT and St3Gal5-
Ex3-KO livers, with similar expression levels (Fig. S1). The
presence of sulfoglycolipids (classified as a subset of acidic
glycolipids) thus may compensate for a lack of sialic acid-
containing gangliosides.

Expression of St3Gal5 cl-type was restricted to liver.
Modifications (acetylation or methylation) of histone H2A-,
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H2B-, H3-, and H4-forming chromatins generally play impor-
tant roles in initiation of transcription [15, 16]. One such mod-
ification known as an initiation point of transcription is tri-
methylation of residue Lys4 in histone H3 (H3K4me3). Data
for H3K4me3 states enrolled in ENCODE (https://www.
encodeproject.org), analyzed by Chip-seq using mouse tissues
from embryonic day 14.5, adult week 8, and adult week 24
were viewed by USCS genome browser (https://genome.ucsc.
edu) (Fig. S2). H3K4me3 peaks were consistently detected in
close proximity to exons 1 and 2. Interestingly, the peaks were
also detected in proximity to exon X in liver and bone marrow
in adult week 8, and to brown adipose tissue in adult week 24.
These findings are in agreement with real-time PCR data (Fig.
6). The observed H3K4me3 states suggest that transcription of
cl-type does not occur in embryonic liver. Switching from al-
and/or bl-type to cl-type most likely occurs at some point,
because St3Gal5 mRNAs were detected on embryonic day
15 [17]. We are currently examining possible expression of
cl-type in bone marrow and brown adipose tissue by real-
time PCR analysis.

Tissue-specific gene expression is controlled by enhancers
located far away from TSSs. We estimated locations of en-
hancer regions through mono-methylation of residue Lys4 in
histone H3 (H3K4mel). Data for H3K4mel states enrolled in
ENCODE were viewed by USCS genome browser similarly
as H3K4me3 (Fig. S3). H3K4mel of liver at E14.5 was ob-
served around exons 1 and 2, which are predicted transcrip-
tional start positions. In contrast, H3K4mel of liver at 8w was
observed around exon X? in addition to exons 1 and 2. These
findings suggest that, during development, regulatory regions
of transcription are altered by switching of transcriptional start
positions. The roles of enhancers in liver-specific expression
of cl-type will be clarified in future experimental studies.

Binding sites of transcription factors in 200-bp 5'-upstream
region from TSSs were searched and predicted using the
TFBIND program (tfbind.hgc.jp) (Fig. S4). Among these tran-
scription factors, CCAAT/enhancer-binding protein (C/EBP)
regulates expression of multiple hepatocyte-specific genes [18]
and is involved in liver differentiation and regeneration [19-21].
We also found the sequence (5'-(A/G)TTA(C/T)GTAA(C/T)-3")
, similar to the binding site of D-site of albumin promoter (DBP)
expressed in adult mouse liver, although this sequence is not
included in the TFBIND program list. Our ongoing studies are
focused on identification of regions with promoter activity, and
of transcription factors involved in cl-type expression.
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IANRRTET O TOURBEAICIZ O TIVEEZEEL
7:GMIb*° GDla, GDIcHdH B. TN HIXGM3IGHEBEER
BICEOVBELETA Y TIFRF 2 ZIAFTF (GMIR
GDla. GDIb %2 &) DR#EKETHH, ZhoRERMKT
EBEGHENEEHILNDEELTV S,

ChIHL, ¢ FOGMISHEBERBENME, KR
FHRTIIT Y 7 A RoOBEAOHEICMA, FoKrRk
BEAOHMAZDHONTEY., 7Y 7uRoBHEAD

GlcCer

!
L,‘c

Gb3 GA2

! o l

Gbd GMI1b
ERWARBRXAROARD
an, wRrEnTL GDla
JonARONOHDHRRBIN TS

HAIERALTITFD
anrR?

4 GM3ISREBERBT7ALCMISEBERAERED
A7 14 v THEARHEL

GMIAREBHERBT VA TCRREORBETT I TUROT >
7 # S FGMIb, GDlaD BB FER SN D, GM3IAKRBEER
EBE TR VO RRBBEORIMIEEZ IR TED, T92R
L TOMIARBERZ RIBROREROMNI R %2 5 Tl
HdHs, REMHIZRR - HNT2BEEOBVAERDBE VI
BELTWwWALEIONS.

BMEME STV LR E2 B LTRETS A
74y THBEEAOB T IR, € PHOERDBVIZK
B X T v B TRV

4. GM3EAHREBERIBYTIREGMIARBRIIBED
HiFH

RIBERT DA 714 » THRAFTFHEOBIID 57,
TYAEE MIBWTGM3IAHEEEKRIER, KAl TAa
LbhBERMEHNIE, HELEFTY TV T FOREDEK
BThroErBveE L/

FAIIGMIGHBHERIAC Y ANBERELEE TS
LEBELLY. 20802013 %12 Fragaki » D Tk
75 AROGMIARBERRIBENOBETEEREOER
WA SN, 2721, “hearing loss" DR/|WAHA T, F#
AT THo7:. FITRLET ANV IRV I ANRZT
MI AR —DT7—3I v 2DAATHEShAHEET

AT WS89 B s (2017)
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& % Special Clinic for children & @ 3k [A] W %8 T, ST3GALS
€.694C >TZ R % FFOWEH O GM3 B EEE KB H O IE
FEREHE 2 BEYER 32 BOSRER (ABR) THREMNCERAG L 72 &
A, TRTOF — A ZBWTHE A TR O RE SR
WA S NP NH O 2 RN AT I A RET
HBH7W, GMIBEWBHERBIEDBHETED X ) R
HHFICRE TV E2NIAWTH 225, v A, & Ml

L CGM3 G RARAD B A R 1B 5 2 &
D3 S H U7 o 72 (Boceuto & DM CTIXEFLICHM L TH
T2 LRI 2\, Lee © O TIIHIFIRIE O HEFFATHE L
CABRBERDTE e oo7z®, HEEHEAEFMAITE T
BOY, INSOBZFOEMENRAMESING).

INSDIENSH Y)Y FHPBEEREICBVTE
DX HRAMBBICEIL TV D, GM3KIERIC & 212k
EVRUD PR, BEICBIFAH Y 7+ Follk
FWPSNPITHIET, Ay AYF, BHIIGM3DOEE
HEOARENHZ D EHEZ T

TN E, PHERT, NHO (W] ~NEZ25
NoH. WFEAO TaVFi] PEEEARESICERT
. TNFFIKEHRTH 2150 THETHR (inner
hair cell : IHC) | B X U 3~45 [445EHIIL (outer hair
cell 1 OHC) & ZN %KX 2 LFFMNL (supporting cell) 2»
S5hh. AEMBIEZ0 LI [HEE (ANBE, sterco-
cilia) | LIFIEN 2 HANIE L < BLH L 2ol 2 sy EM S 2 4
LTWwa. WFNIEDb - 2HFkICE > T, AEAROE
ELOMTHENOTAIEL, RHHITICERT L4 4~
FYRNVDHEAF IHPHRAT S, MALIZAA LIZLo
THEMR BB RS LR mEm iz luh+5. &
DY T F N ERFHENTEL, BERUES L L TH#EmMIC
MROBEIEF NI NTFE L TR I NS,

< ANZAER, WENOMIBOIER - HEHEN KA Z
THBEMI4A BRI SHEEIEE LGS 5. W o E
BhAN TN F Y FIEGM3ITH A, TR D™y
AMFHNOGM3DFEB I TH 225, E% 14 HHiik
T TORBIIMICKIFICZOmA RIS, MAT
BT Z)A T FLREBLTL S, ol ki, 4Lk
DU OREFER - TRIENEIA, BLUOMHHFRII T Y 704+ ¥
FATRELEEELTVDEI EEZRET 5.

FRIZGM3 I I LV F 30N - S B2 BV THITLTHE
s, TEEICBWV TS (R5). GM3 A REEE R
e 2T, AEHFE DL NAEMRE XU MR
DETEOEEHRINL. RAETHRTIE, o7k AIE
WA SN A%, AEBRI0H Hiikr SHEEL D
LOBEHHER SN, ZOZEMW L ETE TIZEENOM
JEE KL TREM O % 2 3 2 HORAEOLAL - S AR
ST, F/, SEEMROBE LRI NI

WHIZBWTGM3 £ GD3D A % 53 5 GM2 & K ¥
FRPY I A TRAEKRMARETI O X ) 2R,
HEMBOEMEZE L ALV EnS, HMillio
BN, WEERRAES T O - RAEPRECHT Y 7))+

K5 <7 AMFENAT 4 2 THEREOAHOERELL GM3,
GM1 SR AL

(AR OHEE L <=7 AMFNAT + » THEREOEKO R
B BETIIGMIVERLRFT 7V F Y FThb, Atk
L EDICH > ZVF T FEMSRIML, BT ) F >
FLREBLTL A, (B)WEA IV FBOHE X GM3, GMI ®
b33 R S VR 7110/ I ) I D A TV Nl | AVAWAR Y EF X e el )
oo HiddetatEd ), —xdath LERY. GM3IRICHT
MREEICHLRRT 5. GM3IARBERXRIB~ Y 2134 T
TRETOEMEZRTH, GMIUBEOT > 7 )+ Y FEEET
LZCM2ERBERRIA~ Y AZERERFEZRE LW, Tl
IEGM3 DRI IC L o THRER Y VY F T FTH D
L RIRMET S,

YFGM3AEELEHZH-TWE I LRI N
633.34"

E h GM3 4 I EE 3 R HRE O T8 S0 I 1Y T B ik AT
MiTHNNEEMROREIRBEINTNE I LR
GM3 & B RIANE, Y A TARLNZLAe FTDH
RETVAIREEAMV. & b GM3 & R EE %K IRIE DAE
K, GM3AMEERERIA~ Y A, GM2EREEHRXRIH~ Y R
I CIIRRERNT, A7 4 TRENRRUNT, AL E T
T, WHIZBITA2GM3IDEREICH A2 FEBEL I LIETE
7ot &0 FER TR - BRI O®, SHBETV
MM 7e &% 7RI AL ZHIC 2 - T K 5.

AT TP B OBIR S H 1, GM3 & EEHE KIH~
% A& GM3 RABJEIBH THA S NRERISE DL 22 55133

ALY 95 89 B S iy (2017)



DL IAL%L, AR EIS . i L TR
HPLZLOD, R ZRUICGM3 EREEHRI~
7 ATIRBETAONLEEAEREASA TRV, &
e b, U 20O GM3 A KEEERIARE, ISR
BHAT 4 IHEREAOHE - 2 &L, EKE o ME
HrERVWAEL TV LE DS, T FLAEIIIhFT
GM354 Y 2N Y ¥ 7 F L OFIEICEE LTwa 2 &R,
GM3 B IREH RIA~ 7 212 B1F 5 CD4" THIR O B ik 5
WEWELTB Y™™ BUED FEM 7 AT A S GM3 &K
BEHERPT T A B W TH A LEBRNERVZEL TV A,
GM3RIIEBRETINS DIERVEALNE T ED, &
%, ZANRHEEEITV, GM3BREOARRIEDY 72w,

5. BMEBREICHE T3 GM3ISFREORRE(L

GM3 A MEEHRKIABBETREMH IO TFAALN, Hn
FTTOAGERELL SND, oMK TREHTAL
FAEWDIN OB, R RE 2 &8 F T 2 ERIHA
EHENLERTH S Z EAEESINL DS, HARORGE
HEFFICGMIAEETH L L HEZOHND.

e ST, CQ2C2Ml e Z v 2o b€ 7 v i
BT, GM3DHF 7z % WO Wik R w2 LY.
C2C2MNIE = 247 5 4 bHIKLH O3 THh
%, 10% 7 YRR 2 &4 3 A b TIZH 3 % 45,
RIS (2% 7 <IMiY) 1235 2 LI & - THILhH
n, MRS LEEZIEKT 5.

cac2il fa o 5L M AR o A2 7 4~ TN B % TLC,
HPLC, LC-MS/MS Z W CREAICIT L7 & &2 A, %%
BN TdH 5D GM3 DR - TIZELZ RWZ L7 (R6).
GM3 it i E MBI PV RIRICIIN T 2 2%, ZhiCma > 7
W5 FPEASNeuSAc 2 & NeusGe N EZ{L L7z, & T,
GM3D+t 7 I FOT ¥V HHEE I LR IZ R #E 24 D

BOWFEETH- 0L, FLictbvikFERI6DT
TV R R 72GM3IAII L, BT R R FE R 16
7YV FF o 7o NeSGe-GM3 DS FEE R b D L o7, D
TN, MHAGARIC BT GM3 DRI & B O
ZALL HEBEETL TR D, MLEGM3TH->TdH o1t
VB ESFHW G THENEZLL T L. SOGM3ID
ey - T ZEAIER LS & OB L0 i O o fl I
METHHWEEEERTHEREHRTLY,

BEEOL IS, GM3IAMEEE R~ 7 2 1XIZIFIEH IS
HEFTNTEFTL, ARICHRELEIRZVI LD, HA
DFEAIZHMLTEBBLRITOALTVWALEZ TV, B
16, WA o A o iR BEHERY 22 1 12 B8 L CREMNLC AT
iT-oTwW5,

Tz, BEETFLVHMIRRERWA AV
DHEACFERI BN, 5T L~V TORRERIT MR,
XTI XTI LWMEIEMEINTVAS., 7))+ FBHE
BFUES T ARHICHESINTELL MIBIT A KIA
FEOMIAEF D[ -8B, ThooMRAEHES LED
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(A)
GM2 - ¥ g B
GM1 = o X
GDIa ' L B B B
0 1 2 3 5 8 (Day)
(B)
250
mDayl Day7
200
150

100

s I I I
. | | mil B _

NeuSAc NeuSGe NewSAc NewSGe NewnSAc NewSGe NewSAc NewSGe

GM3 (ng50 pg cell protein)

16:0 16:0 24:0 24:0 24:1 241 22:0 2:0

Ee ~wACCRMEOLBRICBIET 7))+ Y Fo
T HiZAL

< AT T4 bHIN G R R C2C 12 B AR A 4 T
THEANLMMEBELL. (ATLCICEB T 7)Y PR
#r. MLl (Day0o) Tid2Ak (BB LUVIKEOXKIH) HEE
ZGM3TH 525 FALICHEWRBEIEEAME v (B2 #V)
YN 7ML (kfe, AREOLIHA). (B)IGM3I T
fli o LC-MS/MS f##F. 3 7 VS Tl (NeuSAc. Neu5Ge) &
7 I FTVPHEERRT. LRI S 7OV EREE & L
TNeuSAc, 7V W8I E LT24:0H LK I324: 10MEER$F - 72
GM32SEHETH AN, 5L ITIE NeuSGe, 16:0 % 2 GM3 A%
EEELD.

2, B, HESZROOEBLEGEL TVl TH
LWifE2 875 2 LT, HYF )4 Y FEROKRELA
AT BN EEDNS.
ZDCCI2DFHRTIE, LIiZfE-> TGM3 D > 7 IVEESR
5, &7 3 FOT7 2 IVEHEBT O MG E 2 LA R IRk
A= RRERVWELL YRR 74 —0DF
TN AIZBWT, kb (NeuSAc) &< A (Neu5Ge)
DT NVEREEDEIZ L > T, JEROBEREEI RS S
ELRBENTWAEY, T/ HE HF7)F Y Fot
I FHGOT I NVHREEDOLZHMEIIEEHEE D o0H
D, TADTZNV—THLZDCC2DFRUIIZA T E) v
2y FO—LADMHEICCOT VNV HiHEENEE LIS
BoTWbILaRBELTWAEY,

DT IVEENEE, T Y VNS R ED I ) T REE
M e ZOMEIIERTAZ L TA7 4 Y THRHA OH
7277 4 =V FORBAES 2D Lk,

A 8 89 B 5 Yy (2017)
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6. X7 4 IEREHEREEMRBICMmMITT

ERnEHZ, BEDY -7z AEHOELIZL -
T, ShEFTRODOEN 27227 4~ THERDOEERK
BEOERICIAZEBEFLICRO»oTEL B A
A, ZFOEBORR, EROBITZTITIRTHbISDH
Tk, GM3IAREBERRB~YAB LU F RIBE
TRV EAhEEREREIIGMINT - REEXHTR
FT2LDTHEY, ZOHMLFFIBIIkAENTEETH
5. b MEBRHIZ—DOOREFHE~T AOHMAE RS
BB TIR, 7N+ P FORRERVWETI LR
T&LWw, Ho V4L FERBEREZTFERIILILT.
EoHF TNV F Y FHHEEL EDORT 4 v ITEEEA
WA - H{mLh, L)AL EARIFRELRTH
5. EDEIRTITVFIN (A7 4 7 THIBR) oM
BROWEIZESTHPRI BN, L) iEL2BROBA
BRMLBEILL-TLBLEZXS. LMIBITEZRT71 Y
IRERAOESREEROERVEFIIME, ShF TEM
ENRT7 4 IHRRESRBEERBY AOAR, &
MR EFVERCEBRZAREKEGL T L
T, Tl A7 4 2 THEBRUOBEOEAMNRNIEEID
LBbha.

HA7 4 v THRE ORGERRE I 38 fa R et )
IR (57 1) OEERPIYH L VBETHS. &
£, BBENA AV Y VYRA7u—-7BIUV0HEROMED
M, B ETRAT 4 THRESESY V7 HEEE
TERTARTFEBIB T EOTRICE S TELRY, #
ROFELAVLAR LS EFCI AR 2HAE
b, ChETOITIMELT I 92Ty 7L TV L
Ehdb, T/, BEFHIWDZ XV V—-ALIILOHE
FTAHTL270RYINLEDRT 4 > THRE LML 700
MR OBEESATEATWS. 3/, HHMLEBETR
WRESHhLEGMID Y TAEEFTFEBIUTEITIIFDT Y
WS FHOREEILE, F—2 74~ IRRESTEO
BAREECI L 2 A DRES L REST SH - L2ART
Hd. )L HICEBLAHEOERBIZE > TTFED
LadolA7 4 v ITRIREBEOREMAZITLSLLR
bhad ZFO-DICI353CULICBYE B EE% T
%, RELLST ST LI OKH LR - MR
LETHD. ChEITCOMBERFIIL, H-flE -
HEBCTF Ly IERT, A7 4 v THEREN
KEBBENDL I LMY 5.

it

FRERICERIN TV AR, OWEATIL, RBULKE
WEEBFFE A TR S IR B [ AEEHR IR YT S
HEDBBRERFE OB LBERAOGH ], HENFAR
B [HANBEREONNEZENL L BHOERRE
B OXBEZIT, ECHREREHKES FEER
HERTiITbh7: 30Ty, BRLABEICHTIHR

BHENHREERE (B - REKEREM). HAEHRICH
LTIBFESA Bl EHBRFREREGRFEFEH
W HMEE) KPP0k TiTo STy, 4 4
HERFEWREMRABTRE L ¥ —LBREEICT
Y- THEEBLE LA ERICBRHBLETET.
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P2Y, receptor

P2Y, receptor (P2Y,R) is a G-protein-coupled receptor (GPCR) that couples with Gaq/11 and is stimulated
by ATP and UTP. P2Y,R is involved in pain, proinflammatory changes, and blood pressure control. Some
GPCRs are localized in lipid rafts for interaction with other signaling molecules. In this study, we pre-
pared N-glycan-deficient mutants by mutating the two consensus Asn residues for N-glycosylation to GIn
to examine intracellular localization and association with lipid rafts. Western blotting of the wild type
(WT) protein and mutants (N9Q, N13Q, N9Q/N13Q) in COS-7 cells showed that both Asn residues were
glycosylated in the WT. Fluorescent microscopy analysis showed that WT, N9Q and N13Q were expressed
in the endoplasmic reticulum (ER), Golgi body, and cell membrane, but N9Q/N13Q was only found in the
ER. WT, N9Q and N13Q moved from the cell surface to endosomes within 15 min after UTP stimulation.
WT and the N9Q/N13Q glycosylation-deficient mutant appeared in the detergent insoluble membrane
fraction, lipid raft. These findings suggest that P2Y,R is localized in lipid rafts in the ER during biosyn-
thesis, and that N-glycosylation is required for subsequent expression in the cell membrane. In the
presence of epoxomicin, a proteasome inhibitor, there was a significant increase in the level of N9Q/

N13Q, which suggests that N-glycan-deficient P2Y,R undergoes proteasomal degradation.

© 2017 Elsevier Inc. All rights reserved.

1. Introduction

The P2Y receptor family consists of G-protein-coupled receptors
(GPCRs) that are activated by nucleotides such as adenosine
triphosphate (ATP) and uridine triphosphate (UTP) and have
various physiological functions. P2Y; receptor (P2Y,R) is a Gaq/11-
coupled receptor that has ATP and UTP as ligands and is expressed
in mammalian tissues as a mediator of pain and inflammation.
P2Y4R is associated with chloride secretion upon damage to res-
piratory tract epithelial cells [1], neuronal protection upon devel-
opment of inflammation [2], phagocytosis of apoptotic cells by
macrophages [3,4], and axonal elongation and differentiation of
neurocytes [5]. There are an increasing number of reports on cross
talk of signals via ATP and bradykinin upon development of
inflammation [6—9], and we recently suggested that P2Y,R may be
associated with the bradykinin receptor, B2R [10]. We also showed

* Corresponding author.
E-mail address: hhigashi@tohoku-mpu.ac.jp (H. Higashi).

http://dx.doi.org/10.1016/j.bbrc.2017.02.061
0006-291X/© 2017 Elsevier Inc. All rights reserved.

that sugar chains of B2R in Western blotting have a wide range of
sizes, while the sizes of the sugar chains of P2Y2R are uniformly
small.

Glycosylation promotes expression of proteins in the cell
membrane [11] and some GPCRs are localized in membrane
microdomains such as rafts for interaction with other signaling
molecules and regulation of their activity [ 12—14]. In this study, the
cellular localization and distribution to lipid rafts of WT P2Y,R and
its mutants with loss of N-glycosylation sites were examined. The
results showed that most of WT P2Y3R localized in lipid rafts and
was expressed on the cell surface. Besides, a glycosylation-deficient
P2Y,R mutant remained localized in lipid rafts, was not transferred
beyond the ER, and was degraded by proteasomes. These results
show that P2Y3R requires N-glycosylation for expression on the cell
surface.

2. Materials and methods

Preparation of Plasmids. Human P2Y2R genes with a C-terminal
c-Myc epitope tag (EQKLISEEDL) were prepared by PCR and
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inserted into the pIRES2-EGFP plasmid (Clontech) with EcoRI and
BamHI sites. The IRES and EGFP gene sequences were removed
using BamHI and Notl, followed by blunting and ligation. Phusion
High-Fidelity DNA Polymerase, restriction enzymes and a Quick
Ligation kit were purchased from New England Biolabs. A DNA
blunting kit was obtained from Takara Bio.

Cell culture. COS-7 cells were grown in D-MEM supplemented
with 10% fetal calf serum and kept in a humidified 5% CO, atmo-
sphere at 37 °C. COS-7 cells were transiently transfected using
Viafect transfection reagent (Promega). In some experiments,
epoxomicin (Peptide Institute Inc.) and bafilomycin A1 (LC Labs)
were added at final concentrations of 1 and 0.1 uM, respectively,
12 h before harvesting.

Preparation of membrane fractions. COS-7 cells cultured on a 6-
well plate were washed once with PBS and harvested using a cell
scraper. After centrifugation at 3000 rpm for 5 min at 4 °C,
precipitated cells were suspended in ice-cold TBS and homoge-
nized in 500 pL of TBS containing Protease Inhibitor Cocktail
(Nacalai Tesque) with 15 strokes using a teflon homogenizer on ice.
The homogenate was centrifuged at 700 g for 5 min at 4 °C, and
supernatant was centrifuged at 21,900 g for 90 min at 4 °C. This
pellet was used as the total membrane fraction. In some experi-
ment, the pellet was first treated with Peptide-N-Glycosidase F
(PNGase F, New England Biolabs). The pellet was resuspended in
100 pL of ice-cold TBS containing 0.1% Triton X-100, and the tube
was inverted using a rotator for 1 h at 4 °C. The supernatant and
pellet from centrifugation at 21,900 g for 90 min at 4 °C were used
as the detergent-soluble and detergent-insoluble membrane frac-
tions, respectively.

Chloroform-methanol precipitation of protein. Methanol (400 puL)
was added to 100 pL of detergent soluble membrane fraction, fol-
lowed by 100 pL of CHCI3, and then 300 pL of water. The mixture
was vortexed well after each addition. After centrifugation at
17,400 g for 1 min at room temperature, the upper layer was
removed while leaving the intermediate protein layer. To eliminate
layer separation, 400 pL of methanol was added and the tube was
inverted a few times to mix gently. After centrifugation at 17,400 g
for 2 min, supernatant was removed and the dried pellet was used
as a protein sample for SDS-PAGE.

SDS-PAGE and Western blotting. SDS-PAGE was performed using
a Novex NuPAGE SDS-Gel system with 4—12% Bis-Tris gels (Thermo
Fisher Scientific). Proteins were electrophoretically transferred to
an Immobilon PVDF membrane (Merck Millipore) using a semi-dry

WT 9

13 9/13 Mock

WT 9

Shee . 2.

13 9/13 Mock WT 9

blotting system. After blocking with 5% skim milk in PBS, P2Y,R was
detected using anti-Myc mouse mAb (9B11; Cell Signaling Tech-
nology) followed by Horseradish Peroxidase conjugated anti-
mouse IgG goat pAb (Jackson ImmunoResearch Lab.), and a Lumi-
nata Forte Western HRP Substrate (Merck Millipore).

Immunocytochemistry. COS-7 cells were cultured on Millicell EZ
8 well slides (Merck Millipore) for 1 day, stimulated with 0.1 mM
UTP 15 min before fixation, and fixed by 3% paraformaldehyde after
removal of the medium. After blocking with 5% skim milk in PBS,
P2Y,R was detected using anti-Myc monoclonal antibodies (9B11
mouse mAb and 71D10 rabbit mAb; Cell Signaling Technology)
followed by Alexa Fluor 546 conjugated secondary antibodies
(Thermo Fisher Scientific), and observed using an Olympus FV1000
confocal laser scanning microscope. The following antibodies were
used to detect organelles: anti-KDEL mouse mAb (10C3; Enzo Life
Science) for the ER, anti-RCAS1 rabbit mAb (D2B6N; Cell Signaling
Technology) for Golgi bodies, anti-Na™-K™ ATPase rabbit mAb
(D2B6N; abcam) for plasma membrane, anti-hTransferin receptor
mouse mAb (H68.4; Thermo Fisher Scientific) for recycling endo-
somes, anti-EEA1 mouse mAb (4/EEA1; BD Biosciences) for early
endosomes, and Alexa Fluor 546 conjugated secondary antibodies
(Thermo Fisher Scientific).

3. Results
3.1. Preparation of N-glycan-deficient mutants of P2Y, receptor

P2Y,R has N-glycosylation consensus sequences (Asn-X-Ser/
Thr) at three sites, including two (Asn9 and Asn13) in the N-ter-
minal extracellular region and a third (Asn66) located in an intra-
cellular region. For deletion of N-glycans, N9Q and N13Q point
mutants and the N9Q/N13Q double mutant were made by replacing
Asn9, Asn13 or both with GIn residues (Fig. S1). Each P2Y;R
construct had a c-Myc epitope tag attached to the C-terminal region
for detection in Western blotting and immunostaining. After
expressing WT or glycosylation-deficient P2Y,R in COS-7 cells,
Western blotting was performed with anti-Myc antibody. Bands
were detected at 46 kDa for the WT protein, 42 kDa for N9Q and
N13Q, and 38 kDa for the glycosylation-deficient N9Q/N13Q pro-
tein, indicating that both Asn9 and Asn13 are glycosylated in P2Y2R
(Fig. 1A). The apparent absence of glycosylation in WT, N9Q and
N13Q P2Y,R (38 kDa bands) may have been due to transient
expression. Membrane fractions prepared from COS-7 cells

<46 kDa
<42 kDa
<438 kDa

<46 kDa
<42 kDa
<38 kDa

13 9/13 Mock

PNGase F ( +)

PNGase F (=)

Fig. 1. Confirmation of N-linked glycosylation of P2Y,R. (A) Membrane fractions of COS-7 cells expressing P2Y,R wild-type (WT) and mutants (N9Q, N13Q, N9Q/N13Q) analyzed by
Western blotting using anti-Myc antibody. (B) Membrane fractions treated with PNGase F and examined by Western blotting.
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expressing WT or mutant P2Y,R were treated with PNGase F and
then subjected to Western blotting. The bands at 46 kDa for WT and
42 kDa for N9Q and N13Q were eliminated by PNGase F and only
the 38 kDa band remained, thus confirming that both Asn9 and
Asn13 in P2Y;R undergo N-glycosylation (Fig. 1B).

3.2. Subcellular localization of N-glycan deficient P2Y, receptor

WT and mutant P2Y>R were expressed in COS-7 cells to observe
the distribution using confocal fluorescent microscopy. Except
glycosylation-deficient mutant N9Q/N13Q, P2Y,R appeared to
distribute on cell membrane and the distribution disappeared by
UTP stimulation (Fig. 2A). Furthermore, WT and N9Q/N13Q were
expressed in COS-7 cells for fluorescent double staining of marker
proteins for the ER, Golgi body, late endosome, and recycling en-
dosome, and observation by confocal microscopy. The distribution

>

v1)

WT

NOQ/N13Q  WT, UTP (+)

Plasma
ER Golgi body membrane

of WT P2Y,R was consistent with staining of the ER, Golgi body, and
cell membrane (Fig. 2B). When the cells expressed WT P2Y,R were
stimulated with UTP, distribution to the cell membrane decreased,
and a granulated distribution overlapping early endosomes and
recycling endosomes was observed (Fig. 2B). N9Q/N13Q P2Y;R was
distributed only in the ER, and not in the cell membrane or Golgi
body (Fig. 2B), and showed no changes in distribution upon stim-
ulation with UTP (Fig. 2A). We examined localization of P2Y5R in
lipid rafts, based on resistance to detergent. Almost all N9Q/N13Q
proteins were found in the detergent insoluble membrane fraction,
lipid raft (Fig. 3A). While N9Q/N13Q P2Y,R was not transferred to
the Golgi body due to the absence of N-glycan, this mutant
remained in the detergent insoluble membrane fraction. These
results show that P2Y,R is distributed to lipid rafts in the ER
membrane prior to N-glycosylation in ER.

NQQINSQ

Early Recycling
endosome endosome

Fig. 2. Localization of P2Y,R WT and N9Q/N13Q mutant. (A) Intracellular localization in COS-7 cells observed by confocal laser scanning microscopy. In some experiments, cells
were treated with 0.1 mM UTP (UTP (+)). (B) Colocalization of P2Y,R (red) and organelles (green) examined by double staining. Scale bars indicate 10 pm.
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Fig. 3. Distribution to lipid rafts and proteolysis of P2Y,R mutants. (A) Detergent insoluble (Insol) and soluble (Solu) membrane fractions analyzed by Western blotting using anti-
Myc antibody. To ensure separation of lipid raft and non-raft proteins, the distribution of transferrin receptor (TfR) in the same sample was examined. (B) COS-7 cells expressing
P2Y,R WT or N9Q/N13Q were treated with the proteasome inhibitor epoxomicin (EXM) or the lysosome inhibitor bafilomycin A1 (BMA) 12 h before harvesting, and total membrane

fractions were analyzed by Western blotting.

3.3. ER-associated degradation of N-glycan-deficient P2Y, receptor

Epoxomicin, a proteasome inhibitor, or bafilomycin Al, a
lysosome-autophagy inhibitor, was added 12 h after transfection of
WT or N9Q/N13Q P2Y>R in COS-7 cells. Culture was then performed
for an additional 12 h. Western blotting and immunostaining with
anti-Myc antibody showed significantly increased levels of WT and
N9Q/N13Q P2Y3R in cells treated with epoxomicin (Fig. 3B). This
result suggests that P2Y,R (38 kDa) without glycosylation is
degraded by proteasomes. Glycosylated WT P2Y,R (46 kDa) also
significantly increased because of degradation of proteins that were
folded or glycosylated incorrectly due to excess expression. The
level of WT P2Y;,R was also increased by bafilomycin A1 (Fig. 3B).
There was also an increased level of receptors without glycosyla-
tion, which were not transferred to the cell membrane, and such
receptors may be degraded by autophagy. Collectively, these find-
ings show that N-glycan modification at either of the two
consensus sequences in the N-terminal domain of P2Y,R is required
for transfer of the receptor to the cell membrane, and that non-
glycosylated P2Y4R is degraded by proteasomes.

4. Discussion

Many GPCRs have N-glycosylation consensus sequences in the
extracellular region, and most membrane proteins are likely to be
glycosylated. Most of the roles of N-glycosylation in GPCRs are
unclear, but glycosylation is known to be required for expression of
angiotensin Il receptor (AT{R) and follicle-stimulating hormone
receptor (FSHR) in cell membranes [15—17], and for maintaining a
higher level of By-adrenaline receptor in the cell membrane,
although glycosylation is not essential for this receptor [18]. In
contrast, there are many receptors, including oy-adrenaline re-
ceptor, Hy histamine receptor, and muscarinic receptor, for which
loss of N-glycosylation has almost no impact on cell surface
expression [18—20].

Expression of membrane proteins at a designated site requires
formation of the native fold, and misfolded proteins are excluded

from transport vesicles by a quality control mechanism in the ER
[21,22]. In this mechanism, non-native folds are detected to faciliate
refolding or degradation. The mechanism involves molecular
chaperones and lectin-like chaperones, which recognize the hy-
drophobic surface of non-native proteins, unbridged Cys residues,
and immature N-glycosylation. Calnexin, calreticulin, and BiP are
molecular chaperones related to GPCRs [23—28]. Calnexin and
calreticulin are homologous lectin-like molecular chaperones that
facilitate maturation of glycoproteins by recognizing N-glycosyla-
tion in an early phase of modification of membrane proteins and
secreted proteins during folding [29]. BiP binds to the hydrophobic
region on the surface of a protein during folding or to a misfolded
protein, and is involved in retrograde trafficking to the ER or
membrane transport to the cytoplasm in ER-associated degradation
(ERAD) [30,31].

The results of this study show that both N-glycosylation
consensus sequences in the extracellular region of P2Y,R are
modified, and that the N9Q/N13Q double mutant with complete
loss of glycosylation was not transferred to the cell surface and had
an extremely low expression level. Since N9Q/N13Q P2Y,R cannot
remain in the ER with lectin-like chaperones such as calnexin and
calreticulin, molecular chaperones such as BiP that recognize hy-
drophobic surfaces may be involved. The expression level of N9Q/
N13Q P2Y3R was low because the absence of N-glycosylation may
prevent proper folding and quality control by calnexin and calre-
ticulin, causing lower folding efficiency. Thus, the expressed protein
is degraded by proteasomes as a misfolded protein, rather than
remaining in the ER.

Lipid rafts mature in the Golgi body through synthesis of
glycolipid and sphingomyelin structural components, and signaling
proteins associate with the rafts during the course of maturation.
However, the N-glycan-deficient P2Y,R existed in the detergent
insoluble membrane fraction when the lipid raft was fractionated,
while P2Y2R remained in the ER. Since the detergent insoluble
membrane fraction is product in the experiment, these results may
be an artifact, but it is possible that P2Y2R may associate with lipid
rafts in the ER because glucosylceramide synthases are also present
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in the ER, and retrograde traffic of vesiles can be observed from the
cis Golgi. Prevously, we demonstrated that B2 bradykinin receptor
is closely associated with P2Y,R and has heterogeneous glycans
differ from P2Y,R [10]. If localization of P2Y>R in lipid rafts occurs
before glycosylation, this may lead to uniform and short sugar
chains. P2Y,R forms hetero-oligomers with various GPCRs
[10,32,33], and P2Y3R localized in lipid rafts may recruit interacting
GPCRs.

This study shows that N-glycosylation of P2Y3R is involved in
receptor cell surface expression, and that P2Y,R is distributed to
lipid rafts before N-glycosylation. P2Y2R lacking N-glycosylation at
one site was transferred to the cell surface but the effect of partial
loss of N-glycosylation on the receptor function of P2Y,R and as-
sociation with other GPCRs are unclear.
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ABSTRACT The N-glycosylation of integrin 581 is thought to control many funda-
mental aspects of cell behavior, including cell adhesion and migration. However, the
mechanism of how N-glycans function remains largely obscure. Here, we used a
loss-of-function approach. Wild-type (WT) integrin a5 and N-glycosylation mutant
S3-5 (sites 3 to 5) integrin a5, which contains fewer N-glycans, were stably reconsti-
tuted in a5 knockout cancer cells. We found that the migration ability of S3-5 cells
was decreased in comparison with that of the WT. Interestingly, the levels of phos-
phorylated focal adhesion kinase and actin stress fiber formation were greatly en-
hanced in the S3-5 mutant. In a mechanistic manner, the internalization of active
but not total integrin 581 was inhibited in S3-5 cells, which is a process that is re-
lated to the enhanced expression of active integrin 581 on the cell surface. Impor-
tantly, restoration of N-glycosylation on the B-propeller domain of a5 reinstated the
cell migration ability, active 581 expression, and internalization. Moreover, these
N-glycans are critical for a5-syndecan-4 complex formation. These findings indicate
that N-glycosylation on the B-propeller domain functions as a molecular switch to
control the dynamics of a5B81 on the cell surface that in turn is required for opti-
mum adhesion for cell migration.

KEYWORDS N-glycan, activation, complex formation, internalization

ell migration is essential not only for normal physiological processes such as

embryonic development and wound healing but also for pathological changes
such as inflammatory disease and cancer (1). Integrin, the a3 heterodimeric transmem-
brane receptor, plays a central role in cell migration by connecting an extracellular
matrix (ECM) to the cytoskeleton as well as functioning as a bidirectional signaling
molecule that transmits information across the cell membrane (2). Due to its impor-
tance, integrin has been highly implicated in the development of tumor malignancy.
Therefore, a detailed molecular understanding of the mechanisms involved in integrin-
mediated tumor cell migration is very important for our ability to intervene in the
procession of cancer.

In mammals, different « and B subunit combinations make up a total of 24 integrins.
Integrins are found in either active or inactive conformations with respect to their high
or low affinity for their ECM ligands (3), and an allosteric change that favors high affinity
can be induced by either cytoplasmic events (“inside-out” activation) or extracellular
factors (“outside-in" activation) (4), which triggers integrin clustering, cytoskeletal
remodeling, and the assembly of cell adhesion complexes, including focal adhesion
(FA) and fibrillary adhesion (5). Indeed, cell migration is a highly dynamic process that
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is requlated by FA turnover in a coordinated manner, which requires the upregulation
of cell matrix attachment at the leading edge of the cell and downregulation at its
trailing edge. An appropriate balance in the adhesion and de-adhesion of the integrins
is important for cell migration. The disassembly of FA requires the internalization of
integrins that are either then recycled back to the cell membrane at the leading edge
of migrating cells or degraded in the lysosome (6, 7). Thus, elucidating the precise
mechanisms that control the internalization of integrins is fundamental to understand-
ing coordinated cell migration.

Current insight into this regulation is derived largely from studies focused on the
inner membrane, particularly cytoplasmic tails. For example, NPxY motif-binding pro-
teins such as talin and kindlin (8), different small GTPases such as Rab and Rho families
and their regulators, as well as serine/threonine kinases have been implicated in the
internalization of integrins (9). However, little is known about the function of the outer
membrane of integrins in this process.

Of note, integrins are known to be major glycan-carrying proteins. In fact, the
functions of integrins are also dependent on their complex N-glycosylation modifica-
tions (10). Among the different types of integrins, 531, a major fibronectin (FN)
receptor, is believed to be a relatively well-characterized example, and N-glycosylation
is important for its mediated many biological functions such as cell adhesion and
migration (11, 12). Although the importance of the N-glycosylation of a581 for cell
migration has been highlighted, most studies have examined only total changes by
displaying or masking specific glycan epitopes via the overexpression and knockdown,
or knockout, of glycogenes. For instance, alterations in the oligosaccharide portion of
integrin 581 from the enhanced expression of some glycosyltransferase genes such as
N-acetylglucosaminyltransferase V (GnT-V), GnT-lll, or «2,6-galactoside sialyltransferase
1 (ST6GAL1) can be used to regulate cell spreading and migration onto FN (10, 13, 14).
However, the use of these approaches makes it quite difficult to clarify the details of the
underlying mechanisms involved in the importance of N-glycosylation on «531.

To resolve these issues using the N-glycosylation mutants of integrin a5, we first
identified the individual N-glycosylation of &5 as a key regulator for cell migration. We
found that the N-glycosylation of the B-propeller domain on a5 was essential for the
internalization of active integrin @581 and membrane complex formation (e.g.,
syndecan-4), which in turn was important for its expression on the cell surface, which
may result in a form of cell adhesion that is more appropriate for migration.

RESULTS

N-Glycosylation on integrin a5 is required for a531-mediated cell migration.
Given the importance of o5 for cell migration, we hypothesized the involvement of
N-glycosylation. To test this idea, we chose MDA-MB-231, Hela, and, U-25TMG cells as
the cell models, which relatively express higher levels of endogenous integrins on the
cell surface, including integrins a3, a5, a6, @V, B1, and B4, than do 293T cells (see Fig.
STA in the supplemental material). First, we transfected either green fluorescent protein
(GFP)-tagged wild-type (WT) or S3-5 mutant integrin a5 into a5 knockout (a5-KO)-
MDA-MB-231, «5-KO-Hela, and «5-KO-U-251MG cells, which was established previ-
ously (15), because N-glycosylation on sites 3 to 5 (Fig. 1A) from among the 14 potential
N-glycosylation sites in integrin a5 is necessary for its dimer formation with 81 and total
cell surface expression in CHO-B2 cells (12). Consistently, in immunoprecipitation (IP)
and flow cytometric analyses, WT-MDA-MB-231 and S3-5-MDA-MB-231 cells exhibited
comparable a5B1 heterodimeric formation abilities (Fig. 1B) and the same expression
levels of a5B1 (Fig. 1C) or a5 (Fig. S1B) on the cell surface, as did HelLa and U-251MG
cells (Fig. S1C and D). It is noteworthy that due to the heterogeneity of glycans, WT a5
on SDS-PAGE gels usually shows a diffuse band, as shown in Fig. 1B, which seems to
have a relatively higher intensity than that of the S3-5 mutant. However, after the
removal of heterogeneity by treatment with the peptide:N-glycosidase F (PNGase F) for
deglycosylation, WT cells exhibited an expression level of &5 similar to that of S3-5
mutant cells (Fig. S1E). Together, these results suggested that S3-5 mutant «5 can also
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FIG 1 Comparison of FN-mediated cell migration in cell lines expressed with WT or S3-5 mutant a5. (A) Schematic diagram of potential
N-glycosylation sites on the WT and S3-5 integrin a5 subunits. Putative N-glycosylation sites (N84Q, N182Q, N297Q, N307Q, N316Q,
N524Q, N530Q, N593Q, N609Q, N675Q, N712Q, N724Q, N773Q, and N868Q) and point mutations are indicated. TM, transmembrane.
(B and C) WT- and S3-5-MDA-MB-231 cells exhibit comparable «581 heterodimer formation abilities (B) and the same expression levels
of total integrin a5B1 on the cell surface (C). (B, top) The stable cell lines were established as described in Materials and Methods. The
indicated cell extracts were immunoprecipitated (IP) with anti-GFP-agarose, followed by anti-B1 and a5 antibodies for Western
blotting. (Bottom) Whole-cell extracts were also subjected to Western blotting (as an input). (C) The expression levels of a531 were
analyzed by flow cytometry. IgG was used as a control. (D to G) Individual migration tracks, persistence values, and mean speeds of
GFP-, WT-, and S3-5-MDA-MB-231 cells migrating on FN. (E) Movements of the indicated cells were observed by time-lapse video
microscopy (n = 12, from triplicate experiments). (E to G) The directionality (E), displacement (F), and speed (G) of migration were
extracted from the track plots. (H and I) Cell wound closure (H) and abilities of migration toward FN (I) were determined by using
wound healing and Transwell assays. Representative images of MDA-MB-231 cells appear at the top. The migrated distances relative
to 0 h (H) and the numbers of migrated cells (I) of the MDA-MB-231, Hela, and U-251MG cell lines were measured and statistically
analyzed, respectively (bottom, n = 3 individual experiments). All values are reported as the means *+ SE (error bars), as determined
by Student's t test. *, P < 0.05; **, P < 0.01; ***, P < 0.001. Bars, 250 um (H) and 350 um (I).

serve as a successful loss-of-function model to identify the roles of the remaining
N-glycosylation on «5 in MDA-MB-231, Hela, and U-25TMG cells.

Next, we compared cell movement on FN between GFP-, WT-, and S3-5-MDA-MB-
231 cells via time-lapse imaging for 12 h (Fig. 1D). As shown in Fig. 1D to G, GFP control
cells still exhibited some cell motilities, which might be due to the function of other FN
receptors such as integrin aVB1, but these motilities were much weaker than those of
WT cells, as reflected by the directionality (Fig. 1E), displacement (Fig. 1F), and mean
migration speed (Fig. 1G). Interestingly, although the cell motility of S3-5 cells was
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FIG 2 Changes in cell spreading, phosphorylation of FAK, and actin filament formation in S3-5 cells. (A) MDA-MB-231 cells were
detached, blocked, and then replated onto FN-coated plates. After incubation for 20 min, cells were fixed, and representative images
were taken. The percentages of rounded and spread cells were statistically analyzed (right) (n = 9, from 3 individual experiments). (B)
MDA-MB-231 cells were detached, suspended in assay medium for 40 min, and then replated onto an FN-coated plate for the
indicated times. Western blotting was performed with the indicated antibodies. (C, left) After culture on FN-coated dishes for 2 days,
the indicated MDA-MB-231 and Hela cells were lysed and immunoblotted with the indicated antibodies. (Right) Relative ratios (p-FAK
versus FAK) (n = 3 individual experiments); the relative ratio was 1.0 for S3-5 mutant cells. (D) Immunofluorescence labeling and
confocal microscopy of p-FAK (top) and actin stress fibers (bottom) in GFP, WT, and S3-5 mutant cells. MDA-MB-231 and Hela cells
were cultured on FN-coated coverslips, and cells were fixed, permeabilized, and then visualized with p-FAK and phalloidin-Alexa Fluor
549 (actin), respectively. The relative fluorescence intensities of p-FAK and phalloidin were quantified by using ImageJ software (n =
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SE (error bars), as determined by Student’s t test. n.s, not significant (P > 0.05); *, P < 0.05; ***, P < 0.001. Bars, 120 wm (A) and 20
um (D).

stronger than that of control GFP cells, it was significantly weaker than that of WT cells
(Fig. 1D to G). These phenomena were also confirmed via wound healing (Fig. 1H) and
Transwell (Fig. 11) assays. In addition, decreased wound closure (Fig. TH, bottom) and
migration abilities (Fig. 11, bottom) were also observed for both S3-5-HelLa and S3-5-
U-251MG cells. Of note, we previously showed that N-glycosylation on the calf domain
of a5 exhibited an inhibitory effect on cell proliferation via complex formation with
epidermal growth factor receptor (EGFR) (15). Taken together, these results strongly
suggest that the remaining N-glycosylation, other than that on sites 3 to 5 of 5, plays
a crucial role in the mediation of cell migration.

Deletion of N-glycosylation on integrin a5 increases cell matrix adhesion. In
order to explore the underlying mechanisms involved in the N-glycosylation of «5-
mediated cell migration, we compared the cell spreading abilities of WT and S3-5 cells.
As shown in Fig. 2A, both WT- and S3-5-MDA-MB-231 cells exhibited comparable
abilities for cell spreading on FN. A similar result was also observed for Hela or
U-251MG cells (data not shown), indicating that the remaining N-glycosylation on
integrin a5 had no significant effect on cell spreading.
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It is well known that integrin a5B1 facilitates cell migration, which in turn requires
a dynamic turnover of cell matrix associations, during which the activation of focal
adhesion kinase (FAK) is an important step (16). To determine whether N-glycosylation
on a5 affected the FN-mediated activation of FAK, serum-starved cells were replated
onto FN-coated plates and then harvested at the indicated times. The phosphorylation
levels of FAK (p-FAK) in the cell lysates were detected. As expected, Western blot (WB)
analysis revealed that the levels of p-FAK upon FN stimulation at each time point in
GFP-MDA-MB-231 cells were lower than those in WT cells (Fig. 2B). However, intrigu-
ingly, S3-5-MDA-MB-231 cells exhibited increased expression levels of p-FAK compared
with the WT ones (Fig. 2B). In addition, when cells were grown on FN-coated dishes for
2 days, p-FAK levels were still significantly higher in S3-5 cells than those in WT cells,
in both MDA-MB-231 and Hela cells (Fig. 2C). Immunofluorescence staining clearly
showed that p-FAK containing cell matrix adhesion in S3-5 cells was consistently
more prominent in both size and staining intensity than that in WT-MDA-MB-231
cells (Fig. 2D, top). Furthermore, the actin stress fibers detected by phalloidin were
more abundant in S3-5-Hela cells than in WT cells (Fig. 2D, bottom). Considering the
decreased cell migration ability of S3-5 cells, these findings indicate that integrin a5
N-glycosylation can regulate a modest level of cell-FN adhesion for migration.

Removal of N-glycosylation on integrin a5 increases the active form of 31 on
the cell surface. Next, we investigated the cause of increased cell-FN adhesion in S3-5
cells. Considering that the efficiency of cell adhesion on the ECM is generally thought
to be proportional to the amount of either active or total (i.e., active and inactive)
integrin on the cell surface (17), we compared the expression levels of both active and
total integrin B1 in WT and S3-5 cells. The active form of 81 was detected with the
antibody HUTS-4-recognizing epitopes in the region spanning positions 355 to 425
(hybrid domain) of the common B1 subunit, the expressions of which are reported to
parallel the activity of integrin B1 (18), and the level of active integrin 81 recognized by
this antibody but not total B1 was clearly increased upon Mn2* stimulation during
Western blot analysis (see Fig. S1F in the supplemental material). Flow cytometric
analysis clearly showed that approximately 10% of cell surface integrin 81 is in the
active conformation (Fig. 3A), which is consistent with data from a previous report (19),
and that levels of the active form of B1 but not the total form on the cell surface were
significantly increased in S3-5-MDA-MB-231, S3-5-Hela, and S3-5-U-251MG cells com-
pared with those in WT cells (Fig. 3A).

Given the increased expression levels of active 81 on the cell surface of S3-5 mutant
cells, we wondered whether the expression of total active B1 was also increased.
Interestingly, as shown in Fig. 3B (middle), both WT and S3-5 mutant cells exhibited
expression levels of both active B1 and total B1 similar to those in the whole-cell
lysates. However, increased expression levels of active B1 on the cell surface in S3-5
cells, as described above, were observed in the biotinylation experiment (Fig. 3B, top).
Furthermore, the increased cell surface expression of active integrin B1 (Fig. 3C,
middle), but not that of the total version (Fig. 3C, top), in mutant MDA-MB-231 cells was
consistently confirmed by immunostaining. Taken together, these results indicate that
the N-glycosylation of a5 can regulate the localization of the active form of 81 on the
cell surface, which might explain the enhancement of cell-FN adhesion in $3-5 mutant
cells.

N-Glycosylation on integrin a5 plays important roles in the internalization of
active a5831. Because the loss of N-glycosylation on «5 increased the expression levels
of active B1 on the cell surface, we sought to investigate the underlying mechanism.
Given that the endocytic trafficking of integrins, which involves their internalization
from the cell surface and recycling back to the plasma membrane, is important for cell
migration (20) and expression levels on the cell surface (21), we wondered whether
N-glycosylation on a5 regulates its internalization. To address this, biotin pulse-chase
experiments were performed. After biotin labeling of cell surface proteins at 4°C, cells
were incubated at 37°C for different times to induce internalization, and the biotin
remaining in the form of cell surface proteins was then stripped at 4°C, leaving only
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internalized proteins biotinylated. Internalization of integrin 581 was quantified by
the immunoprecipitation of streptavidin-agarose, followed by Western blot analysis. As
shown in Fig. 4A and B, the internalization of active 81 in WT cells was increased within
5 min and then decreased at 10 min, while it continued to increase even at 15 min
in S3-5 mutant cells, indicating delayed internalization in mutant cells. However,
there were no significant differences in the internalizations of total «5 or B1 subunits
between WT and mutant cells. Consistently, the delayed internalization of active B1 in
S3-5 mutant cells was also confirmed by a biotinylation-based capture enzyme-linked
immunosorbent assay (ELISA) (Fig. 4C). Taken together, these data indicate that
N-glycosylation serves as a switch to control the internalization of active, but not
inactive, integrin a581.

Site 1 and site 2 N-glycosylation of the 3-propeller domain on a5 mediates the
regulation of cell migration. The data described above led us to investigate which

May 2017 Volume 37 Issue 9 e00558-16 mcb.asm.org 6

Ausianiun [eonnasewleyd pue [eaipsiy nyoyo Aq 2102 ‘91 |1udy uo /610" wse qowy/:dny wolj papeojumod


http://mcb.asm.org
http://mcb.asm.org/

N-Glycan on a5 Regulates Modest Cell Adhesion

A wT $3-5 B
& & o
T TR o w2 Db 2
5 o & : =
o FOFOIY FOXeIY g
Ll
2 lmJ. L T -“'.|IPAvidin ]
g
;| [eeeee segene| o
. IDOJ o 9]
§ =
" 150—.' L L L IP Avidin -
] - - - -
£
o
. ;50_...... Lysate =
0 O e 2
=
8 =
2 mJ. o e P Avidin =g
T E
g | OOeeen seeses . R
Time (min)
Tevs
1001 = S
23 23 £
53 23 g
®E ®E E
0
) 9.9 A5
QPR A WA RIS S
Time (min) Time (min) Time (min)

FIG 4 Delayed internalization of active integrin 81 in $S3-5 mutant MDA-MB-231 cells. (A) A biochemical
internalization assay of active integrin B1, total integrin &5, and total integrin B1 was performed. The
indicated internalized integrins at the indicated times were immunoprecipitated by avidin-agarose and
then subjected to Western blotting for detection. The cell lysates were used as controls to show similar
expression levels of the indicated integrins between WT and S3-5 cells. (B) The percentages of internal-
ized integrins were statistically calculated from the signal intensity of MesNa-resistant integrin at each
time point relative to the value for the control groups (without MesNa), which was the total integrin on
the cell surface (n = 3 individual experiments). (C) The proportions of internalized integrins of WT and
S3-5 mutant cells during the internalization period were also determined by a capture ELISA using
microtiter wells coated with anti-active integrin 81, anti-integrin 5, or anti-integrin 81 antibodies, as
described in Materials and Methods. The proportions of internalized integrins were statistically calculated
(n = 3 individual experiments). All values are reported as the means * SE (error bars), as determined by
Student’s t test. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

N-glycosylation site(s) of integrin a5 was essential for regulation. We recently demon-
strated that N-glycosylation of the calf domain on &5 (sites 10 to 14) (Fig. 5A) was
essential for its association with EGFR (15). This represented the first restoration of
N-glycosylation in both the calf and the remaining domains in S3-5 mutant cells.
However, as shown in Fig. 5B and C, restoration of N-glycosylation on the calf domain
(sites 3 to 5 and 10 to 14) affected neither cell migration nor the expression of active
B1 on the cell surface. Furthermore, deletion of the N-glycosylation sites on the calf
domain (sites 1 to 9) enhanced cell migration (Fig. 5B) and decreased the expression
level of active B1 on the cell surface (Fig. 5C), which was similar to the reaction in WT
cells and highlighted the importance of N-glycosylation on the B-propeller and thigh
domains (sites 1 to 9) of integrin «5. Furthermore, the restoration of N-glycosylation on
the B-propeller domain (sites 1 to 5), but not that on the thigh domain (sites 3 to 9),
largely rescued the cell migration ability (Fig. 5B). Consistently, the increased expression
levels of active B1 on the cell surface of S3-5 cells was almost normalized in S1-5 mutant
cells compared with that in WT or S1-9 mutant cells (Fig. 5C). Moreover, importantly, the
delayed internalization of active B1 (Fig. 5D) and the enhanced expression levels of
p-FAK in S3-5 cells were also reversed in S1-5 but not $3-9 cells (Fig. 5E), indicating that
site 1 and site 2 N-glycosylation on a5 was most important for active B1-mediated
appropriate cell adhesion for migration. Of note, as shown in Fig. S1B in the supple-
mental material, all the mutant cells exhibited almost the same expression levels of
integrin o5 on the cell surface compared with the WT ones, further suggesting that the
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FIG 5 Importance of N-glycosylation on the B-propeller domain of a5 for cell migration and a5-syndcan-4 complex formation. (A)
Schematic diagram of potential N-glycosylation sites on the WT and mutational a5 subunits (53-5; S1-9; S3-5,10-14; S1-5; and S3-9). (B)
Comparison of the cell migration abilities among WT and mutant cells with restored S1-9; S3-5,10-14; S1-5; or $3-9 a5. The stable cell lines
were established as described in Materials and Methods. The cell migration abilities were analyzed (n = 3 individual experiments). (C) The
expression levels of active and total B1 were analyzed by flow cytometry. (D) The internalization of active integrin 1 in WT, S3-5, S1-5,
and S3-9 mutant cells was determined by a capture ELISA. The proportions of internalized active 81 were statistically calculated (n = 3
individual experiments). (E, top) After culture on FN-coated dishes for 2 days, the indicated MDA-MB-231 cells were lysed and immunoblotted
with the indicated antibodies. (Bottom) Relative ratios (p-FAK versus FAK) (n = 3 individual experiments); the relative ratio was 1.0 for S3-5 mutant
cells. (F) The surface expression levels of syndecan-4 on WT and S3-5, S1-5, and S3-9 mutant cells were analyzed by flow cytometry. (G, top) The
indicated MDA-MB-231 cell extracts were immunoprecipitated with anti-GFP-agarose followed by anti-syndecan-4 (Syn-4), active 31, total 81,
and a5 antibodies for Western blotting. (Bottom) Whole-cell extracts were also immunoblotted with the indicated antibodies. All values are
reported as the means = SE (error bars), as determined by Student’s t test; *, P < 0.05; ***, P < 0.001. Bar, 350 um (B).

remaining N-glycosylation sites, with the noted exception of sites 3 to 5 of integrin a5,
had no effect on its expression.

Next, we explored the underlying mechanisms of the N-glycosylation of integrin
a5-mediated activation and migration. Considering that integrin-mediated cellular
events are thought to be regulated not only by a conformational change caused by
their activations but also by their cross talk with other membrane proteins (22), we
further investigated a531-mediated complex formation. Here, we chose one represen-
tative membrane protein, syndecan-4, a transmembrane heparan sulfate proteoglycan
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that can interact with integrin a581 (23) and has been reported to be a control protein
for a5B1 trafficking (24). As shown in Fig. 5F, WT and S3-5, S1-5, and S3-9 mutant cells
exhibited same expression levels of syndecan-4 on the cell surface as determined by
flow cytometry, suggesting that N-glycosylation on &5 had no effect on the expression
of syndecan-4. However, immunoprecipitates with anti-GFP-agarose showed that the
interaction between syndecan-4 and a5 was significantly decreased in S3-5 cells (Fig.
5G). Importantly, the decreased association between «5 and syndecan-4 could be
reversed in S1-5 but not S3-9 cells (Fig. 5G), which indicated that site 1 and site 2
N-glycosylation on a5 was required for its cooperation with syndecan-4. In addition,
these four cell lines exhibited almost the same association abilities between a5 and
active or total B1 (Fig. 5G), which further suggested that N-glycosylation on &5 had no
significant effect on the heterodimerization of a531. It is notable that the expression
levels of active B1 on the cell surface were significantly different among these mutants
(Fig. 5Q), but the total expression levels of active 81 were almost the same, as shown in Fig.
3B and 5G. In fact, based on data from previous reports, the active B1 integrins were
predominantly cytoplasmic (19, 25), as also shown in Fig. 3C. Taken together, these results
clearly showed that site 1 and site 2 N-glycosylation on the B-propeller domain of a5 plays
a crucial role in regulating appropriate cell adhesion for migration by controlling the
internalization of its active form and complex formation (e.g., syndecan-4), which
demonstrates a novel mechanism for integrin a5-mediated cell migration.

DISCUSSION

Previously, our group identified specific N-glycosylation on integrin a5 that plays
crucial roles in several biological functions. In detail, we first underscored the impor-
tance of three N-glycosylation sites (sites 3 to 5 and particularly site 5) on the
B-propeller domain of a5 in its heterodimeric formation with 81 (12). Also, we recently
identified that N-glycosylation on the calf domain, at sites 10 to 14, was essential for the
a5-mediated inhibitory effect on EGFR signaling and cell proliferation (15). Here, we
expanded our understanding of the N-glycosylation of a5 and found that site 1 and site
2 N-glycosylation on the B-propeller domain plays a key role in driving integrin «581
dynamics and cell migration, which is a central role for integrin. Mechanistically, site 1
and site 2 N-glycosylation regulates complex formation with syndecan-4, which prob-
ably enhances active integrin a5B1 internalization and promotes FA disassembly to
provide modest cell-substrate adhesiveness for cell migration (Fig. 6). Taken together,
these findings support the idea that individual integrin a5 N-glycosylation differentially
functions as a molecular switch to regulate the biological functions of a5p31.

The N-glycosylation of &5 is widely believed to play important roles in cell migration
through several experimental methods, including the remodeling of N-glycans by
treatment with N-glycanase F or an N-linked oligosaccharide-processing inhibitor and
manipulation of the expression levels of some important glycosyltransferases (14).
Apparently, the use of these models to comprehensively explore the functions of a5
N-glycosylation and its underlying mechanisms is insufficient, because those studies
lacked strict control. In the present study, we clearly demonstrated that the removal of
the majority of a5 N-glycosylation, except for that on sites 3 to 5, affected neither o531
heterodimer formation nor cell surface expression or cell spreading, but it dramatically
suppressed cell migration in several cancer cell lines, including MDA-MB-231, Hela, and
U-25T1MG cells. These data suggest that a5 N-glycosylation, with the exception of sites
3 to 5, is important for cell migration. These results seem contradictory compared to
those of our previous study, in which CHO-B2-53-5 mutant cells exhibited cell spreading
and migration abilities on FN comparable to those of the WT (12). These differences
could be explained at least in part by the lack of «2,6-sialylation expression in the
CHO-B2 cell line (26), since «2,6-sialylation plays very important roles in integrin
a5B1-mediated cell migration and other functions (27).

FAK is a key molecule in integrin-mediated cell adhesion and migration, and the
autophosphorylation of FAK at tyrosine 397 plays important roles not only in intracel-
lular signaling but also in cell motility (28). Unexpectedly, the phosphorylated levels of
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FIG 6 Proposed model for the regulation of integrin a5B1-mediated cell migration by N-glycosylation. (Left)
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decreased ability to associate with related proteins, which results in the suppression of cell migration. The present
study provides new insights into the concept that modest cell adhesion is best for cell migration (40). The solid
arrows indicate a normal signal pathway in integrin a5B81-mediated cell migration, while the dotted arrows indicate
that these events are aberrant.

FAK upon FN stimulation in S3-5 mutant cells were higher than those in WT cells.
Furthermore, actin stress fiber formation was also greatly enhanced in the mutant cells.
These data further support the notion that more cell-substrate adhesiveness, less cell
migration, and a modest amount of cell adhesion are important for cell migration (29).
In fact, cell migration is a strictly controlled dynamic process, which requires regulated
cycles of polarized cell-substrate attachment to form focal contact at the leading edge
of the cell with corresponding detachment at its trailing edge (30). Therefore, an
imbalance of attachment and detachment in this process may result in abnormal
adhesion (31). Such a cell adhesion phenotype is compatible with data from a previous
study in which a loss of the protein annexin A2 inhibited intestinal epithelial cell
migration while promoting enhanced cell matrix adhesion (21). Given that the confor-
mational activation of integrins on the cell surface supports cell adhesion and spread-
ing, whereas the transition of integrins toward an inactive bent conformation causes
cell detachment and rounding (32, 33), it is possible that the increased cell adhesion
ability is due to an aberrant activation of integrin. In agreement with this hypothesis,
our flow cytometric and biotinylation analyses showed that S3-5 mutant cells highly
expressed the active form of a581 on the cell surface. Similarly, Park et al. previously
reported that aberrant activation of integrin «4B37 suppressed lymphocyte migration
and underscored the importance of a proper balance in the adhesion and de-adhesion
of integrin (34). The enhanced expression of active 81 on the cell surface might have
been due to different trafficking events, since the internalization of the active form of
a5B1 but not the total version was significantly delayed in S3-5 cells compared with
that in WT cells. These results suggested that a5 N-glycosylation may have a significant
effect on the expression and internalization of active «581. Our finding is analogous
to those of a previous report indicating that the downregulation of the protein
neuropilin-1 (Nrp1) resulted in a delay in active integrin «581 internalization but not
that of the total version (35). Therefore, it is reasonable to consider that the internal-
ization of active and inactive integrins may occur through distinct molecular mecha-
nisms. Actually, inactive and active integrins o581 undergo different trafficking path-
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ways: the Rab4-dependent short loop for inactive integrin 81 (19) and the Rab11-
dependent long loop used by active a5B81 (20). Thus, further studies elucidating the
functions of a5 N-glycosylation in regulating its degradation and recycling are required
for a comprehensive understanding of how N-glycosylation coordinates the trafficking
of integrin 581 during cell migration.

Integrin «5B1 internalization is the first step in its trafficking. It is required for the
disassembly regulation of FA and plays a key role in efficient cell migration (34). However,
the current mechanism for integrin «531 internalization remains largely unclear, since most
studies focus mainly on intracellular trafficking regulation without extracellular information
(7,9). Here, we found the site 1 and site 2 N-glycosylation on &5 could regulate active o531
internalization, which may broaden our understanding of the functions of the extracellular
domains in «5B1 trafficking. In addition, the internalization of a5831 is also related to the
assistance of other transmembrane proteins such as the FN receptor syndecan-4 (24, 36),
myelin-associated glycoprotein (37), EGFR (38), and Nrp1 (35). As a model, here we focused
on syndecan-4 and found that its associative ability with «581 was dependent on «5
N-glycosylation. In particular, site 1 and site 2 N-glycosylation of a5 was most important
for interactions and cell migration. Of course, we could not exclude the effects of cell
migration on the remaining N-glycosylation sites. In fact, the restoration of site 1 and
site 2 N-glycosylation in the S3-5 mutant efficiently rescued the expression of the active
form of B1 to a level similar to that in WT cells, whereas the cell migration ability was
only partially rescued. This is a possible reason why N-glycosylation on the calf domain
(sites 10 to 14) of a5 is necessary for EGFR-a5 complex formation, as previously
reported (15), which may also play important roles in «581 trafficking and cell migra-
tion, as discussed above. Moreover, it is of note that the internalization ratio of active
B1 in S3-9 cells was slightly higher than that in S3-5 cells to some extent but was not
significant (Fig. 5E), and also, there was a weak interaction between a5 and syndecan-4
in $3-9 mutant cells (Fig. 5G), which may indicate that N-glycosylation on the thigh
domain of a5 also has some effects on the internalization of active B1. Considering the
roles of the bulky glycocalyx of the ECM in integrin-mediated tumor phenotypes (39),
it is tempting to speculate that individual N-glycosylation on integrin may exhibit a
suitable physical or specific structure that functions as a nexus for integrin-mediated
complex formation to integrate both the ECM and cytokines in the microenvironment
surrounding tumors.

In summary, we have delineated the mechanism for N-glycosylation on the B-propeller
domain of a5 as a controller that coordinates cell-FN adhesion and internalization
dynamics of a581 for cell migration. These findings will improve our understanding of
how cell-substrate adhesiveness is regulated and the importance of a modest level of
cell adhesion for cell migration.

MATERIALS AND METHODS

Antibodies and reagents. The experiments were performed by using the following antibodies:
monoclonal antibodies (MAbs) against integrin «5, integrin 1, integrin a6, p-FAK, and FAK (BD
Biosciences, San Jose, CA); MAbs against human a581 (HA5), active integrin 1 (HUTS-4), integrin a3, and
integrin B4 and rabbit polyclonal antibody against integrin a5 (Millipore, Billerica, MA); mouse MAb to
syndecan-4 (Santa Cruz Biotechnology, Santa Cruz, CA); antibody against integrin aV (BioLegend, San
Diego, CA); MAb against the human integrin 81 subunit (P5D2) (Developmental Studies Hybridoma Bank,
University of lowa, IA); MAb against a-tubulin (Sigma-Aldrich, St. Louis, MO); and Alexa Fluor 647- or
546-goat anti-mouse IgG and Alexa Fluor 546-phalloidin (Thermo Fisher Scientific, Waltham, MA). The
peroxidase-conjugated goat antibodies against mouse and rabbit IgG were obtained from Chemicon
and Cell Signaling Technology (Danvers, MA), respectively. 2-Mercaptoethanesulfonic acid sodium salt
(MesNa), iodoacetamide, o-Phenylenediamine dihydrochloride (OPD), and FN were obtained from Sigma;
control mouse IgG1 was obtained from Tonbo Biosciences (San Diego, CA); and sulfo-NHS-SS biotin
(sulfosuccinimidyl-2-[biotinamido]ethyl-1,3-dithiopropionate), streptavidin-conjugated horseradish per-
oxidase, and To-Pro-3 were obtained from Thermo Fisher Scientific. PNGase F, agarose-conjugated
anti-GFP antibody (RQ2), streptavidin-conjugated agarose, and Ab-Capture Extra beads were obtained
from New England BioLabs, Medical & Biological Laboratories Co. Ltd. (Nagoya, Japan), Millipore, and
ProteNova Co. Ltd. (Kagawa, Japan), respectively.

Cell lines and cell culture. The 293T and Hela cell lines were provided by the RIKEN cell bank
(Tokyo, Japan). The MDA-MB-231 cell lines were purchased from the American Type Culture Collection
(Manassas, VA). The U-25TMG cell line was a gift from Jun Nakayama (Shinshu University Graduate School
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of Medicine, Japan). Integrin a5-KO-MDA-MB-231, a5-KO-Hela, and «5-KO-U-251MG cells were previ-
ously established in our laboratory (15). The stable cell lines used in this study were established as
mentioned below. All cell lines were maintained at 37°C in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (FBS) under a humidified atmosphere containing 5% CO,,
except for virus production.

Integrin a5 expression vectors. The pENTR-D-Topo vectors of GFP and GFP-tagged integrin a5 with
altered N-glycosylation sites (the WT and the S3-5; S1-9; S3-5,10-14; and S1-5 mutants) were previously
established in our laboratory (12, 15). The mutation vector S3-9 was constructed by using an in-fusion kit
(TaKaRa Bio) according to the manufacturer’s instructions and then cloned into the CSII-EF-Rfa vector by
using a Gateway cloning system kit (Thermo Fisher Scientific) to acquire all lentivirus expression vectors.

Virus production, infection, and stable cell line construction. Virus production and infection were
performed as described previously (15). In brief, CSII-EF-Rfa-based lentivirus vectors were cotransfected
with pCAG-HIVgp and pCMV-VSV-G-RSV-Rev into 293T cells. After transfection for 48 h, the lentivirus
supernatants were collected. The indicated integrin a5 KO cells were infected with the resultant viral
supernatant for 72 h, and GFP-positive cells were then sorted 3 times by using a FACSAria Il instrument.
Stable cell lines were used in subsequent studies.

Cell spreading and cell adhesion response assays. Six-well plates were coated with FN (10 ng/ml)
in phosphate-buffered saline (PBS) overnight at 4°C and then blocked with 1% bovine serum albumin
(BSA) in DMEM for 1 h at 37°C. The indicated cells were detached and suspended in assay medium (50
mM HEPES and 0.1% BSA in serum-free DMEM [pH 7.4]) for 40 min at 3 X 10* cells/ml. After a 20-min
incubation, nonadherent cells were gently removed by washing with PBS, attached cells were fixed with
4% paraformaldehyde (PFA) in PBS, and photos were then taken by phase-contrast microscopy.

To assay the cell adhesion response upon FN treatment, the indicated cells were also detached and
suspended in the assay medium for 40 min at 1 X 10 cells/ml. After replating onto FN-coated 6-well
plates for 0, 15, 30, and 45 min, nonadherent cells were gently removed by washing with PBS, and the
attached cells were collected, lysed, and then analyzed by WB, as described below.

Video microscope. A glass-bottom dish (Asahi Techno Glass, Japan) was precoated with 10 ng/ml
FN at 4°C overnight and then blocked with 1% BSA in DMEM for 1 h at 37°C. A 2-ml aliquot of the cell
suspension (2.5 X 10* cells/ml) in serum-free DMEM was added to each glass-bottom dish. After
incubation for 1 h to allow cells to adhere to FN, the serum-free medium was gently replaced with 2 ml
growth medium, followed by mounting with 1 ml glycerol. The cells were then monitored, and the
images and videos were acquired by using inverted microscopes (Axio Observer.D1; Carl Zeiss) every 10
min at 37°C with 5% CO, in a heated chamber with temperature and CO, control (Onpu-4 & CO,; Air
Brown, Japan). Cell motility was analyzed in roughly 12 cells by measuring the x and y coordinates of
tracked cells over 12 h. The directionality (ratio of the Euclidean distance versus accumulated distance,
0 = values = 1) parameters, displacement (micrometers), and the manual tracking plug-in velocity
(micrometers per minute) were analyzed by using Chemotaxis and Migration Tool software (version 2.0).

Wound healing assay. A confluent layer of cells cultured on an FN-coated (10 ug/ml) 6-well plate
was starved in serum-free medium for 12 h and then scraped by using a p200 pipette tip. Serum-free
medium was replaced with 3% FBS-containing DMEM. Wounded areas were photographed under a light
microscope at 0 and 24 h for MDA-MB-231 cells, at 36 h for Hela cells, and at 48 h for U-251TMG cells.
Wound closure was measured by observing the distances between the sides of the wound at the
indicated times.

Cell migration assay. Each Transwell (BD BioCoat control 8.0-um-pore-size inserts) was coated only
on the bottom side with 10 ug/ml FN at 4°C overnight. Cells were prestarved in serum-free medium for
12 h, trypsinized, and suspended in complete DMEM. The suspended cells were centrifuged, and the
supernatants were removed. The resultant cell pellets were resuspended with assay medium (0.1% BSA
in DMEM containing 3% FBS) and diluted to 1 X 10° cells/ml, and the cell viabilities were confirmed by
trypan blue staining. Aliquots of 500 ul of the cell suspension were added to each FN-coated Transwell,
followed by incubation at 37°C for 5 h for HeLa cells and for 4 h for MDA-MB-231 or U-251MG cells. After
incubation, cells on the upper side were gently removed by scraping with a cotton swab. The membranes
in the Transwells were fixed with 4% PFA for 30 min, followed by staining with 0.5% crystal violet for 4
h. Cells that had migrated to the lower side were counted by using a phase-contrast microscope.

Western blot and immunoprecipitation analyses. For WB, the indicated cells were washed with
ice-cold PBS and then lysed in the cell lysate (20 mM Tris-HCI [pH 7.4], 150 mM NacCl, 1% Triton X-100)
with protease and phosphatase inhibitors (Nacalai Tesque, Kyoto, Japan) for 30 min. After centrifugation,
the supernatant was collected, and protein concentrations were determined by using a bicinchoninic
acid (BCA) protein assay kit (Pierce, Rockford, IL). The protein samples were resolved by nonreducing
SDS-PAGE for a5 and active B1 or reducing SDS-PAGE for other proteins. After electrophoresis, the
proteins were transferred onto a polyvinylidene difluoride (PVDF) membrane (Millipore) and detected
with the indicated primary and secondary antibodies by using the Immobilon Western chemiluminescent
horseradish peroxidase (HRP) substrate (Millipore), according to the manufacturer’s instructions. For IP,
cells were lysed in 0.1% Triton-Tris-buffered saline (TBS) buffer (20 mM Tris-HCI [pH 7.4], 150 mM NaCl)
with a protease inhibitor and then centrifuged. The supernatants were immunoprecipitated with
anti-GFP-agarose for 1 h at 4°C with rotation, and the immunoprecipitates were subjected to SDS-PAGE.

PNGase F treatment. The indicated cell lysates were treated with PNGase F at 37°C for 1 h according
to the manufacturer’s instructions or not treated and then subjected to SDS-PAGE with the indicated
antibodies.

Flow cytometric analysis. The indicated semiconfluent cells were detached from 10-cm culture
dishes and subsequently stained with either mouse IgG or primary antibodies for 1 h on ice, followed by
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incubation with Alexa Fluor 647-goat anti-mouse IgG for 1 h. During incubation, the cells were mixed
gently every 10 min by flicking. After incubation, cells were washed and then analyzed by using a
FACSCalibur flow cytometer (BD Biosciences).

Cell surface biotinylation. Cells were gently washed twice with PBS and then incubated with
ice-cold PBS containing 0.2 mg/ml sulfo-NHS-SS biotin for 1 h at 4°C. After incubation, cells were washed
3 times with ice-cold PBS, and the cells were harvested by using lysis buffer. A total of 200 ug of the
biotinylated protein was precipitated with streptavidin-conjugated agarose (20 ul) for another 1 h at 4°C
with rotation and then subjected to SDS-PAGE as described above.

Immunofluorescence. Cells were plated onto FN-coated glass coverslips (MatTek Corporation,
Ashland, MA) for 48 h, washed with PBS, fixed with 4% PFA, and blocked with PBS-0.1% Triton
X-100-10% BSA. Antibodies against p-FAK, active 31, or P5D2 were used, followed by incubation with
anti-mouse Alexa Fluor 546-conjugated secondary antibodies and Alexa Fluor 546-phalloidin. Finally, the
cells were incubated with To-Pro-3 for 30 min. The confocal images were also acquired by using a
60/1.35-numerical-aperture (NA) oil immersion objective lens (FV1000; Olympus, Tokyo, Japan). The
fluorescence intensities were quantified by using ImageJ software.

Capture ELISA. Corning (Corning, NY) 96-well enzyme immunoassay (EIA)/radioimmunoassay (RIA)
plates were coated with 5 ng/ml the appropriate anti-integrin antibodies in 0.05 M Na,CO; (pH 9.6) at
4°C overnight and then blocked in PBS containing 0.05% Tween 20 (PBS-T) with 5% BSA for 1 h at room
temperature. The indicated integrins were captured by incubation of 50 ul (about 80 ug) of the cell lysate
overnight at 4°C. Unbound material was removed by extensive washing with PBS-T, and wells were
incubated with streptavidin-conjugated horseradish peroxidase in PBS-T containing 1% BSA for 1 h at
4°C. Following further washing, biotinylated integrins were detected by a chromogenic reaction with
OPD for 20 min, and the absorbances at 450 nm were measured.

Biotinylation-based integrin internalization assay. Cells grown on FN-coated 10-cm dishes were
serum starved for 1 h prior to the assay and washed with ice-cold PBS, and surface proteins were
biotinylated with 0.2 mg/ml sulfo-NHS-SS biotin in PBS for 1 h, followed by washing in TBS and
placement in a cold room. For internalization, cells were then incubated in prewarmed complete DMEM
at 37°Cfor 0, 2.5, 5, 10, and 15 min, whereas the control groups (without MesNa) remained on ice. Surface
biotin was then stripped from the cells with 10 min of incubation in 50 mM MesNa-TBS (pH 8.6) twice,
followed by washing and quenching of MesNa with 20 mM iodoacetamide in TBS for 10 min. Cells of the
control group were not subjected to surface reduction (without MesNa) in order to obtain total
surface-labeled integrin. After quenching, the cells were lysed, precipitated with streptavidin-conjugated
agarose, and subjected to WB or a capture ELISA.

Statistical analysis. Results are reported as the means =+ standard errors (SE). Statistical analyses
were performed by using Student’s t test and GraphPad Prism version 5. Statistical significance was
defined as a P value of <0.05.
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Background: Hepatitis C virus (HCV) infection causes chronic liver diseases, liver fibrosis and even hepatocellular
carcinoma (HCC). However little is known about any information of N-glycan pattern in human liver cell after
HCV infection.

Methods: The altered profiles of N-glycans in HCV-infected Huh7.5.1 cell were analyzed by using mass spectrom-
etry. Then, lectin microarray, lectin pull-down assay, reverse transcription-quantitative real time PCR (RT-qPCR)
and western-blotting were used to identify the altered N-glycosylated proteins and glycosyltransferases.
Results: Compared to uninfected cells, significantly elevated levels of fucosylated, sialylated and complex N-gly-
cans were found in HCV infected cells. Furthermore, Lens culinaris agglutinin (LCA)-binding glycoconjugates
were increased most. Then, the LCA-agarose was used to precipitate the specific glycosylated proteins and iden-
tify that fucosylated modified annexin A2 (ANXA2) and heat shock protein 90 beta family member 1 (HSP90B1)
was greatly increased in HCV-infected cells. However, the total ANXA2 and HSP90B1 protein levels remained un-
changed. Additionally, we screened the mRNA expressions of 47 types of different glycosyltransferases and found
that a1,6-fucosyltransferase 8 (FUT8) was the most up-regulated and contributed to strengthen the LCA binding
capability to fucosylated modified ANXA2 and HSP90B1 after HCV infection.

Conclusions: HCV infection caused the altered N-glycans profiles, increased expressions of FUTS, fucosylated
ANXA2 and HSP90B1 as well as enhanced LCA binding to Huh7.5.1.

General significance: Our results may lay the foundation for clarifying the role of N-glycans and facilitate the de-
velopment of novel diagnostic biomarkers and therapeutic targets based on the increased FUTS8, fucosylated
ANXA2 and HSP90B1 after HCV infection.
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1. Introduction

Hepatitis C virus (HCV) is an enveloped, positive-sense RNA virus
that is a major cause of chronic liver disease and infects nearly 185 mil-
lion people worldwide. Approximately 350,000 to 500,000 people die
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each year from hepatitis C-related liver diseases, according to the
2014 WHO report [1,2]. In the case of HCV infection, pathological mech-
anisms have generally been well characterized from a biochemical and
biophysical perspective. However, little is known about the N-glycan
expression profile and glycan pattern of glycoproteins of host cell pro-
teins after HCV infection [3-6].

N-linked glycosylation is one of the most common types of post-
translational protein modification [7]. The sugar composition of oligo-
saccharides and the number and size of branches in the sugar tree
vary widely [8,9]. As of yet, alterations of protein N-linked glycosylation
have been identified as biomarkers for the development of many dis-
eases, including cancer [ 10-14]. Several studies have shown that chang-
es in the p-1, 6-branched and bisected N-glycan expression were
associated with replicative immortality, tissue invasion and metastasis
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of cancer cells [15,16]. The enzyme activities of glycosyltransferases and
their gene expressions showed distinct differences between normal
cells and cancer cells, and certain glycosyltransferases were involved
in signal transduction processes related to epithelial-mesenchymal
transition (EMT), metastasis and therapeutics in cancer cells [17,18].
Sialyl lewis X epitope with a1,3 Fuc was markedly increased in ad-
vanced breast cancer patients [19]. Furthermore, increased o-1-3
fucosylation of a-1-acid glycoprotein (AGP) and fucosylated haptoglo-
bin were reported as novel biomarkers for pancreatic cancer [20,21].

In many cases of viral infected host cells, N-linked glycans are viral
receptors and/or co-receptors thought to be involved in cellular surface
attachment and entry of viruses [22]. The surface proteins of many
enveloped as well as non-enveloped human viruses recognize terminal
sugar chain moieties of glycan and select glycans for binding to specific
tissues and hosts [23-25]. For example, human influenza A virus infec-
tion is restricted at the level of virus entry in Lec1 cells, which lack com-
plex N-linked glycosylation by a mutation in the N-
acetylglucosaminyltransferase I (GnT1) gene, and thus cannot initiate
infection [26]. All viruses studied to date use host (specific cellular sub-
type)-encoded glycosyltransferases and glycosidases to add and re-
move sugar residues from their glycoproteins cotranslationally or
shortly after translation of the protein [27-29]. Thus, detection of the
glycopattern of host cells and the profiling of N-linked glycans from iso-
lated glycoproteins can reflect the progression of viral infection and are
beneficial for the rapid identification of abnormal protein glycosylation
[26,30,31].

Human hepatoma cell line Huh7.5.1 is the only available cell line for
HCV infection in vitro currently. In this study, the alteration of N-linked
glycans after HCV infection of Huh7.5.1 was examined by Matrix-
Assisted Laser Desorption/lonization Time of Flight Mass Spectrometry
(MALDI-TOF-MS). The altered glycoproteins were analyzed by lectin
microarrays and lectin pull-down analysis, which were further con-
firmed by confocal microscopy and western blotting. The mRNA levels
of glycan-related glycosyltransferase genes were analyzed using multi-
ple reverse transcription-quantitative real time PCR (RT-qPCR). The in-
tegrated strategy described here may provides valuable information to
reveal the molecular mechanisms of HCV infection and facilitate the dis-
covery of new diagnostic biomarkers and therapeutic targets.

2. Materials and methods
2.1. Cell culture and viral infection

Huh7.5.1 cells were cultured in complete Dulbecco's modified
Eagle's medium (DMEM) with 10% fetal bovine serum (FBS) (HyClone
Laboratories, Logan, UT, USA). The HCV cell culture (HCVcc) infection
was performed according to our previous publications [32,33]. In brief,
Huh7.5.1 cells in 24-well plates were infected with HCVcc (MOI of ~1;
0.8 x 10° copies/ml) at 37 °C for 4 h. The supernatants were discarded,
and the infected cells were washed twice with phosphate buffered sa-
line (PBS) and incubated in DMEM containing 10% FBS for 72 h.

2.2. Total cellular protein extraction

Huh7.5.1 cells and HCVcc infected Huh7.5.1 cells (2 x 107, respec-
tively) were lysed with Tissue Protein Extraction Reagent (T-PER)
(Thermo Scientific; San Jose, CA) according to the manufacturer's in-
structions. The solution was centrifuged at 12000 g for 20 min. The su-
pernatant of the total protein was stored at — 80 °C. The concentration
of the protein was measured by a BCA kit (Beyotime, Shanghai, China).

2.3. N-linked glycans separation and derivation
The total proteins from Huh7.5.1 and HCV-infected cells were con-

centrated and desalted using a size-exclusion spin ultrafiltration unit
(Amicon Ultra-0.5 10 KD, Millipore; Billerica, MA). The total proteins

were then denatured with 8 M urea, 10 mM DTT, and 10 mM IAM and
centrifuged at 14,000 g for 15 min. The denatured protein was modified
with sialic acid as previously described [18,34]. In brief, the denatured
proteins were desalted with water for three times and reconstituted
with 100 pl of 1 M acetohydrazide, 20 pl of 1 N HCl, and 20 pl of 2 M
EDC and incubated at room temperature (RT) for 4 h (every sialic acid
reside will obtain additional 56.0676 mass). Next, the proteins were in-
cubated with PNGase F (New England BioLabs; Ipswich, MA) at 37 °C
overnight to release N-glycans. The effluents were collected and
lyophilized.

24. Desalting of N-glycans

Desalting was performed as previously described using Sepharose
4B (Sigma-Aldrich) [35]. Sepharose 4B was washed with MW (metha-
nol/H,0 (1:1 v/v)) and BMW (1-butanol/methanol/H,0 (5:1:1 v/v/v))
under centrifugation. Glycans were dissolved in 500 pl of BMW and
added to the microtube. After incubation for 45 min, N-glycans were
washed three times with BMW, eluted with MW and lyophilized.

2.5. Mass spectrometry

Alteration of N-glycans in total proteins was characterized by
MALDI-TOF/TOF-MS (UltrafleXtreme, Bruker Daltonics; Bremen, Ger-
many). Lyophilized N-glycans were dissolved in 10 p of MW, spotted
onto a MTP AnchorChip sample target and air-dried. Then 1 pl of
20 mg/ml DHB in MW was added to recrystallize the glycans. Samples
were evaluated on mass spectrometry (MS) in positive reflectron
mode (ion source 1 voltage: 25 kV; ion source 2 voltage: 22.5 kV; lens
voltage: 7.5 kV; reflector voltage: 26.4 kV; reflector 2 voltage: 13.4 kV)
across the m/z range of 700 to 3500, with gating of ions below m/z
400. For these studies, each spot was measured using 5000 laser shots
in groups of 500 shots per sampling area of the spot. MS was calibrated
before being run, using a Peptide Calibration Standard II (external stan-
dard) from Bruker Daltonics (Part NO. 222570). The m/z data were an-
alyzed and annotated using GlycoWorkbench software [36].

2.6. Lectin microarray analysis

Lectin microarray analysis was performed as previously described
[17,18]. In brief, 40 commercial lectins from Vector Laboratories (Burlin-
game, CA) and Sigma-Aldrich were immobilized onto a microplate.
Total proteins (2 mg) from Huh7.5.1 cells and HCVcc infected
Huh7.5.1 cells were labelled with fluorescent dye Cy3 (GE Healthcare;
Bucking-hamshire, UK) and about 10-15 pg protein was spotted for
each individual spot on the lectin microplate. The Mean Fluorescence
Intensity (MFI) at 570 nm was determined on a SpectraMax® i3x micro-
plate reader (Molecular Devices, Sunnyvale, CA), and average back-
grounds were removed. The lectin microarray data were normalized
as described previously [37], and the change of protein glycosylation
during HCV infection was evaluated by comparison of the data from
HCV infected cells versus Huh7.5.1 cells and then presented by using
MeV software (Version 4.6.0) [38].

2.7. Confocal microscopy

Huh7.5.1 cells were plated in confocal dishes (NEST Biological Tech-
nology Co., Ltd., Shanghai, China) at a density of 5 x 10* cells/ml. After
24 h, HCVcc (MOI of 1) was added to the Huh7.5.1 cells and incubated
at 37 °C for 4 h. The supernatants were discarded, and the cells were
washed twice with PBS and incubated in DMEM containing 10% FBS
for 72 h. Cells were then fixed with Intracellular (IC) Fixation Buffer
(eBioscience) for 30 min at 4 °C and then permeabilized with Perme-
abilization Buffer (1x, eBioscience) for 30 min at RT (25 °C). Biotin-la-
belled LCA, Erythrina cristagalli agglutinin (ECA) and Amaranthus
caudatus agglutinin (ACA) were incubated with permeabilized cells for
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1 h atRT. FITC-streptavidin was then used to detect the binding ability of
biotin-lectin with cells and nuclei were stained with DAPI (100 x,
Ribobio, Guangzhou, China) in 1 x PBS for 10 min at RT. The stained
cells were observed and analyzed using a Leica-LCS-SP8-STED confocal
microscope (Heidelberg, Germany).

2.8. Lectin pull-down assay

Lectin pull-down assays were performed according to previous pub-
lications [39,40]. Total cell lysates (2 mg of protein) were incubated
with LCA-agarose (Vector Laboratories, Burlingame, CA) (40 pl) at 4 °C
for 16 h. The precipitated samples were washed with Glycoprotein Elut-
ing Solution (Vector Laboratories, Burlingame, CA) and analyzed with
SDS-PAGE. The bands of proteins that were differently expressed be-
tween Huh7.5.1 cells and HCV-infected cells were extracted from the
SDS gel and prepared for identification with LC-MS (TripleTOF5600 +,
SCIEX, USA).

2.9. In-gel digestion and LC-MS/MS analysis

Gel processing and in-gel digestion were performed as described in
the previous study [41]. In brief, gel slices were destained, then DTT
(10 mM DTT/50 mM NH4HCO3), iodoacetamide and trypsin (0.025 g/
ul trypsin/10 mM NH4HCOs) solution were used to reduce, alkylate
and digest respectively. After digestion, peptides were extracted from
the gel cubes with 150 pl extraction buffer (60% acetonitrile/5% formic
acid) and incubated for 15 min at RT in a shaker. Supernatant was trans-
ferred to a new tube and gel pieces were further extracted with 100 pl
extraction buffer. Prior to LC-MS, extracts were concentrated in a vacu-
um centrifuge and desalted with Millipore ZipTip C18.

Peptides were detected by RPLC-ESI-MS/MS which was carried out
on a hybrid quadrupole-TOF LC/MS/MS mass spectrometer (TripleTOF
5600 +, AB Sciex) equipped with a nanospray source. Peptides were
first loaded onto a C18 trap column (5 pm, 5 x 0.3 mm, Agilent Technol-
ogies) and then eluted into a C18 analytical column (75 pm x 150 mm,
3 um particle size, 100 A pore size, Eksigent). Mobile phase A (3% DMSO,
97% H,0, 0.1% formic acid) and mobile phase B (3% DMSO, 97% ACN,
0.1% formic acid) were used to establish a 30-min gradient, which com-
prised of: 0 min in 5% B, 15 min of 5-35% B, 1 min of 35-80% B, the gra-
dient was maintained in 80% B for 5 min, followed by 0.1 min of 80-5%
B, and a final step in 5% B for 8.9 min. A constant flow rate was set at
300 nl/min. MS scans were conducted from 350 to 1500 amu, with a
250 ms time span. For MS/MS analysis, each scan cycle consisted of
one full-scan mass spectrum (with m/z ranging from 350 to 1500 and
charge states from 2 to 5) followed by 40 MS/MS events. The threshold
count was set to 120 to activate MS/MS accumulation and former target
ion exclusion was set for 18 s.

Raw data from TripleTOF 5600 4 were analyzed with ProteinPilot
Software. Data were searched against the UniProt human reference pro-
teome database using the following parameters: Sample Type, Identifi-
cation; Cys Alkylation, lodoacetamide; Digestion, Trypsin. Search Effort
was set to Rapid ID.

2.10. Quantification of HCV and glycosyltransferase mRNA expressions by
reverse transcription-quantitative real time PCR (RT-qPCR)

The total RNA from HCV-infected cells and Huh7.5.1 cells was ex-
tracted using the TRIzol reagent (Invitrogen, Carlsbad, CA). First-strand
cDNA was synthesized from the total RNA using ReverTra Ace-a First-
strand cDNA Synthesis Kit (Toyobo, Osaka, Japan). The primers of HCV
and 47 glycosyltransferases genes are listed in Supplementary Table
S1. The relative mRNA expression of HCV and each of the 47 glycosyl-
transferases was quantified using real-time RT-PCR with the SYBR
Green real-time PCR Master Mix kit (Toyobo, Osaka, Japan). GAPDH
was used as the endogenous control [33].

2.11. Transfection

The siRNA (small interfering RNA) oligonucleotides against FUT8
(GenBank accession no: NM_178155.2) were designed by Invitrogen
BLOCK-iT™ RNAI Designer and synthesized by Invitrogen (Shanghai,
China). The siRNA sequence of FUT8 (si-FUT8) was 5”-
GGACUGCACAAUCGAUACATT-3" (target position: 2606-2624), and si-
NC (5”-CAGCCTAACGTGTTGTCCATTCGCT-3") was used as a negative
control. Huh7.5.1 (5 x 10%) cells were plated in six-well plates overnight
and then transiently transfected with siRNA after the cells reached 70-
90% confluence using INTERFERIin® in vitro siRNA transfection
(Invitrogen, CA, USA) according to the manufacturer's protocol.

2.12. Flow cytometry (FCM)

Huh7.5.1 (5 x 10%) cells were plated in six-well plates overnight and
then transiently transfected with siRNA. After 24 h, HCVcc (MOI of 1)
was added to the Huh7.5.1 cells and incubated at 37 °C for 4 h. The su-
pernatants were discarded, and the infected cells were washed twice
with PBS and incubated in DMEM containing 10% FBS for 72 h. Cells
were then fixed with Intracellular (IC) Fixation Buffer (eBioscience)
for 30 min at 4 °C and then permeabilized with Permeabilization Buffer
(1x, eBioscience) for 30 min at RT (25 °C). Biotin-labelled LCA was incu-
bated with permeabilized cells for 1 h at RT. FITC-streptavidin (1:500;
Abcam; UK) was then used to detect the binding ability of lectin with
cells and analyzed on a BD Accuri C6 Flow cytometer (BD Biosciences).

2.13. Western blotting analysis

HCVcc-infected cells and Huh7.5.1 cells (2 x 107, respectively) were
pre-transfected with or without FUT8-siRNA. Total proteins were ex-
tracted with T-PER Regent and then pulled down by LCA-agarose. Pro-
tein concentrations were quantified using the BCA Protein Assay Kit
(Beyotime, China), after which 30 pg of each of the protein lysates was
loaded onto the SDS-PAGE gel. The electrophoresed proteins were
transferred to PVDF membranes (Millipore, USA). The membranes
were blocked in 5% nonfat milk and incubated with diluted nonstructur-
al protein 3 (NS3), ANXA2, HSP90B1 and PFN-1 antibodies (1:3000;
Abcam; UK), followed by incubation with a horseradish peroxidase
(HRP)-conjugated secondary antibody (1:5000; Santa Cruz; USA). 3-
actin was used as a control (1:10,000; Abcam; UK).

2.14. Statistical analysis

Data are presented as the mean 4+ SD and were analyzed by
GraphPad Prism V.5.00 software (GraphPad Software, San Diego CA,
USA). Differences between groups were tested by one-way ANOVA
followed by the Newman-Keuls post hoc test. Two-sided p-values
under 0.05 were considered statistically significant (*, p < 0.05, **,
p<0.01, ** p<0.001).

3. Results
3.1. Altered N-glycan profile in HCV infected Huh7.5.1 cells

QRT-PCR and western blotting were used to detect HCV RNA and
NS3 protein levels in Huh7.5.1 cells (Fig. 1A). MALDI-TOF/TOF-MS pro-
files of total N-glycans in HCVcc-infected Huh7.5.1 cells and Huh7.5.1
cells were then compared to reveal abnormal N-glycosylation. Repre-
sentative MALDI-TOF-MS spectra of N-glycans with signal-to-noise ra-
tios >5 from total glycoproteins were annotated using
GlycoWorkbench software. MS profiles of N-glycans and proposed
structures are shown in Fig. 1B and C (Magnified figures for Fig. 1B
and C are presented in supplementary materials as Figs. S2 and S3 re-
spectively). In total, 23 N-glycans structures were proposed from the
HCVcc-infected Huh7.5.1 cells and Huh7.5.1 cells, of which 21 N-glycans
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Fig. 1. MALDI-TOF-MS spectra of N-glycans. (A) qRT-PCR and western blotting analysis were used to detect the relative HCV RNA expression and NS3 protein level post 72 h of HCV
infection in Huh7.5.1 cells. The N-glycans from the control Huh7.5.1 cells (B) and HCVcc-infected Huh7.5.1 (C) samples were separated, as described in M&M. The lyophilized N-
glycans were resuspended in MW, and the mixture was spotted on a MTP Anchor Chip sample target and air-dried. MALDI-TOF-MS was performed in positive-ion mode. Peaks
(signal-to-noise ratio > 5) were selected for relative proportion analysis, and m/z data were analyzed and annotated using GlycoWorkbench software. All analyses were performed at

least three times.

and 14 N-glycans were derived from HCVcc-infected Huh7.5.1 cells and
Huh7.5.1 cells, respectively (Table 1). There were 12 common N-glycan
structures in both uninfected Huh7.5.1 cells and HCVcc-infected cells,
but they displayed different intensities. Two structures (Nos. 6 and 8)
were found only in Huh7.5.1 control cells, and 9 structures (Nos. 3, 9,

Huh7.5.1 cells (Table 2).

12, 14, 17, 18, 20, 21, and 23) were unique to HCVcc-infected cells

(Table 1). The structures of identified glycans were annotated by the

MS/MS date and partial results are shown in the supplementary infor-

mation (Fig. S1). Changes in the relative variation of N-glycans in HCV
infection are summarized in Table 2. The proportions of fucosylated

3.2. Glycan patterns of glycoproteins in HCVcc-infected cells

(47.6% vs. 28.6%) and sialylated (57.1% vs. 42.9%) and complex glycan
type (71.4% vs. 42.9%) were higher in HCVcc-infected cells than in the
Huh7.5.1 control (Table 2). However, the proportions of oligomannose
and hybrid-type N-glycans were down-regulated in HCVcc-infected

Lectins are carbohydrate-binding proteins that recognize specific
glycans based on subtle differences in structure. In our study, the glycan
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Proposed structures and their molecular ions in MALDI spectra of N-glycans from Huh7.5.1 and HCVcc infected cell.*

Relative intensity

Experimental m/z Huh 7.5.1 HCVcc-Huh7.5.1
No. Huh 7.5.1 HCVcc-Huh7.5.1 Calculated m/z Glycan structure Average CV% Average CV%
1 1257.488 1257.529 1257.423 S e 0.052 18 0.125 7
2 1419543 1419.593 1419.476 - - 0.122 3 0.148 9
3 1485.662 1485.534 5 E,. . ND ND 0.024 9
4 1581.596 1581.652 1581528 S 0.158 5 0273 13
5 1743.646 1743715 1743.581 - 0.490 17 0892 16
6 1825.743 1825.634 T 0.028 54 ND ND
e
7 1905.707 1905771 1905.634 s L. 1.000 0 1.000 0
8 1987.836 1987.687 e 0.024 38 ND ND
e

9 2012.820 2012719 Ll ND ND 0.046 31
10 2067.776 2067.850 2067.687 - 0.040 6 0.111 5
11 2156957 2156971 2156.802 one.] 0.023 10 0.089 46
12 2174942 2174772 ) ND ND 0.025 34
13 2358.095 2358.024 2357.907 owe, ., 0.072 29 0.041 26
14 2376.036 2375877 el L. ND ND 0.036 11
15 2504.117 2504.173 2503.965 E— 0.128 26 0.088 8
16 2522.071 2522.130 2521935 ] 0.009 2 0.073 26
17 2723.154 2723.040 L ND ND 0.023 13
18 2741254 2741.009 T, ™ ND ND 0015 42
19 2869329 2869346 2869.098 h‘ T 0.006 25 0.071 15
20 2887.289 2887.067 : H o ND ND 0.045 39
21 3070355 3070.203 F:* - ND ND 0.009 30
2 3216.492 3216524 3216261 el 0.003 4 0.042 11
23 3234.463 3234230 ’ * . K ND ND 0019 33

[

2 CV, coefficient of variation. ND, not detected in the samples.

pattern of glycoproteins in HCVcc-infected Huh7.5.1 cells was further
confirmed using lectin microarray, which consisted of 40 types of differ-
ent lectins. Hierarchical clustering analysis (HCA) of all 40 lectins was
performed by MeV 4.6.0 (Fig. 2A). According to the results, 5 of 40
lectins (Table 3, shown in blue) in HCVcc-infected cells showed a statis-
tically significant MFI exceeding 1.5 times over control Huh7.5.1 cells.
Among these, Fuca1-6GIcNAc, Gal31-4GlcNAc and Galp1-3GalNAca-
Ser/Thr (T) were binding ligands for LCA, ECA and ACA, respectively,
with >1.6 times stronger binding signals than the control MFI (Fig. 2A,
B). In accordance with the results from MALDI-TOF/TOF-MS/MS analy-
sis, lectin microarrays also identified that fucosylated glycans (LCA
binding) were elevated in HCVcc-infected Huh7.5.1 cells. We further
confirmed the glycan profiles using FITC-LCA, -ECA and -ACA lectin
binding assays by confocal microscopy (Fig. 2C). These findings showed
that HCVcc-infected Huh7.5.1 cells had greatly increased fluorescence

Table 2
Different types of N-glycans in Huh7.5.1 and HCV infected Huh7.5.1 cells.

N-glycan types Huh7.5.1 HCVcc-Huh7.5.1
Oligomannose-type 42.9% 28.6%
Hybrid-type 14.2% 0%
Complex-type 42.9% 71.4%
Biantennary 28.5% 23.8%

Tri- and tetra-antennary 21.4% 52.3%
Fucosylated 28.6% 47.6%

Sialylated 42.9% 57.1%

signal intensities of these three lectins and were in line with the results
of lectin microarray analysis (Figs. 2A, B).

3.3. Validation of glycoproteins immunoprecipitated with LCA

Since fucosylated glycans were the most elevated in HCVcc-infected
Huh7.5.1 cells, we performed fucosylated glycan-binding lectin LCA-
agarose pull-down and extracted LCA-binding proteins for SDS-PAGE
analysis as indicated in Fig. 3A. Four differently expressed protein
bands between Huh7.5.1 cells and HCVcc-infected cells (Fig. 3A, indicat-
ed by the red arrow) underwent LC-MS/MS analysis. The data of identi-
fication of each band by LC-MS/MS analysis are shown in the
Supplementary Table S2. In this Table S2, numbers 1 to 3 are
HSP90B1, ANXA2 and Profilin-1 (PFN-1), respectively. These three pro-
teins (HSP90B1, ANXA2 and PFN-1) have high protein score according
to LC-MS/MS analysis and their molecular weights (MWs) are also sim-
ilar to the sizes of the corresponding bands which we cut and analyzed
from Fig. 3A. In addition, HSP90B1, ANXA2 and PFN-1 are pivotal onco-
genic proteins involved in HBV/HCV infection and the progression of
HCC, thus having the potential to be used as diagnostic or prognostic
biomarkers [42-45]. Therefore, these three proteins were chosen to
evaluate the LC-MS/MS results by western blotting. We observed that
the total levels of these three proteins were not increased in HCVcc-in-
fected cells compared to Huh7.5.1 cells (Fig. 3B), however the LCA-pre-
cipitated protein levels of HSP90B1 and ANXA2, but not PFN-1, were
increased in HCVcc-infected cells (Fig. 3B). Thus, our results further
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Fig. 2. Variation in glycans recognized by lectin microarrays in Huh7.5.1 and HCVcc-infected Huh7.5.1 cells. (A) Variations in the expression of glycans was recognized by 40 different
lectins presented as a heatmap. (B) Representative fold changed histogram of glycans recognized by LCA, ECA and ACA between HCVcc-infected Huh7.5.1 cells and Huh7.5.1. Data are
presented as the mean = SD. (C) Analysis of the altered expression of glycans evaluated by lectins using confocal microscopy. Signals from a merge image of FITC-conjugated lectins
(green) and DAPI staining of nucleus (blue) in control samples (left) and HCVcc-infected samples (right) are shown (objective magnification 40x). All analyses were performed at

least three times.

support the notion that HCV infection enhances «1,6 fucosylation ob-
served in the specific glycoproteins.

3.4. Variation of glycosyltransferase expression patterns in HCV-infected
Huh7.5.1 cells

To further identify which glycosyltransferases were changed after
HCV infection in Huh7.5.1 cells, the differences in the expression of gly-
cosyltransferases between Huh7.5.1 control cells and HCVcc-infected
cells were investigated using RT-qPCR. 47 glycosyltransferases gene
(Table S1) belonging to 4 different families, including sialyltransferases
(STs), galactosyltransferases (GalTs), N-acetylglucosaminyltransferases
(GnTs) and fucosyltransferases (FUTs) were studied [46-48]. The
fucosylation-related gene Fut8 in HCVcc-infected cells reached the
highest level expression in comparison to the other 46 glycosyltransfer-
ase genes, and was 4 times higher than that of control cells (the data in
Fig. 3Crepresents the FUT glycosyltransferase families). FUT8 is the only
enzyme responsible for the a1,6-fucosylation of N-glycans, catalyzing
the transfer of fucose from GDP-L-fucose to the asparagine-linked N-
acetylglucosamine [49]. Significant changes of the FUT8 mRNA expres-
sion by RT-qPCR were consistent with results from mass spectrometry
(Table 2), lectin microarray analysis (Fig. 2A and B), confocal microsco-
py (Fig. 2C), western blotting analysis (Fig. 3D) and FCM (Fig. 3E), which
indicated that the a1,6-fucosylation of N-glycans was enhanced in
Huh7.5.1 cells after HCV infection.

Next, we evaluated whether fucosylation modifications of ANXA2
and HSP90B1 were mediated by FUT8. We determined that FUT8
siRNA significantly suppressed a1,6 fucosylation in HCVcc-infected
cells compared with control siRNA from 90.6% to 72.4%, as evaluated
by LCA staining shown in Fig. 3E. Western blotting also showed that
FUTS siRNA significantly decreased LCA-precipitated protein levels of
ANXA2 and HSP90B1 in HCVcc-infected cells (Fig. 3F). These results
confirmed that the elevated FUT8 expression in HCVcc-infected cells
led to increased fucosylation of ANXA2 and HSP90B1, which changed
the glycoconjugate and glycan pattern of liver cells during HCV
infection.

4. Discussion

In the present study, we analyzed the changes of N-linked glycan ex-
pression profiles after HCV infection in Huh7.5.1 cells using MALDI-TOF/
TOF-MS. We found that the levels of fucosylated, sialylated and complex
N-glycans were greatly enhanced (Table 2). Combined with the in-
creased fucosylated glycans (LCA binding) of lectin array, our present
data suggest that increased fucosylated N-glycans might be, at least,
one of important factors involved in HCV infection of liver cells. In
Table 3, Gal-GlcNAc/GalNAc-reactive lectin (ECA, MAL-I, ACA) signals
were also enhanced significantly. The increase of these lectin signals
means the increase of asialo-glycans [50]. Elevated levels of both sialo-
and asialo-glycans suggest that branched N-glycans might be increased
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Differences in glycan patterns between control and HCVcc-infected cells by lectin microarray analysis.

Lectin Abbreviation Carbohydrate specificity Fold changed between HCVcc-Huh7.5.1 and Huh7.5.1
Lens culinaris agglutinin LCA Fuca1-6GlcNAc, a-D-Man 1.861"
Amaranthus caudatus agglutinin ACA Galp1-3GalNAc 1.697""
Erythrina cristagalli agglutinin ECA Galp1-4GlcNAc 1.670"
Maackia amurensis [ MAL-I GalP31-4GIcNAc 1.615"
Aleuria aurantia AAL Fuca1-6GIcNAc, Fuca1-3(Gal31-4)GlcNAc 1.503"
Lotus tetragonolobus agglutinin LTA Fuca1-3(GalPR1-4)GIcNAc, Fuca1-2 GalR1-4GIcNAc 1.364
Phaseolus vulgaris PHA-E complex-type N-glycan 1.250
Arachis hypogaea PNA Galp1-4 GalNAc 1.249
Ricinus communis RCA 120 Galp1-4GIcNAc, Gal 1.221
Elderberry EBL Neu5Aca6Gal/GalNAc 1.216
Ulex europaeus agglutinin [ UEA-I Fuca1-2 Galp1-4 GlcNAc 1.201
Galanthus nivalis GSL-1 aMan 1.196
Triticum aestivum WGA Chitin oligomers, NeuAc 1.178
Solanum tuberosum STL GIcNAcB1-4 GIcNAc, Mixture Man5 to Man9 1174
Phaseolus vulgaris PHA-L Tri/tetra-antennary complex-type N-glycan 1.150
Narcissus pseudonarcissus NPA Non-substituted o-1,6Man 1.133
Bauhinia purpurea BPL Galp1-3 GalNAc, GalNAc 1.057
Vicia villosa VVA GalNAc 1.023
Pisum sativum PSA aMan, aGlc 1.018
Hippeastrum hybrid HHL High-Man, Mana1-3Man, Manal-6Man 0.992
Maackia amurensis 11 MAL-II Neu5Aca(2-3) 0.986
Maclura pomifera MPL Galp3GalNAc 0.985
Eunoymus europaeus EEL Galo3Gal 0.969
Urtica dioica UDA GIcNAc 0.958
Psophocarpus tetragonolobus PTL GalNAc, Gal 0.938
Wisteria floribunda WFA GalNAcP1-4 GIcNAc, Galp1-3(-6)GalNAc 0.932
Phytolacca americanca PWM Branched (LacNAc)n 0.915
Artocarpus integliforia ALA Galp1-3GalNAc, GalNAc 0.907
G. simplicifolia GSL-1-B4 a-Linked Gal 0.906
Soybean agglutinin SBA «-or B-terminal terminal GalNAc, GaINAca1-3GalNAc 0.891
Dolichos biflorus DBA Blood group A antigen, GaINAco1-3 GalNAc 0.859
Griffonia simplicifolia GSL-II Agalactosylated Tri/tetra-antennary glycans 0.838
Griffonia simplicifolia GSL-1-A4 a-Linked GalNAc 0.811
Hippeastrum hybrid amaryllis HHA a-1,6Man 0.808
Datura stramonium DSA (GIcNAcP1-4)n, Galp1-4GlcNAc 0.746
Griffonia simplicifolia GS-1 Melibio, oi-p-Galactose 0.745
Lycipersicon esculentum LEA GIcNAc trimmers/tetramers 0.743
Agaricus bisporus ABA Galp1-4 GalNAc 0.675
Helix pomatia HPA a-Linked terminal GalNAc 0.649
Sophpra japonica SJA BGalNAc 0.624
* p<0.05.
* p<0.01.

after HCV infection, which actually was supported by mass spectrome-
try analysis (increased ratios of Tri- and tetra-antennary N-glycans in
Table 2). Roles of those branching N-glycans in HCV pathology remain
further study.

It has been reported that a1,6 fucosylation plays an important role in
TGF-p, EGF, HGF and T-cell receptor-mediated signaling in many phys-
iological and pathological functions, including cancers and inflammato-
ry bowel disease [51-53]. In addition, an enhanced degree of 1,6
fucosylation has also been observed in many viral infections, including
hepatitis B virus (HBV) [41], herpes simplex virus (HSV) [54] and
human T-cell leukemia virus [55]. For example, high FUT8 expression
was reported to be a good indicator of poor prognosis in HBV-related
HCC [41]. However, the relationship between FUT8 and HCV has not
been reported. In our study, we demonstrated that FUT8 mRNA exhibit-
ed the highest induced expression among 47 types of different glycosyl-
transferase mRNAs after HCV infection. Knockdown of FUT8
significantly decreased the enrichment of ANXA2 and HSP90B1 in
LCA-precipitated proteins (Fig. 3F). FUT8 expression is elevated in HCC
and is also critical for the regeneration of the liver by increasing the
phosphorylation levels of AKT in response to epidermal growth factor
(EGF) and hepatocyte growth factor (HGF) [56,57]. The interactions be-
tween FUT8 and ANXA2 or HSP90B1 might play important roles in HCV-
promoted HCC progression.

ANXA2 and HSP90B1 were previously reported to be involved in
HBV-related HCC and may serve as biomarkers to predict HCC metasta-
sis [42,58-60]. In particular, core fucosylation of ANXA2 has been

observed in a study on hepatic cancer cells and was observed to be relat-
ed to the metastatic potential of hepatic cancer [61]. Combining the de-
tection of serum ANXA2 and alpha-fetoprotein (AFP) substantially
improved the diagnostic efficiency (96.52%) and the negative predictive
value (96.61%) for HCC [58,59]. ANXA2 can form a tetrameric complex
with the ST00A10 subunit and, in this manner, regulates the cell mem-
brane cytoarchitecture, dynamics of endosomal membranes and struc-
tural organization in physiological conditions [62,63]. During HIV-1
infection, ANXA2 served as a cellular cofactor that supports viral infec-
tion of macrophage by binding with phosphatidylserine in the human
cell membrane [64], or enhanced cytomegalovirus plaque formation in
human foreskin fibroblast [65]. Furthermore, the knockdown of
ANXA2 or treatment with ANXA2 antibodies significantly increased
drug sensitivity and decreased proliferation and migration of cancer
cells by inhibiting the EGFR-dependent PI3K-AKT downstream path-
ways [66-68]. HCV NS5A protein activated PI3K-AKT signaling by en-
hancing sterol regulatory element-binding protein (SREBPs)
expression and facilitating the entry and replication of HCV in liver
cells [69-72]. Thus, we assume that HCV-induced FUT8 expression
might activate AKT signaling and enhance ANXA2 fucosylation to pro-
mote HCC progression or mediate drug-resistance. These will be needed
to further confirm in our future study.

HSP90B1 is an endoplasmic reticulum (ER) heat shock protein 90
paralog that acts as a protein chaperone and plays an important role in
maintaining liver development and hepatocyte function [43]. Increased
expression of HSP90B1 by HBx-induced NF-kB activation feedback
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Fig. 3. FUT8 modified ANXA2 and HSP90B1 in HCVcc-infected Huh7.5.1 cells. (A) LCA-agarose pull-down and SDS-PAGE analysis. Four protein bands differently expressed in LCA-
precipitated samples (indicated by red arrow) were cut and extracted for MS analysis. (B) The protein levels of ANXA2, HSP90B1 and PFN-1 in total cells or LCA-precipitated proteins

were analyzed with western blotting. -actin was used as endogenous control. (C) The

mRNA expression of FUT glycosyltransferases families was analyzed with RT-qPCR in control

cells or HCVcc-infected cells. Data are presented as the mean + SD. **, p < 0.01, ***, p < 0.001. (D) Huh7.5.1 cells and HCVcc-infected cells were pre-transfected with or without FUT8-

siRNAs. The protein expression of FUT8 was evaluated by western blotting analysis. (E)

The relative glycosylated activity of FUT8 of the cells was evaluated by FITC-LCA staining and

analyzed by FCM. (F) Huh7.5.1 cells were pre-transfected with FUT8-siRNA and then either were or were not infected with HCVcc. The total proteins were extracted from control or

HCVcc-infected cells and then incubated with or without LCA-conjugated agarose. The p
by western blotting. All analyses were performed at least three times.

enhances HBV production in HBV-transfected cells and a mouse model
[60]. Moreover, the up-regulated HSP90B1 expression was observed in
HBV-infected patients and is associated with poor outcomes of HBV-relat-
ed HCC [42,60]. In this study, we found that HCV infection induced an in-
crease of fucosylated ANXA2 and HSP90B1, as demonstrated by LCA-
pulldown and western blot analysis (Figs. 3A-E), but it did not have an ef-
fect on total protein expression of ANXA2 and HSP90B1. Kim et al. report-
ed that HCV E2 protein increased surface expression of HSP90B1 in liver
cells, which resulted in inhibition of apoptosis and a maintenance of
prolonged infection states [73]. This phenomenon likely occurred because
various components of HCV virus are involved in regulating host cell func-
tion at different levels. However, we still need to further study which
component of HCV regulates FUT8 expression. Nonetheless, these results
indicate that in HCV infection, ANXA2 and HSP90B1 are fucosylated and
thus are promising glycoprotein biomarkers that may predict HCV infec-
tion and HCV-associated HCC. In addition, increased binding ability of LCA
to HCVcc-infected HCC cells (Fig. 3E) could possibly be used to monitor
HCV infection in HCC.

Our results in Fig. 3C showed that protein O-fucosyltransferase 1
(POFUT1) was also increased after HCV infection. POFUT1 can boost
the activation of Notch signaling through adding O-fucose to conserved
threonine or serine residues in the epidermal growth factor-like repeats
of Notch receptors and ligands [74]. POFUT1 overexpression in HCC was
correlated with aggressive tumor behaviors and associated with poor
prognosis. It promoted cell proliferation, migration and invasion in hep-
atoma cells [75] and oral squamous cell carcinoma (OSCC)-derived cell
lines [76]. These indicate that POFUT1 may serve as a diagnostic marker
and a therapeutic target for some tumor. But the relationship between
POFUT1 and viral infection has not been reported, and molecular details
underlying this HCV-infection induced POFUT1 expression change and
the roles that this regulatory mechanism plays in HCV pathology need
further research.

rotein levels of ANXA2 and HSP90B1 in total cells or LCA-precipitated proteins were analyzed

In summary, the information of N-glycan pattern and their glycosyl-
transferases which were simultaneously obtained in our study provide
insight into the relation between N-glycans and their glycoproteins in
the context of HCV infection. Furthermore, we identified that HCV en-
hances FUT8 expression and thus promotes the fucosylation of ANXA2
and HSP90B1 in Huh7.5.1 cells. This observation may provide valuable
information for the discovery of new diagnostic biomarkers and thera-
peutic targets based on the increased FUTS, fucosylated ANXA2 and
HSP90B1 after HCV infection, and may lay the foundation for clarifying
the role of N-glycans in HCV infection and hepatitis C-related liver
diseases.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbagen.2017.02.014.
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Chitosan oligosaccharides (COS) have been shown to regulate various cellular and biological functions.
The aim of this study was to investigate the antimetastatic potency of COS and the underlying mecha-
nism. Here, we established a stably N-acetylglucosaminyltransferase V (GnT-V)-overexpressed MCF10A
cell line. As expected, GnT-V overexpression greatly promoted cell migration in the transfectants by
using wound healing assay. However, the induction in the cell migration was significantly suppressed
by an addition of COS. Curiously, COS inhibited the protein expression of GnT-V in a dose dependent
manner. Consistent with that, the reactivities with datura stramonium (DSA) and leuko-agglutinating
phytohemagglutinin (L4-PHA) lectins, which specifically recognize branched N-acetylglucosamine (Glc-
NAc) structure, were also suppressed by COS. Taken together, these results demonstrated COS inhibited
breast epithelial cell migration through down-regulation of GnT-V and its products, branched N-glycans,
indicating that COS may serve as a potential novel therapeutic candidate for the treatment of metastatic
breast cancer.
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1. Introduction

Chitin, a linear biopolymer comprising N-acetylglucosamine
residues, is the second most abundant polysaccharide in nature.
Nevertheless, its high molecular weight and low solubility seri-
ously limited its practical application (Sayari et al., 2016). As the

Abbreviations: COs, chitosan oligosaccharides; GnT-V, N-
acetylglucosaminyltransferase  V; DSA, datura stramonium; L4-PHA,
leuko-agglutinating phytohemagglutinin; GIcNAc, N-acetylglucosamine; GalT,
galactosyltransferase; GIcNACT, N-acetylglucosaminyltransferase; DP, degree of
polymerization; ATCC, American Tissue Culture Collection; SDS-PAGE, sodium
dodecyl sulfate polyacrylamide gel electrophoresis; FN, fibronetin; BSA, bovine
serum albumin; LLC, Lewis lung carcinoma; MMP-2, matrix metalloproteinase-
2; MMP-9, matrix metalloproteinase-9; MT1-MMP, membrane-type matrix
metalloproteinase-1.
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degradation and deacetylation product of chitin, chitosan oligosac-
charides (COS) have attracted more and more attentions recently,
because the latter are not only easily soluble in water (generally, the
molecular weight of COS is 10 kDa or less) and free amino groups in
D-glucosamine units, but also readily absorbed through the intes-
tine, quickly getting into the bloodstream (Chae, Jang, & Nah, 2005).
Therefore, COS have many important biological activities, such as
immuno-stimulation, antimicrobial effect and antitumor activity
(Zou et al., 2016). The antitumor activity of COS has been known
since 1986. Suzuki et al. demonstrated hexa-N-acetylchitohexaose
and chitohexaose had antitumor activity against sarcoma 180 solid
tumor (Suzuki et al., 1986). Zou et al. found that the antitumor
effects on S180 tumor-bearing mice could be observed in both
oral and intraperitoneal administration of COS (Zou et al., 2016),
which strongly suggest COS might be considered promising can-
didate as antitumor functional food or pharmaceutical adjuvant
in oncotherapy. Also, our previous studies showed that COS could
induce apoptosis of human hepatocellular carcinoma cells via up-
regulation of Bax (Xu et al., 2008), and inhibit breast cancer cellular
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transplantation tumor angiogenesis through interference with the
nitric oxide signaling pathway (Wu, Yao, Bai, Du, & Ma, 2010).

Recently, tumor metastasis and invasion has become a hot
research field attracting much attention. Metastasis is a sequential
process whereby cancer cells penetrate the basement mem-
brane, invade blood/lymphatic vessels, survive in the vasculature
before extravasation to next sites, and finally adapt to new
host environments to proliferate and form metastases (Langley
& Fidler, 2007). Alterations in glycan structures are associated
with many physiological and pathological processes, including cell
migration, differentiation and tumor invasion (Zhao et al., 2008). N-
Acetylglucosaminyltransferase V(GnT-V) catalyzes the attachment
of aUDP-GIcNAc to a mannose of N-glycan by a 31,6-linkage to form
a branched GlcNAc structure. 31,6 GlcNAc-branched N-glycans
can be subsequently modified by 31,4 galactosyltransferase (GalT)
and 31,3 N-Acetylglucosaminyltransferase (GIcNAcT) to form poly-
N-acetyllacotosamine for the elongation of N-glycans, which are
further processed to form other sugar motifs such as sialyl Lewis
X, which contributes to increasing cancer invasion and metastasis
(Taniguchi & Korekane, 2011). It has also been reported that GnT-V
activity and 31,6 GlcNAc branched N-glycan levels are increased
in highly metastatic tumor cell lines (Pochec et al., 2013). Consis-
tently, cancer metastasis is greatly suppressed in GnT-V knockout
mice (Granovsky et al.,, 2000). Meanwhile, elevated expression
and activity of GnT-V in hepatocellular carcinoma is a common
early event involved in tumor invasion during hepatocarcinogen-
esis (Liu et al., 2013). These results strongly demonstrated that
glycosyltransferase-modified N-glycan structures could modulate
cell migration and thereby cancer metastasis as well.

As a non-toxic natural product, COS has very important research
significances on physiological and pathological conditions, espe-
cially on the antitumor activity. However, the effect of COS on
cancer metastasis still remains elusive. In this study, we inves-
tigated the effect of COS on cell migration induced by GnT-V,
and found COS could suppress GnT-V expression and its products,
which may give a hint for developing a novel therapeutic candidate
for some metastatic cancers.

2. Materials and methods
2.1. Preparation of the COS

COS were prepared by the enzymatic hydrolysis of chitosan
according to the method we reported previously (Li, Liu, Xu, Du,
& Xu, 2014). The products of the enzymolysis were a mixture of
several oligosaccharides with a degree of deacetylation over 95%
and an average molecular weight <1000 Da. The percentage com-
position of COS was 3.7%, 16.1%, 28.8%, 37.2% and 14.2%, with a
degree of polymerization (DP) of 2-6.

2.2. Cell line and cell culture

Human immortalized MCF-10A breast epithelial cell line, shar-
ing many features of mesenchymal cancer cell lines (Sarrio et al.,
2008), was obtained from American Tissue Culture Collection
(ATCC) and cultured according to ATCC recommendations. Briefly,
MCF10A was cultured in DMEM/F12 medium, supplemented with
5% horse serum, 20 ng/ml EGF, 100 ng/ml cholera toxin, 10 pg/ml
insulin, and 0.5 pg/ml hydrocortisone, under a humidified atmo-
sphere of 5% CO, and 95% O, at 37°C.

2.3. GnT-V overexpression and retroviral infection
The cDNA of human GnT-V was amplified using pENTR-D-Topo

for the Gateway Conversion System (Invitrogen), according to the
recommended protocol. The cloned genes were integrated into the

virus expression vector, pBABE-puro (Addgene, Inc. Cambridge,
MA), and inserted into the Gateway Conversion System utilizing
an LR Clonase reaction. The GnT-V construct was transfected into
Phoenix-Ampho cells with Lipofectamine 2000 (Invitrogen) for the
preparation of viral supernatants. After virus infection, the infected
cells were selected with 5 pg/ml puromycin to get the GnT-V stably
transfected MCF10A cells (GnT-V transfectants). For mock treat-
ment, the same protocol was performed with the empty virus
expression vector.

2.4. RT-PCR for GnT-V mRNA expression analysis

GnT-V transfectants were incubated with COS (0, 50, 100
and 200 pg/ml) for 24 h, then cellular total RNA was extracted
using cold TRIZOL reagent (Takara, Dalian, China) according to
the manufacturer’s protocol. RNA samples (2.0 j.g) were used as
templates to perform the RT-PCR assay. PCR primers were as fol-
lows: GnT-V: forward sequence: GACCTGCAGTTCCTTCTTCG and
reverse sequence: CCATGGCAGAAGTCCTGTTT; and B-actin: for-
ward sequence: GGGTCAGAAGGATTCCTATG and reverse sequence:
GGTCTCAAACATGATCTGGG. The B-actin mRNA was used as a con-
trol in PCR runs and the reaction products were visualized by
electrophoresis in 1.5% agarose gels containing ethidium bromide.

2.5. Western blot and lectin blot analysis

GnT-V transfectants were incubated with COS (0, 50, 100 and
200 pg/ml) for 72 h, then equal amounts of proteins were separated
by 7.5% sodium dodecyl sulfate polyacrylamide gel electrophore-
sis (SDS-PAGE), and transferred to polyvinylidene fluoride (PVDF)
membranes. The membranes were blocked with 5% skim milk in
PBS containing 0.1% Tween 20 (PBST) at room temperature for 2 h.
After incubation, the membranes were probed with the appropriate
antibodies, or with biotinylated DSA and biotinylated L4-PHA lectin
(Seikagaku kogyo Inc., Japan). Immunoreactive bands were visual-
ized utilizing a Vectastain ABC kit (Vector Laboratories, CA) and
an ECL kit (Amersham, UK). Antibody against GnT-V (24B11) was
obtained from FUJIREBIO Inc. (Tokyo, Japan), and the anti-a-tubulin
antibody was from Sigma.

2.6. Anin vitro assay of 2-D cell migration across an artificial gap

An in vitro cell migration assay was performed to inves-
tigate the ability of cell motility as previously described (Xu
et al.,, 2011). Briefly, the GnT-V transfectants were incubated with
COS (200 pg/ml) for 48h, then a confluent layer of cells was
scraped/wounded using a yellow tip. The open gap was then
observed microscopically over time when the cells moved in and
filled the damaged area. Micrographs were taken at 0, 12 and 24 h
after wounding under an inverted microscope (Leica, German). The
pictures showed the cells as they began to migrate toward the cen-
ter of the wound. Wound closure was measured by showing the
distances between the sides of the wound at the indicated times.

2.7. Cell adhesion evaluation

Cell adhesion assay was performed as previously described (Xu
et al,, 2011). Briefly, the GnT-V transfectants were incubated with
COS (100 and 200 pg/ml) for 72 h, then 3 p.g/ml of fibronectin (FN)
were coated in 96-well plates (Corning Inc., PA) at 37 °C for 1 h, and
then blocked with 1% bovine serum albumin (BSA) in DMEM/F12
for 1h. The cells in suspension were added to each well (5 x 10%
per well) and the plates were incubated at 37 °C for 30 min. After
incubation, attached cells were fixed with 25% glutaraldehyde, and
stained with 0.5% crystal violet. The absorbance at 590 nm was
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Fig. 1. Effects of GnT-V overexpression on N-glycan expression and cell morphology in MCF10A cells. Stable GnT-V-expressed cells were harvested for RT-PCR (A) and
immunoblotting analysis (B) to confirm GnT-V expression. Equal amounts of protein (20 j.g) were separated on 7.5% SDS-PAGE under reducing conditions, and the membranes
were probed with antibody against GnT-V (B), L4-PHA lectin (C), and DSA lectin (D). a-tubulin was used as a loading control. Square brackets indicated the L4-PHA and DSA
specific reactive bands, and asterisks indicated nonspecific staining of L4-PHA and DSA, since those bands did not disappear after treatment with 100 mM acetic acid. The
morphological changes of the GnT-V transfectants were photographed under a phase-contrast microscope (E). Photographs were taken of living cells using a 20x objective.
Insets, representative amplified cell morphology. The arrow indicates aggregated cells, while the arrowhead shows scattering cell with a spindle shape.

detected on an automated micro-titer plate spectrometer (Biotech
Instruments Inc., USA).

2.8. Expression of the branched N-glycans were analyzed by flow
cytometry

To examine the branched N-glycans on the cell surface, a flow
cytometry analysis was performed as previously described (Xu
et al,, 2011). Briefly, the GnT-V transfectants were incubated with
COS (200 p.g/ml) for 72 h, then the cells were suspended and incu-
bated with biotinylated DSA or L4-PHA lectin for 30 min, followed
by streptavidin Alexa Fluor 488 conjugate (Invitrogen). Negative
controls were performed the same treatment without biotinylated
lectins. A FACSCalibur instrument (BD Biosciences), equipped with
CELL QuestPro software was used to analyze the fluorescence inten-
sity of cells.

2.9. Statistical analysis

Student’s t-test was executed for comparison of two groups.
P<0.05 was defined as statistically significant.

3. Results

3.1. Overexpression of GnT-V increased expression levels of
branched N-glycans and cell migration

GnT-V, a glycosyltransferase encoded by the Mgat5 gene which
catalyzes the formation of 31,6 GlcNAc branches on N-glycans,
is believed to be associated with cancer growth and metastasis
(Miyoshi, Terao, & Kamada, 2012). To investigate effects of COS
on breast epithelial cell migration, we established a GnT-V stable
expression cell line. The expression levels of GnT-V were verified
by RT-PCR and immunoblot analysis, and both gene and protein
levels of GnT-V were dramatically increased in GnT-V-transfected
MCF10A cells (Fig. 1A/B). In addition, the reactivity with DSA or

L4-PHA lectin, which specifically recognizes branched GIcNAc, was
also up-regulated in the GnT-V transfectants (Fig. 1C/D). The wild
type MCF10A cells formed a typical compact cobblestone epithe-
lial morphology indicated by arrow, while the GnT-V transfectants
exhibited obvious mesenchymal morphological changes including
loss of cell-cell contact and spindle shape indicated by arrowhead
(Fig. 1E), which indicates that cells have more migratory ability.

3.2. COS suppressed cell migration and cell adhesion induced by
GnT-V

Previously, Gu et al. reported that GnT-V influenced cell migra-
tion and FN-mediated cell adhesion (Gu & Taniguchi, 2008). In this
study, an in vitro assay of cell migration and FN-dependent cell
adhesion was performed. Comparing with control cells, the GnT-V
transfectants efficiently moved in and filled the open gap at 12 and
24 h after wounding. However, the increased wound closure was
greatly suppressed in the presence of COS at 200 p.g/ml final con-
centration (Fig. 2A/B). Cell adhesion on fibronectin was significantly
increased in the GnT-V transfectants compared with control cells.
Similarly, COS significantly suppressed FN-dependent cell adhesion
induced in the GnT-V transfectants (Fig. 2C). These results demon-
strate that COS could functionally affect cell behavior.

3.3. COS inhibited GnT-V protein expression

To further verify the nature of COS as a potential antagonist
of cancer metastasis, we evaluated the gene and protein expres-
sion of GnT-V, which was critically responsible for aforementioned
cell behavior. As shown in Fig. 3A, the gene expression levels of
GnT-V in the transfectants were around 10-fold higher than those
in the control or mock cells, and COS did not obviously affect its
expression. However, although the underlying mechanisms remain
unclear, COS significantly inhibited the protein expression of GnT-V
at 100 and 200 p.g/ml concentrations (Fig. 3B). These results sug-
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Fig. 3. Effects of COS on GnT-V expression. (A) The gene expression of GnT-V was
analyzed by RT-PCR, and B-actin was used as a loading control. (B) The protein
expression of GnT-V was analyzed by Western blot, and a-tubulin was used as a
loading control. The arrow indicated the protein expression of GnT-V.

gest COS may be related with protein translation, post-translational
processing and stability of GnT-V.

3.4. COS suppressed branched GIcNAc structures

The branched N-glycans modified by GnT-V were evaluated by
lectin blot analysis. As shown in Fig. 1, the reactivities with DSA or
L4-PHA lectin, which specifically recognizes branched N-glycans
were clearly increased in the GnT-V transfectants compared to the
control cells. Interestingly, these enhancements were suppressed

by COS in a dose dependent manner (Fig. 4A/B). It is well known
that branched GIcNAc N-glycans, which enhance the formation
of complexes on the cell surface such as integrins, galectins and
growth factor receptors, lead to an increase in cell motility and cel-
lular signaling (Dennis, Lau, Demetriou, & Nabi, 2009; Kariya & Gu,
2011). The flow cytometry analysis indicated that branched Glc-
NAc N-glycans expressed on the cell surface were also significantly
suppressed by COS in GnT-V transfected cells (Fig. 4C/D).

4. Discussion

More and more attentions have been given to the develop-
ment of chitosan or its derivatives as antitumor agents in the
past decades (Mattaveewong et al., 2016). Although the antitumor
activity of COS has been studied in vivo and in vitro (Park, Chung,
Choi, & Park, 2011), the molecular mechanisms of the antitumor
activity are still obscure. Our previous studies indicated that COS
could induce hepatoma cell apoptosis (Xu et al., 2008) and inhibit
tumor angiogenesis (Wu et al., 2010). In this study, we focused on
the antimetastatic potency of COS and the underlying mechanism.
In a GnT-V stable expression cell line, COS successfully inhibited
GnT-V induced cell migration and FN-mediated cell adhesion. In
line with these results, Shen et al. found COS administered sig-
nificantly inhibited lung metastasis in Lewis lung carcinoma (LLC)
bearing mice. A roughly 80% reduction in metastatic lung tumors
was observed in LLC-bearing mice treated with 500 mg/kg of COS
(Shen, Chen, Chan, Jeng, & Wang, 2009). Nam et al. investigated the
antimetastatic property of COS by evaluating motility and inva-
sion in MDA-MB-231 human breast carcinoma cells. COS led to
a concentration-dependent decrease in cell migration and inhib-
ited the invasion of MDA-MB-231 cells through a matrigel-coated
membrane (Nam & Shon, 2009). Meanwhile, our new study demon-
strated that COS (200 pg/ml) could significantly suppressed the
EGF-induced mouse epithelial GE11 cells motility (Xu, Wang, Yang,
Du, & Song, 2017). In this study, our results indicated that anti-
metastatic potency of COS was involved in alterations of GnT-V
expression and branched GIcNAc N-glycans.

GnT-V is one of the important glycosyltransferases involved
in tumor metastasis and carcinogenesis. Three different pathways
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Fig. 4. Effects of COS on the expression levels of branched GIcNAc N-glycans. Equal amounts of protein (20 pug) were used for lectin blot analysis. After separation on 7.5%
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Expression levels of branched GIcNAc N-glycans on the cell surface were detected by FACS analysis. Prior to detection, cells were incubated with biotinylated DSA lectin (C)
and L4-PHA lectin (D), followed by treatment with streptavidin Alexa Fluor 488 conjugate.

were identified to be related to the facilitation of cancer metas-
tasis by GnT-V. The first pathway was the promotion of epidermal
growth factor receptor signaling by lattice formation between poly-
lactosamine on (31,6 GIcNAc branches and galectin-3, resulting
in the blockage of receptor endocytosis (Partridge et al., 2004).
The second pathway involved in the up-regulation metastasis by
repressing protease degradation through the addition of 31,6 Glc-
NAc branches (lhara et al.,, 2002). In the third pathway, GnT-V
inhibited E-cadherin/f3-catenin complex function, which led to the
release of cancer cells from the original tissue (Pinho et al., 2013).
Therefore, suppression of GnT-V could be a promising anti-cancer
way. In this study, we clearly showed COS inhibited GnT-V expres-
sion and its products to block cell migration. Similar to our findings,
Sato et al. demonstrated staurosporine could suppress the expres-
sion of GnT-V by 30-40% and alter the N-glycosylation of cell
surface proteins to affect the metastasis of colorectal adenocar-
cinoma cells (Sato, Takahashi, Kawado, Takayama, & Furukawa,
2005). GnT-V is present in the Golgi apparatus in a membrane-
bound form and is released from cells after cleavage by certain
proteases. Secretase is an important protease for GnT-V secretion
processing, which can increase the secretion rate of endogenous
GnT-V (Nakahara et al., 2006). There have been some studies on
secretase inhibition activities of COS and its derivatives. An inves-
tigation of B-secretase inhibitory activity of COS was performed by
Byun et al. They demonstrated that the inhibition pattern of COS
was a noncompetitive by Dixon plot, and the inhibition constant
(Ki) of COS was 3.87-6.47 wM (Byun, Kim, Park, Lin, & Kim, 2005).
Phenolic acid conjugated COS also exhibited significant [3-secretase
inhibitory activity (Eom et al., 2013). Thus, we proposed that the
effects of COS on GnT-V expression might be related with secretase
activity.

Furthermore, Ko's group reported that tissue inhibitor of
metalloproteinase-1 (MMP-1) was aberrantly glycosylated by GnT-
V showing a weaker inhibition with respect to both MMP-2 and
MMP-9, and this aberrancy was closely associated with cancer cell

invasion and metastasis in vivo as well as in vitro (Kim et al., 2008).
Furthermore, GnT-V modulated the transcriptional activation of
membrane-type matrix metalloproteinase-1(MT1-MMP) in cancer
cells. It not only promoted proteolytic activity for cancer cells, but
also led to the activation of MMP-2. Consequently, the activation of
the two MMPs triggered by GnT-V intensified the cancer invasive
potential (Lee et al., 2013). On the other hand, Kim et al. reported
that COS suppressed activation and expression of MMP-2 in human
dermal fibroblasts (Kim & Kim, 2006). Nam et al. proved that COS
inhibited the metastasis of MDA-MB-231 human breast carcinoma
cells by blockage of MMP-9 (Nam & Shon, 2009). Based on those
observations, we speculated that COS regulate GnT-V expression to
influence metalloproteinase activities, and finally affect cell migra-
tion.

5. Conclusions

In summary, this study demonstrated that COS could be a poten-
tial therapeutic candidate for the metastatic breast cancer. The
antimetastatic potency of COS involves in the suppression of GnT-V
expression and branched N-glycans. Further research and devel-
opment of COS might provide an effective, inexpensive and safe
antitumor agent.
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Elevated expression of B-galactoside a2,6-sialyltranferase 1 (ST6GAL1) has been observed in colorectal
cancer (CRC) and demonstrated to be important for its tumorigenesis. Here, we found that ST6GAL1
expression was significantly higher in non-metastatic tumors (stage I and II) than that in metastatic
tumors (stage III and IV) using 62 pair-matched tumor/normal tissues. To elucidate the molecular
mechanisms of how ST6GAL1 affected the CRC progression, we performed a global identification of the

ﬁy:"gr‘lj_s" abeli substrates of STGGAL1 in the colon adenocarcinoma cell line SW480. A total of 318 membrane proteins
Siael;la?i(l;l abeling were identified differentially affected by ST6GAL1 overexpression using metabolic labeling and proteo-
ST6GALI mic analysis. Subsequent bioinformatic analysis revealed a list of potential substrates that might mediate

the different functions of ST6GAL1 in CRC including cell movement, cell death and survival. Taken
together, these results indicate a dynamic change in the expression of ST6GAL1 during the CRC pro-
gression and provide a list of sialylated proteins potentially relevant to the different functions of ST6GAL1
in CRC.

Colorectal cancer

© 2017 Elsevier Inc. All rights reserved.

1. Introduction

Sialic acid is the most abundant terminal monosaccharide of
glycoconjugates on the eukaryotic cell surface. It is known to be
linked via an ¢2,3 or 22,6 bond to Gal/GalNAc, or 22,8 bond to sialic
acid in proteins. Given the relatively strong electronegative charge

Abbreviations: CRC, colorectal cancer; EGFR, EGF receptor; OE, overexpression;
qPCR, quantitative RT-PCR; ST6GAL1, B-galactoside o2,6-sialyltranferase 1; WT,
wild-type.
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of sialic acids and their location at the outmost reaches of the cell
surface, sialic acids may regulate numerous cell-cell and cell-matrix
interactions. Not surprisingly, altered sialylation has been long
associated with tumorigenesis and tumor progression and it is
usually driven by the dysregulated expression of certain sialyl-
transferases and sialidases responsible for the addition and
removal of sugars [1-3].

Among these, B-galactoside o2,6-sialyltranferase 1 (ST6GAL1),
which primarily produces 22,6 linked sialic acids on N-glycans, has
received much attention in recent years as elevated expression of
this sialyltransferase was observed in multiple types of carcinomas
including colorectal, ovarian, breast, prostate, ovarian, and
pancreatic carcinomas [4]. The selective enrichment of ST6GAL1-
mediated 22,6 sialic acids on tumor cells is significant in that it
may elicit various biologic outcomes. It has been also reportedly
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involved in tumorigenesis, epithelial mesenchymal transition, cell
adhesion, migration and invasion, apoptosis, drug resistance, im-
mune evasion and maintenance of cancer stem cell property
[4—10]. In contrast to these important roles, there is limited infor-
mation regarding the molecular details of how ST6GAL1-catalyzed
22,6 sialylated proteins mediate these functions [11]. ST6GAL1
could regulate the cell migration and invasion partly by increasing
the ¢2,6 sialylation of B1 integrin [12—14]. Sialylation of the Fas
death receptor by ST6GAL1 provides protection against Fas-
mediated apoptosis in colon carcinoma cells [15]. In addition,
there are also several other reported proteins whose activities are
regulated by sialylation which includes CD45, EGFR, and PECAM
[12—19]. Clearly, these limited proteins could not provide the
comprehensive explanation for its diverse roles in tumors. To
obtain a better understanding of the mechanistic roles of this sia-
lyltransferase, identification of its additional function-related sia-
lylated proteins is of critical importance.

The up-regulated expression of STGGAL1 was first described in
colorectal cancer (CRC) [20]. Increasing evidence has indicated that
ST6GAL1 may serve as a major inhibitor of several cell death
pathways and contribute to the colorectal tumorigenesis [6,15,21].
However, the mechanistic roles of ST6GAL1 in the tumor progres-
sion are still obscure. In the current study, interestingly, we found
that ST6GAL1 was significantly induced in tumors at stage I and II
but not in those at stage Ill and IV when compared with their paired
normal tissues. Subsequent metabolic labeling and proteomics
analysis in the colon cancer cell line SW480 revealed a list of pro-
teins that may mediate the effects of STGGAL1 on tumor develop-
ment and progression. These results indicate a dynamic change in
ST6GAL1 expression in human CRC progression and suggest the
distinct roles of ST6GAL1 at different stages.

2. Materials and methods

Tissue Specimens — From May 2009 to Jun 2012, a total of 62
CRC cases with pathological stage I (n = 19), Il (n = 20), Ill (n = 17)
and IV (n = 6) were recruited from Ruijin Hospital (Shanghai,
China) in accordance with the guidelines set by the Ethical Com-
mittee of Ruijin Hospital. All participants gave the written,
informed consent and no participants had received any medication
prior to sample collection. Staging of CRC was performed according
to the Union Internationale Contre Le Cancer (UICC). Tumor tissues
and paired normal colonic tissues, located approximately 10 cm
from the distal edge of the tumor were snap frozen in liquid ni-
trogen 30 min after vessel ligation and stored in the liquid nitrogen
prior to analysis. The inclusion and exclusion criteria of patients,
and protein extraction were performed as described in Ref. [22].

Cell Lines and Cell Culture — The HEK 293T and SW480 cell
lines were purchased from ATCC (Manassas, VA, USA). The HEK
293T cells were cultured as described previously [10]. SW480 and
ST6GAL1-overexpressing cells were maintained in Leibovitz's L15
Medium (HyClone, Logan, Utah, USA) with 10% FBS under a hu-
midified atmosphere at 37 °C without CO; addition. The ST6GAL1-
overexpressing cells were established by virus transfection and
cell-sorting using FACS Aria II (BD Bioscience, Bedford, Massachu-
setts, USA).

Western Blot Analysis and Immunoprecipitation — Western
blot analysis and immunoprecipitation were performed as
described previously [10]. For details, please refer to our
supplementary materials.

Flow Cytometry Analysis of Cells — Cell cytometry was per-
formed as reported in Ref. [23]. Cells were grown to about 90%
confluency and detached using trypsin containing 1 mM EDTA at
37 °C, and washed three times with cold PBS. Then, cells were
stained with 1 ug/ml Alkyne 555 (Invitrogen, Eugene, Oregon, USA)

for 30 min at RT temperature or with 10 pug/ml SNA-FITC (Vector,
Burlingame, California, USA) or 10 pg/ml MAA-FITC (EY Labora-
tories, San Mateo, California, USA) for 60 min on ice. Finally, cells
were washed three times with PBS and analyzed by flow cytometry
(BD Biosciences, San Jose, California, USA).

qPCR for mRNA Expression Analysis — The qPCR analysis was
performed as described previously [24]. The sequences of primers
used for quantitative RT-PCR (qPCR) analysis are as follows: GAPDH
(5'-TTCAACAGCAACTCCCACTCTT-3’ and 5-TGGTCCAGGGTTTCT-
TACTCC-3’), EGFR (5'-ACCTGCGTGAAGAAGTGTCC-3’ and 5'-
CGTCTTCCTCCATCTCATAGC-3'), ABCB1(5’-GCCAAAGCCAAAA-
TATCAGC-3’ and 5'-TTCCAATGTGTTCGGCAT-3').

Cell Migration Assay — Cell migratory ability was examined
with Transwell (BD BioCoat™ control inserts, 8.0-mm inserts; BD
Biosciences, Bedford, Massachusetts, USA) as described previously
[23]. Transwells were coated only on the bottom side with 10 ug/ml
fibronectin or collagen I at 4 °C overnight.

Metabolite Labeling and Fluorescence Detection — cells
(4.0 x 10%) were cultured with 100 uM of the AcsManNAz or
ManNAc for 60 h. After metabolic labeling, the cells were incubated
with Alkyne 555, catalyst (CuSO4, NaVc, TBTA) for click chemistry
[25]. The obtained cells were then detected with a laser-scanning
confocal microscope (Nikon, Tokyo, Japan) or flow cytometry (BD
Biosciences, San Jose, California, USA) for the check of the labeling
efficiency. For details, please refer to [26].

Protein Enrichment and Mass Spectrometry Analysis — After
washing with PBS, 1 x 107 metabolic labeled cells were used to
perform the subsequent click reaction with biotinylated alkyne and
glycoprotein enrichment by streptavidin-agarose resin as described
previously [25]. The beads were pelleted by centrifugation and
washed, reduced and alkylated followed by on bead trypsin
digestion as shown in Ref. [27]. The released peptides were
analyzed on a Q Exactive Plus mass spectrometer equipped with an
Easy-nLC 1000 (Thermo Fisher Scientificc Odense, Denmark).
Spectra was searched against a human proteins database (Uniprot
Complete Proteome — taxonomy Homo sapiens, release 2016.08)
using the Andromeda module of MaxQuant software v. 1.5.5.1. For
details, please refer to our supplementary materials.

Bioinformatic Annotation and Analysis — N- and O-glyco-
protein prediction analysis using the NetNGlyc 1.0 and the NetO-
Glyc 4.0 servers was performed. Gene ontology (GO) enrichment
analysis was carried out using DAVID Bioinformatics Resources 6.8.
Functional analysis was generated using the Ingenuity Pathways
Analysis (IPA) software v7.1 (Ingenuity Systems).

3. Results

To explore the roles of ST6GAL1 in the CRC progression, we first
evaluated its expression in the tissue specimens at different stages
by western blot analysis (Fig. 1A and S1). 62 patients were
randomly selected based only on the criteria of matched age and
gender (Table 1). Interestingly, the expression of ST6GAL1 was
significantly increased in tumors at the stage I and II as compared
with their pair-matched normal tissues, while no statistical differ-
ence was observed when the tumors were developed to the stage III
and IV (Fig. 1B). Furthermore, the expression of ST6GAL1 in tumors
at stage I and Il was significantly higher than that at stage IIl and IV
(Fig. 1C). These results clearly indicate a dynamic change in
ST6GAL1 expression in the colorectal tumors at different stages,
suggesting important roles of ST6GAL1 in CRC progression.

Next, to explore molecular mechanisms of how ST6GAL1
affected the CRC progression, we first overexpressed this sialyl-
transferase in SW480, a human colon adenocarcinoma cell line
with the low expression of ST6GAL1. Western blot, lectin blot, cell
cytometry and qPCR results demonstrated the high expression of
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Fig.1. ST6GAL1 was significantly higher in colorectal tumors at stage I and Il but not in those at stage Il and IV compared with their pair-matched normal tissues. A) Representative
images of the immunoblot for ST6GAL1 in primary colorectal tumors at different stages. For the rest of our immunoblot images, please refer to our supplementary materials. B)
ST6GAL1 bands detected from the immunoblot were quantified by densitometric scanning and protein intensity values were normalized by GAPDH. The normalized ST6GAL1
intensity in tumors was compared with that in its pair-matched normal tissues. Error bars indicate standard derivation. C) The ratio (tumor/normal) for each sample pair was

calculated. Middle lines indicate Median values (n.s.: no significance;

Table 1

Clinical features of samples used in this study.

*, p < 0.05 by paired t-test or Mann-Whitney U test).

UICC Stage

Stage |

Stage Il

Stage Il

Stage IV

Number
Age (year)
median/range
Gender
Male
Female
Location®
AC
TC
DC
SC
RC
CEA (ng/ml)
median/range
CA19-9 (ng/ml)
median/range
CA125 (ng/ml)
median/range
AFP (ng/ml)
median/range

19

59/47-76

oo

[e NN SN

2.62/1.36—8.90
6.53/2.00—42.70
10.00/3.9-32.6

2.96/1.48—4.39

20
60/50-78

13
7

| >

— NN

0

4.19/0.94—-376.43
11.42/0.80—-91.70
14.80/7.40—34.90

3.15/1.57-6.14

17
59/40-77

10
7

13
2.86/0.7—-891.16
18.9/2.00—1554.6
13.60/7.20—62.30

3.19/1.89-8.40

6

61/35-74

w w

W= N

10.43/4.43—303.24
185.35/51.60—3770.46
84.55/14.80—238.80

5.42/4.88—5.88

2 AC, ascending colon; TC, transverse colon; DC, descending colon; SC, sigmoid colon; RC, rectum.

ST6GAL1 in the ST6GAL1-overexpressing SW480 cells (Fig. 2A—D).
Then, to identify the sialylated proteins differentially affected by
ST6GAL1, SW480 and ST6GAL1-overexpressing cells were sepa-
rately labeled with AcsManNAz and ManNAc followed by the
enrichment and identification of the sialylated membrane proteins.
Fig. 3A showed the schematic representation of our strategy.

AcsManNAz is intracellularly deacetylated and used to incorporate
azidos to tag the sialic acid linked glycans and the sialylated pro-
teins [26]. The azido-tagged proteins on the cell surface were then
reacted with biotin-alkyne and enriched with streptavidin-beads.
The sialylated proteins were efficiently and specifically labeled by
azido sugars, as shown by the strong signals in the glycoproteins



S. Zhang et al. / Biochemical and Biophysical Research Communications 486 (2017) 1090—1096 1093

A C
WT OE Blot: __ SNA

(kDa) WT OE
ST6GAL1 180

-
GAPDH
1

N}
=1
—_—

D
MAA 4 ,
— Negative control
(kDa) wT OE
5 ~
P .I'l. o
o 1) {1 ®
5 i %
SN
8 IS
' L
hi | o
| R T
| i <
e Q
i A R ©
f W4 n

Fold changes in the mRNA w
level of ST6GALA1

0 — -
WT OF GAPDH _ Rea}ctlwty against

lectins

Fig. 2. ST6GAL1 were efficiently overexpressed in colon cancer cells SW480. A-D) The efficiency of the STEGAL1 overexpression in SW480 was confirmed by the analyses of western

blot, qPCR, lectin blot and cell cytometry. GAPDH was used as an internal control.

A B C
R ManNAc ManNAc ManNAz ManNAz 1 I
3 |
A Lo E"l I ??
A
Ac,ManNAZ (e gr— E | \
B-= § Biotinylated alkyne 8 :‘, w
Click Chemistry F'i i-l o
Cell lysis ) i 2
uw HBYR (U]
o Y e
g ) Z
-} < Reactivity against
Alkyne 680
S-@ }| Streptavidin Beads
) ° ;
® J Blot: Streptavidin 680 Silver staining
i Input Elute Input Elute
e W OE WT OE MannAz _ WT OE WT OE
(100uM) + - + = + = 4+ =

SO
Non-glycosylated peptides
lMSIMS Detection

Global Sialylated
proteins profiling

Fig. 3. Sialylated proteins in SW480 and ST6GAL1-overexpressing cells were efficiently labeled and enriched. A) Schematic representation of the cell surface sialylated protein
labeling, enrichment and identification. B-C) The labeling efficiency of cell surface sialylated proteins with AcsManNAz was checked by the analyses of immunostaining and
cytometry. D-E) The selectivity and efficiency of the enrichment of these proteins were examined by the analyses of silver staining and western blot with streptavidin 680.

from the cells incubated with AcsManNAz but not from those
pretreated with ManNAc according to the fluorescence-staining
and FACS analyses (Fig. 3B and C). We also checked the efficiency
of sialylated protein enrichment by silver staining and western blot
analyses. The amount of proteins as well as the signals against

streptavidin 680 in the elute fraction of AcyManNAz treated cells
were markedly higher as compared with those incubated with
ManNAc (Fig. 3D and E), indicating the efficient and selective
enrichment of the azido sugar modified proteins.

The MS analysis of the elute fractions collected from the cells
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cultured with Ac4ManNAz led to the identification of a total of 709
membrane proteins by searching the data against the Uniprot
Complete Proteome Human Database and GO analysis (Cellular
Component). Prediction analysis of these proteins indicated that
567 of them could be N-glycosylated and 625 of them could be O-
glycosylated (Fig. 4A). Considering sialic acids mainly exist as the
terminal sugars on the N-glycans, O-glycans and glycolipids, these
results suggest that most of the labeled glycoproteins arising from
the AcsManNAz treatment might be sialylated.

Next, we examined the differential regulation of glycoproteins
upon ST6GAL1 overexpression in SW480 cells based on our iden-
tified set of 709 membrane proteins. Proteins were considered as
differentially expressed between the wild-type SW480 and
ST6GAL1-overexpressing cells if their fold change in relative
expression>2 (47—49). Based on these selection criteria, we found a
total of 318 glycoproteins were differentially affected (up-regulated
or down-regulated or specifically expressed in either cells) after

A C
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ST6GAL1 overexpression in SW480. Volcano plot-log10 (intensity
of the protein in ST6GAL1 overexpression) vs. log2 (fold change of
ST6GAL1 overexpression/wild-type) was constructed to graphically
display the quantitative data using the overlapped proteins be-
tween control and ST6GAL1-overexpressing cells (Fig. 4B). To
evaluate the potential roles of ST6GAL1 in CRC, these proteins were
used for the functional analysis by the IPA software. Fig. 4C showed
the top 15 most significantly perturbed functions upon the over-
expression of ST6GGAL1 in SW480. The first three were cell move-
ment, cell death and survival, and cell growth and proliferation,
which are in good agreement with numerous reports on the
functions of ST6GAL1 under pathological conditions [4]. Table S1
listed the proteins that are related with these functions.

To experimentally confirm these changes, two proteins ABCB1
(~10 folds up) and EGFR (~2 folds up), which showed big difference
in the extent of their changes, were selected to perform the qPCR,
immunoprecipitation and western blot analyses (Fig. 4D—F). ABCB1
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Fig. 4. Identification of the sialylated proteins and functional analysis by IPA. A) Comparative analysis of N-glycoprotein and O-glycoprotein predictions using the NetNGlyc 1.0 and
NetOGlyc 4.0 servers. B) Volcano plot illustrates differentially regulated membrane proteins. The x-axis represented the log10 (intensity in STEGAL1-overexpressing cells). The y-axis
represented the log2 (ratio) where ‘ratio’ was the ratio of the averages of LFQ Intensities of STEGAL1-overexpression over control. The non-axial horizontal lines denoted + 2-fold
change. The colored dots showed proteins considered as up- (red) or down- (blue) regulated, while the non-regulated proteins were displayed as gray dots. C) ST6GAL1 over-
expression significantly perturbed many functional pathways including cellular movement, cell death and survival. IPA analysis of the differentially regulated proteins on the plasma
membrane (>2-fold) revealed the top 15 most significantly perturbed functions upon the overexpression of ST6GAL1 in SW480. The functional pathways included in this analysis
were shown along the y-axis of the bar chart. The x-axis indicates the statistical significance on the left. Calculated using the right-tailed Fisher exact test, the p-value indicated
which biological annotations were significantly associated with the input molecules relative to all functionally characterized mammalian molecules. D) The intensity ratio (STGGAL1
overexpression/WT) of ABCB1 or EGFR was shown based on the MS analysis. E) The transcriptional levels of EGFR and ABCB1 in WT and ST6GAL1 overexpressing cells were checked
by qPCR analysis. F) The sialylation pattern of EGFR and ABCB1 after ST6GGAL1 overexpression was investigated by immunoprecipitation analysis with SNA and MAA beads and its
protein level in whole cell lysate was analyzed by western blot. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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were significantly upregulated at both mRNA and protein levels,
indicating the different expression of this protein observed in our
MS data is mainly due to its increased mRNA level. In contrast, there
was little change in either mRNA or protein level of EGFR after
ST6GAL1 overexpression. Since immunoprecipitation analysis
showed a significant increase in the 02,6 sialylation level, it is
highly likely that ~2 folds upregulation of EGFR observed in our MS
data is attributed to its enhanced sialylation.

4. Discussion

Elevated expression of ST6GAL1 has been observed in multiple
types of carcinomas, among which colorectal cancer was the first
reported [20]. Although it has been well documented that ST6GAL1
expression contributes to the colorectal tumorigenesis [6], the
mechanistic roles of this protein in tumor progression are still
obscure. Interestingly, we found that as compared with their pair-
matched normal tissues, the expression of ST6GAL1 was signifi-
cantly increased in tumors at stage I and I (non-metastatic), but not
at stage Il and IV (metastatic). Meanwhile, ST6GGAL1 expression in
the tumors at stage I and Il was statistically higher than that at stage
Il and IV, suggesting a dynamic change of ST6GAL1 expression in
CRC progression. Metabolic labeling revealed 318 sialylated mem-
brane proteins differentially affected by ST6GAL1 overexpression.
Considering the distinct roles of different linkages of sialylation in
cell biology, these results suggest important roles of the dynamic
change in ST6GAL1 expression during the CRC progression.

We showed that high expression of ST6GAL1 was decreased at
the advanced stage of CRC. Consistent with our observation, there is
evidence that the mRNA level of ST6GAL1 is significantly increased
in colorectal carcinoma specimens, but not in highly invasive tu-
mors and tumors exhibiting distant metastases when compared
with their pair-matched normal tissues [28]. These results suggest
that high expression of this enzyme may not benefit the CRC pro-
gression to the advanced/metastatic stage. Supporting this hy-
pothesis, a very recent work showed that knockdown of ST6GAL1
dramatically enhances the migration and invasion of the colon
cancer cell line SW620, and also promotes its liver metastasis
in vivo [29]. Furthermore, our MS data showed that ST6GAL1
overexpression increased the expression of ICAM-1, a liver metas-
tasis suppressor of colon cancer (data not shown). It is well-known
that sialyl Lewis structure serves as a key mechanism for directing
tumor cell adhesion to the endothelium and the 2,3 linked sialic
acid on sialyl Lewis structure is critical for this function. A previous
report showed that «2,3 sialylated type 2 chain structures is pre-
dominantly expressed in colorectal tissues associated with the
malignant transformation, in particular, with the lymphatic spread
of distal colorectal adenocarcinoma [30]. Therefore, it is possible
that decreased expression of ST6GAL1 and ¢2,6 sialylation may
benefit the tumor metastasis by increasing the «2,3 sialylated
structures on cell surface because 22,3 and ¢.2,6 sialyltranferases
share the common glycan substrates.

Our IPA analysis revealed a list of novel glycoproteins that could
mediate these functions above. Among the list, we found that
overexpression of ST6GAL1 resulted in an increased transcription of
ABCB1 by more than ~6 folds. Consistent with this, it has been
previously reported that ST6GAL1 expression could induce the
expression of ABCB1 in human leukemia cells [31]. In addition, a
recent study showed that KAI1 is significantly decreased after
ST6GAL1 knockdown in SW620 cells. This protein could also be
found in our list, which was increased by ~2-fold after ST6GAL1
overexpression. These results partially suggest the reliability of the
list we obtained, which may contribute to the identification of
additional molecules linking the functions of ST6GAL1 in tumor.
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Abstract Epithelial-mesenchymal transition (EMT) is a pro-
cess in tumor progression during which cancer cells undergo
dramatic changes acquiring highly invasive properties. In a
widespread adoption of TGF-f3-induced EMT model, we have
previously observed that expression of bisecting GlcNAc on
N-glycans was dramatically decreased. Herein, we performed
in vitro studies with the MCF10A cell line. In response to low
cell density, MCF10A cells suffered spontaneously morpho-
logic and phenotypic EMT-like changes, including elongated
spindle shape, extended out from edge of the cell sheet, cyto-
skeleton reorganization, vimentin and fibronectin up-regula-
tion, catenins redistribution, and cadherin switching.
Moreover, these phenotypic changes were associated with
specific N-glycan alterations. Interestingly, the amounts of
bisecting GlcNAc structure were declined, by contrast, the
formation of $1-6 GlcNAc branches were obviously up-
regulated during the EMT induced by sparse cell conditions.
We further investigated N-glycans on the [31-integrin, which
is a good target of some glycosyltransferases. The reactivity
with E4-PHA lectin decreased, whereas the staining for L4-
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PHA lectin, which recognizes branched GIcNAc, increased in
sparse cell conditions compared with dense cell conditions.
Taken together, these results demonstrated that specific N-gly-
can alterations are coupled in EMT process and promoted
cells migration at a low cell density.

Keywords Epithelial-mesenchymal transition - Cell density -
N-glycan - Migration - Tumor

Introduction

Metastasis is a sequential process whereby cancer cells pene-
trate the basement membrane, invade blood/lymphatic vessels,
survive in the vasculature before extravasating to secondary
sites, and finally adapt to new host environments to proliferate
and form metastases [1]. This process is mediated by the
epithelial-mesenchymal transition (EMT) whereby tightly con-
nected epithelial cells convert to disorganized motile mesen-
chymal cells with defined morphology, gene characteristic and
protein expression. Therefore, EMT is regarded as a differen-
tiated or morphogenetic process, which contributes to the path-
ogenesis of diseases, such as cancer metastasis and tissue fi-
brosis [2]. A growing body of evidences indicates that EMT is
stimulated by signals from the tumor microenvironment, in-
cluding a variety of growth factors and cytokines (such as
transforming growth factor-3 and epidermal growth factor)
[3]. In addition, EMT is regulated by a series of intracellular
signaling networks, including ERK1/2, PI3K/Akt, Smads,
RhoB, 3-catenin, and so forth [4]. These factors alter the epi-
thelial profile by repressing genes encoding epithelial junction
complexes and cytokeratins, and induce the expression of their
mesenchymal counterparts, N-cadherin and vimentin. A de-
fined feature of EMT is a reduction in E-cadherin levels and
a concomitant induction of N-cadherin [5]. However, the
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significance of EMT during cancer progression and even its
relevance in human tumor remain a matter for debate.

It is widely known that the tumor microenvironment has a
profound impact on determining the gene expression patterns
[6]. Kim and his collaborators suggested that the gene expres-
sion patterns of cancer cells could vary significantly according
to the conditions under which they were cultured. Culture media
formulations and cell density could modulate the cancer cell
transcriptome [7]. Indeed, some researchers found that lowered
cell density, conditions under which cell contact was reduced,
lead to reducing expression of genes associated with mammary
epithelial cell differentiation and increasing expression of genes
associated with breast cancer [8]. Other researchers proposed that
limiting cell spreading, either by increasing cell density or by
culturing cells on precisely defined micro-patterned substrata,
blocked expression of characteristic markers of EMT in cells
[9]. MCF10A mammary epithelial cells have been used to inves-
tigate EMT pathways in premalignant cells, because they readily
undergo EMT when exposed to some stimulus, such as
transforming growth factor 3 (TGF-3) [10]. Moreover,
MCF10A cells have been found to exhibit many EMT-like
changes when grown at different density: cells grown under
sparse conditions express higher levels of mesenchymal markers,
while cells grown under confluent conditions express higher
levels of epithelial markers [11]. However, the extent to what
density-dependent alterations in MCF10A cells fully recapitulate
the EMT program and how this process occurs remain unknown.

Glycans, for instance glycosphingolipids (GSLs), N-glycans,
and O-glycans are related to numerous of biological phenomena
that include virus/bacteria-host interactions, inflammation, mor-
phogenesis, cell-cell interactions, and cancer progression [12].
Some research data indicated that aberrant formation of glycans
was detected in different EMT models. Guan et al. [13] reported
the function of GSLs in phenotypic alteration of cell growth,
motility, and adhesion during EMT, and the expression of
GM2 and Gg4 were found to be dramatically decreased or de-
pleted after TGF- treatment. Overexpression of the
fucosyltransferase 8, which is related to enhance core
fucosylation of E-cadherin, decreased Src phosphorylation and
suppressed cell migration in giant lung carcinoma cell line 95C,
but low core fucosylation of E-cadherin activated Src and
promoted an EMT-like phenomenon [14]. The expression of
[3-galactoside « 2, 6-sialyltranferase 1 (ST6GALI1), which
modifies N-glycans with terminal « 2, 6-sialylation, was up-
regulated in different carcinomas and in an EMT model in-
duced by TGF-f3 [15]. Our previous results showed that ex-
pression of N-acetylglucosaminyltransferase III (GnT-1II) and
bisecting GlcNAc on N-glycans were obviously decreased in
an EMT model induced by TGF-3. GnT-III prolonged E-
cadherin turnover and prevented (3-catenin translocation into
the cell nucleus from E-cadherin/catenin complex [10]. N-
acetylgalactosaminyltransferase 6 (GALNT6), which partici-
pates the primary step of O-glycosylation, could stabilize O-
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glycosylated fibronectin, promote the acinar disruption, and
further stimulate cellular alteration similar to those of EMT in
normal mammary epithelial cells [16]. Above-mentioned re-
sults strongly indicated that remodeling of glycan structures
by glycosyltransferases could modulate cell migration and
thereby tumor metastasis as well. It is therefore very important
to clarify the mechanisms for the alteration of glycans under
physiological and pathological conditions.

In this study, we performed new experiments in which we
assessed the effect of differential density on cellular morphol-
ogy and phenotype in human MCF10A mammary epithelial
cells. Interestingly, the alterations of bisecting GIcNAc and
31-6 GlcNAc branched N-glycan were coupled with cells
spontaneous EMT-like changes at a sparse condition, which
might be contributed to diagnosis and therapy of breast cancer.

Materials and methods
Cell line and cell culture

MCF10A, a human non-tumorigenic immortalized mammary
epithelial cell line, was cultured in DMEM/F12 medium, sup-
plemented with 5% horse serum, 20 ng/ml EGF, 10 pg/ml
insulin, 0.5 pg/ml hydrocortisone, and 100 ng/ml cholera tox-
in, under a humidified atmosphere containing 5% CO, at
37 °C. Cells were plated at 5 x 10°, 1 x 10°, 5 x 10° and
1 x 10° on 15-cm dishes for density gradient culture, followed
by incubation for 3 days. Cells at 5 x 10° and 1 x 10° were
defined as a dense culture and a sparse culture, respectively.

PCR for mRNA expression analysis

Total RNA was prepared with Trizol (Invitrogen), and 2.0 pg
of total RN A was reverse transcribed using the Superscript 111
RNase H Reverse Transcriptase kit (Invitrogen) according to
the manufacturer’s instructions. The sequences of the primers
used for the PCR amplification were shown in Table 1. The
GAPDH mRNA was used as a control in PCR runs and the
reaction products obtained were submitted to electrophoresis
in 1.5% agarose gels containing ethidium bromide.

Western blot and lectin blot analyses

Cells cultured under different conditions, as indicated, were
washed with PBS and then lysed with lysis buffer (10 mM
Tris-HCI, 1% Triton-X100, 150 mM NaCl, aprotinin, leupeptin
and 1 mM phenylmethylsulfonyl fluoride). Insoluble materials
were removed by centrifugation at 15, 000 rpm for 10 min at
4 °C. Equal amounts of protein were separated using 7.5% sodi-
um dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE), transferred to nitrocellulose and probed with the appro-
priate antibodies, as indicated, or with biotinylated erythro-
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Table 1  Primers used for RT-PCR experiments

Gene Primer sequence (5'-3")

E-cadherin Forward ACGCATTGCCACATACA
Reverse CGTTAGCCTCGTTCTCA

P-cadherin Forward GGTGGTTCTCCGCAATG
Reverse GCCGCCTTCAGGTTCTC

N-cadherin Forward GAAAGACCCATCCACG
Reverse CCTGCTCACCACCACTA

Vimentin Forward ATGGCTCGTCACCTTCG
Reverse AGTTTCGTTGATAACCTGTCC

GnT-1Il Forward GCCGCGTCATCAACGCCATCAA
Reverse CAGGTAGTCGTCGGCGATCCA

Gnl-V Forward GACCTGCAGTTCCTTCTTCG

Reverse CCATGGCAGAAGTCCTGTTT

GAPDH Forward AGCCACATCGCTCAGACA
Reverse TGGACTCCACGACGTACT

agglutinating phytohemagulutinin (E4-PHA) lectin, biotinylated
leuko-agglutinating phytohemagglutinin (L4-PHA), and bio-
tinylated Datura stramonium (DSA) lectin (Seikagaku kogyo
Inc., Japan). Immunoreactive bands were visualized using a
Vectastain ABC kit (Vector Laboratories, CA) and an ECL kit
(Amersham, UK). Monoclonal antibodies against E-cadherin, P-
cadherin N-cadherin, (3-catenin, p120-catenin, 'y-catenin, and «-
catenin were purchased from BD Biosciences, and the anti-«-
tubulin antibody was from Sigma. Monoclonal antibodies
against Fibronectin and HRP-labeled anti-mouse IgG were ob-
tained from Cell Signaling.

Microscopy and cell image

Cellular morphology was confirmed using phase-contrast obser-
vations. For immunofluorescence assay, cells were seeded on
glass-bottom dishes before fixation. After washing twice with
PBS, the cells were fixed for 30 min in 4% paraformaldehyde
solution at 37 °C. For permeabilization, the cells were treated
with 0.2% (v/v) Triton X-100 in PBS. The fixed cells were
blocked with 2% BSA in PBS for 1 h and then incubated with
monoclonal antibodies against E-cadherin, N-cadherin and f3-
catenin in blocking buffer for 1 h at room temperature.
Following three washes in PBS, the cells were incubated with
a 1:500 dilution of Alexa Fluor® secondary antibody or with a
1:300 dilution of Alexa Fluor® 488 phalloidin for actin
(Invitrogen) for 1 h at room temperature. After washing three
times with PBS, the cells were observed using an Olympus fluo-
rescence microscope (FV1000 system).

Flow cytometry

Flow cytometry was performed as previously described [17].
Briefly, cells were detached by trypsinizing and incubated with

biotinylated L4-PHA lectin, followed by streptavidin Alexa
Fluor 488 conjugate (Invitrogen). Negative controls underwent
the same procedure without biotinylated lectin. The analyses
were performed using a FACS Calibur instrument (BD
Biosciences), equipped with CELL QuestPro software.

Immunoprecipitation

For immunoprecipitation, the supernatant (2 mg of protein) was
incubated with anti-B1 integrin (P5D2) antibody (3 pg/ml),
which was obtained from the Developmental Studies
Hybridoma Bank, University of lowa, for 1 h at 4 °C. Protein
G beads (30 ul in 50% slurry) were then added, followed by
incubation overnight at 4 °C with a rotator. After washing 3 times
with lysis buffer, the immunoprecipitates were subjected to 7.5%
SDS-PAGE, and the separated proteins were transferred to a
nitrocellulose membrane. The membrane was incubated with
E4-PHA or L4-PHA lectin for lectin blot analysis, or with an
antibody for immunoblot analysis.

Statistical analysis

Statistical analysis was performed with SPSS 13.0 software.
Student’s t-test was performed for comparisons between two
groups. P < 0.05 was considered to be statistically significant.

Results

The MCF10A cells suffered spontaneous EMT-like
phenotypic changes at low cell density

To determine how gradual differences in MCF10A cell density
affected patterns of phenotypic changes, cells were plated at
5x%10%1x10% 5 x 10> and 1 x 10° on 15-cm dishes for density
gradient culture, followed by incubation for 3 days. Cells at
5x 10°and 1 x 10° were defined as a dense culture and a sparse
culture, respectively. As shown in Fig. 1, cells cultured under
sparse conditions had adequate space available for cell spreading.
In contrast, cells cultured under dense conditions had not enough
space for full spreading, resulting in a reduction in cell size.
Furthermore, image analysis of cell morphology for different
densities revealed that MCF10A suffered spontaneous morpho-
logic changes depending on cell confluence, showing “fibroblast
like” spindle morphology in sparse culture conditions and
epithelial-like compact morphology in dense cultures, suggesting
that they might be susceptible to EMT at a low cell density.

Effects of spontaneous EMT-like phenotypic changes
on expression of EMT marker molecules in MCF10A cells

We next investigated whether the expression of some important
genes identified as EMT markers may correlate with these
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Fig. 1 MCF10A cells suffer spontaneous, morphologic- EMT-like

changes in response to different cell densities. Cells were plated at
5x%10°%1x10% 5% 10%and 1 x 10° on 15-cm dishes for density gradient

phenotypic changes. By RT-PCR, we observed significant de-
crease in E-cadherin and P-cadherin expression in sparse cul-
tured cells, whereas the N-cadherin and vimentin genes were
increased (Fig. 2a). To further confirm the molecular events as-
sociated with the plasticity of MCF10A cells, we characterized
the relative proteins modulated during the phenotypic changes by
Western blot. As expected, the total level of E-cadherin and P-
cadherin expression were greatly down-regulated in sparse con-
dition, while the mesenchymal N-cadherin and fibronectin were
obviously up-regulated. In addition, the downstream elements of
E-cadherin, the p120-catenin, (3-catenin, 'y-catenin and «-caten-
in, were evaluated in different cell densities. The expression
levels of (3-catenin were nearly no changes, however, the

Fig. 2 Effects of cell density on
expression of EMT marker
molecules in MCF10A cells. a
RT-PCR was carried out to
examine the expression levels of
E-cadherin, P-cadherin, N-
cadherin, and vimentin in
different density cells. The
expression level of GAPDH was
used as a load control. b Cell
lysates from different density cells
were immunoblotted (IB) with
anti-E-cadherin, P-cadherin, N-
cadherin, fibronectin, p120-
catenin, (3-catenin, y-catenin and
o-catenin antibodies. o-tubulin
was used as a load control. Cells
inoculated at 5 x 10°, 1 x 10°,
5% 10°and 1 x 10° on 15-cm
dishes were defined as 1, 2, 3, and
4 density gradient culture

D

@ Springer

-
]
(2]
£

Cell density

5X105 cells

culture, followed by incubation for 3 days. The cell densities were
photographed by phase-contrast microscopy at 200 x magnification

expression levels of p120-catenin, y-catenin and -catenin were
effectively decreased in a density-dependent manner (Fig. 2b).
Furthermore, we found that cadherin switching also occurred
during the morphologic changes (Fig. 3). The immunofluores-
cence data indicated that E-cadherin expression in cell-cell junc-
tions became jagged and faint in the sparse condition, whereas,
N-cadherin expression became enhanced at cell borders. f3-
catenin staining was decreased in cell-cell contacts and accumu-
lated significantly in the cytosol and nuclei during sparse culture.
F-actin distribution also dramatically changed from cell-cell bor-
ders to the stress fiber at low cell density. These results suggested
that MCF10A cells suffered spontaneous, EMT-like phenotypic
and intrinsic properties alteration in a sparse condition.
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E-cadherin

Dense

Sparse

Fig. 3 The distributions of E-cadherin, N-cadherin and (3-catenin were
evaluated by immunofluorescence assay. Dense and sparse cultured cells
were stained with monoclonal antibodies against E-cadherin, N-cadherin
and [3-catenin respectively, followed by incubation with Alexa Fluor-
conjugated secondary antibody. Localization of F-actin was examined

Spontaneous EMT-like phenotypic changes induced
specific N-glycan alterations

Aberrant expression of glycans has been observed in cancer
development and progression [18]. In a TGF-3-induced EMT
model, we have previously observed that expression of
bisecting GIcNAc was dramatically down-regulated. To con-
firm whether the phenomenon described above would be also
observed in another EMT model, MCF10A epithelial cells

Cc

Dense Sparse

Gntlll

P<UUL

Ratio of Gnt lll densities
normalizedto GAPDH ©

Dense Sparse

Fig. 4 Effects of spontaneous, EMT-like phenotypic changes on GnT-1I]
and bisecting GlcNAc. a RT-PCR was carried out to examine the
expression levels of GnT-IIl gene, and the expression level of GAPDH
was used as a load control. b The relative ratio of Gnt Il densities
normalized to GAPDH was shown. The quantitative data were obtained
from three independent experiments, and the p value was calculated using
Student’s two-tailed ¢ test. Error bars indicate SD. ¢ Equal amounts of
protein (20 ng) were separated on 7.5% SDS-PAGE, and the membranes

N-cadherin

B-catenin Actin

by staining with Alexa Fluor 488 phalloidin. The small triangle showed
N-cadherin expression, and the arrow indicated (3-catenin expression.
Cells inoculated at 5 x 10°, and 1 x 10° on 15-cm dishes were defined
as Dense and Sparse culture. Scale bar, 50 pm

were evaluated in a spontaneous EMT process. As shown in
Fig. 4a/b, the expression of GnT-1II gene was greatly declined,
and the relative ratio was decreased 2.4 fold in sparse condi-
tion compared to dense condition. Meanwhile, the products of
GnT-1I detected by E4-PHA lectin, which preferentially rec-
ognizes bisecting GlcNAc, were declined in a cellular density
dependent manner (Fig. 4c). Normally, introduction of the
bisecting GIcNAc suppresses further processing and elonga-
tion of N-glycans catalyzed by other branching enzymes such
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were probed with E4-PHA lectin, and x-tubulin was used as a load
control. The asterisks indicated nonspecific staining of E4-PHA, since
those bands did not disappear after treatment with 100 mM acetic acid.
Cells inoculated at 5 x 10°, and 1 x 10° on 15-cm dishes were defined as
Dense and Sparse culture. Cells inoculated at 5 x 10°, 1 x 10%, 5 x 10° and
1 x 10° on 15-cm dishes were defined as 1, 2, 3, and 4 density gradient
culture
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as N-acetylglucosaminyltransferase V (GnT-V), which is
strongly associated with cancer metastasis, because neither
of them can utilize the bisected oligosaccharide as a substrate
[19]. Indeed, the expression of GnT-1II gene was reduced in
low cell density, while the expression of Gn7-V gene was
increased in sparse cultured cells (Fig. 5a). As the result of
up-regulated GnT-V, the cell surface 31, 6 GIcNAc branching
structure, which is recognized by L4-PHA lectin in a FACS
analysis, increased 1.3-fold in sparse culture compared to
dense culture (Fig. 5b/c). Meanwhile, the reactivity with
DSA and L4-PHA lectin (Fig. 5d/e), which preferentially rec-
ognizes whole cellular branched GlcNAc, were dramatically
enhanced in low cell density culture. These results indicated
that spontaneous EMT induced by low cell density specifical-
ly down-regulated bisecting GIcNAc and up-regulated
GlcNAc branched N-glycan.

EMT influence composition of N-glycans on (31 integrin
protein

There is a certain set of glycoproteins on cell surface, such as
cadherin, EGFR, galectin and integrins family, and the

Fig. 5 Effects of spontaneous
EMT-like phenotypic changes on

glycosylation of integrins is related to tumor metastasis [17].
To examine whether the alteration of N-glycans on the cell
surface was correlated with special glycans changes on glyco-
protein, we further investigated N-glycans on the 31 integrin,
which is a good target of some glycosyltransferases. As shown
in Fig. 6 a/b/c, the reactivity with L4-PHA lectin, which rec-
ognizes 31-6 GIcNAc branched structures, increased 1.3-fold
on 31 integrin subunit in sparse cells compared to dense cells.
In contrast, the reactivity with E4-PHA lectin, which recog-
nizes bisecting GIcNAc, decreased obviously on (31 integrin
in low cell density culture. These results suggested that spon-
taneous, EMT-like phenotypic changes can influence compo-
sition of N-glycans on some important glycoproteins.

Discussion

Intercellular communication is dependent on a dynamic and
complex network of cytokines, growth factors, chemokines,
and matrix remodeling enzymes [20]. Cellular confluent con-
dition has an important influence on cell communication, and
then affects the cell normal physiological function. EMT is

d

GlcNAc-branched N-glycan. a The
expression of GnT*V gene was
determined by RT-PCR. b Cell
surface expression levels of N-
glycans were examined by FACS
analysis. Prior to analysis, cells
were incubated with biotinylated
L4-PHA lectin, followed by
incubation with streptavidin Alexa
Fluor 488 conjugate. ¢ The
quantitative data were obtained
from three independent
experiments, and the p value was
calculated using Student’s
two-tailed ¢ test. Error bars indicate
SD. Equal amounts of protein

(20 pg) were separated on 7.5%
SDS-PAGE, and the membranes
were probed with DSA lectin d or
LA4-PHA lectin e, and o-tubulin was
used as a load control. The asterisks
indicated nonspecific staining of
DSA and L4-PHA, since those
bands did not disappear after
treatment with 100 mM acetic acid.
Cells inoculated at 5 x 10, and

1 x 10° on 15-cm dishes were
defined as Dense and Sparse
culture. Cells inoculated at 5 x 10°,
1x10°% 5% 10> and 1 x 10° on
15-cm dishes were defined as 1, 2,
3, and 4 density gradient culture
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Fig. 6 Effects of EMT on composition of N-glycans on 31 integrin. a
Cell lysates from different density cells were immunoprecipitated (IP)
using anti-31 integrin antibody. Immunoprecipitates were run on a
7.5% SDS-polyacrylamide gel and probed with the biotinylated E4-
PHA and L4-PHA lectins. b Bar graphs, quantification of bisecting
GlcNAc structures (E4-PHA reactivity) that are modifying (31 integrin.
¢ Bar graphs, quantification of 31-6 GlcNAc-branched N-glycan
structures (L4-PHA reactivity) that are modifying 31 integrin. Amounts

known to be closely related to enhancement of cell motility. In
the EMT process, the phenotype conversion from less mobile
epithelial cells to fibroblastic mesenchymal cells with higher
motility is accompanied by declining expression of epithelial
cell molecules and enhancing expression of mesenchymal mol-
ecules. This process is implicated in the promotion of tumor
invasion and metastasis [21]. A growing body of evidences
indicated that cellular microenvironments are closely linked to
EMT, such as growth factors [22], cytokines [23], cell density
[11], and growth matrix [9] etc. However, the relationship be-
tween cellular microenvironments and EMT is a little bit com-
plicated. In this study, we clearly observed spontancous EMT
process in a low cell density condition. The E-cadherin expres-
sion in cell-cell contacts, or the total level, was greatly down-
regulated, meanwhile, the N-cadherin expression was distinctly
up-regulated in sparse culture. Cadherin switching usually re-
fers to a switch from the expression of E-cadherin to that of N-
cadherin. N-cadherin promotes motility when expressed in ep-
ithelial cells, and cells that express more E-cadherin remain less
motile. Cadherin switching is an important event in EMT pro-
cess. Previous studies implicated that EGF could induce EMT
in breast cancer cells, while EGFR activation disturbed cell-cell
adhesion by destabilizing the E-cadherin/catenin complex, pro-
moted EMT and contributed to the acquisition of a motile phe-
notype [24]. The newly synthesized E-cadherin and catenin
complex move together to the cell surface. Our results indicated
that the expression of p120-catenin and «-catenin were de-
clined in a cellular density dependent manner, which would
destabilize the E-cadherin/catenin complex and facilitate EMT
process. The similar notion was proposed by David Sarrio and
his collaborators [11].

Cell surface glycan characteristics can vary during cell-cell
interactions, growth regulation and differentiation. Altered gly-
can signatures are also observed in tumor cells, and play a critical

of N-glycan structures were determined from the ratios of densities of E4-
PHA or L4-PHA reactivity after normalization to (31 integrin. The
modification of N-glycan structures in sparse cultured cells were
expressed as the fold decrease or increase, compared with the density
cultured cells, which was taken as 1. The p value was calculated using
Student’s two-tailed ¢ test. Error bars indicate SD. Cells inoculated at
5 x 10% and 1 x 10° on 15-cm dishes were defined as Dense and
Sparse culture

role in the escape of tumor cells from immune surveillance as
well as metastasis [19]. N-Acetylglucosaminyltransferase 111
(GnT-III) transfers N-acetylglucosamine (GIcNAc) from UDP-
GlcNAc to a 31,4 mannose in N-glycans to form a “bisecting”
GlcNAc linkage. Bisecting GlcNAc alters not only the compo-
sition, but also the conformation of the N-glycan [25]. GnT-III is
generally regarded as a key glycosyltransferase in N-glycan bio-
synthetic pathways. Introduction of the bisecting GIcNAc sup-
presses further processing and elongation of N-glycans catalyzed
by N-acetylglucosaminyltransferase V (GnT-V) [26]. GnT-III has
been proposed as an antagonist of Gn'T-V, thereby contributing to
the suppression of cancer metastasis. In fact, overexpression of
GnT-III in highly metastatic melanoma cells reduced 31-6
branching in cell-surface N-glycans and increased bisected N-
glycans [27]. Furthermore, it is known that the 31-6 GIcNAc-
branched N-glycans, which may enhance the complex formation
such as integrins and galectins on cell surface, resulting in an
increase in cell motility and cell signaling [28, 29]. It has also
been reported that 31-6 GlcNAc-branched N-glycans levels are
increased in highly metastatic tumor cell lines [30]. Consistently,
cancer metastasis is greatly suppressed in GnT-V knockout mice
[31]. Our recent research indicated that bisecting GIcNAc N-
glycans structure catalyzed by GnT-III was dramatically declined
in TGF-B-induced EMT model [10]. In this study, it was an
interesting notion that bisecting GIcNAc N-glycans structure
was also down-regulated in cellular density-dependent EMT
model. Moreover, when epithelial cells converted into fibroblas-
tic mesenchymal cells, the 31-6 GlcNAc-branched N-glycan
structure was obviously enhanced, which might increase cell
migration and contribute to EMT process. Based on the discus-
sion above, we speculated that there are bidirectional regulation
mechanisms. Cell-cell contact can modulate N-glycan alteration,
whereas specific N-glycan alterations facilitated EMT process. A
detailed characterization of the bidirectional regulation
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mechanisms between specific N-glycan and EMT are required
for further studies.

A series of glycoproteins on cell surface were modified by
special glycans structure, such as cadherin, EGFR, galectin and
integrins family. Our FACS analysis results indicated that N-gly-
cans expressed on the cell surface were altered in sparse condi-
tion, which might influence the function of some important gly-
coproteins and cell migration. It has been reported that (31-4-
bisecting GIcNAc on E-cadherin glycosylation is a mechanism
involved in TGF-f-induced EMT [32]. Janik et al. also proposed
that an increase in (31-6-GIcNAc sugar chains of the integrin
resulted in the stimulation of cell migration [33]. Our results
indicated that the 31-6 GlcNAc-branched N-glycan structure
were obviously increased on [31-integrin, which might be related
to the EMT. In this study, the mechanism of EMT induced by
sparse cell culture could be ascribed to two aspects. One was that
sparse condition promoted the breakdown of cell-cell junctions,
as described above; the other was that alteration of N-glycans
might influence some important surface glycoproteins stability
and function, which mediated cell migration, as reported previ-
ously [34, 35].

In conclusion, we successfully constructed an EMT model
utilizing different cellular density culture in MCF10A epithe-
lial cells, and demonstrated that density-dependent specific V-
glycan alterations were coupled in EMT process and promot-
ed cells migration. Our results provided a new insight into the
mechanism of epithelial-mesenchymal transition.
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Inhibition of fucosylation by
2-fluorofucose suppresses human
liver cancer HepG2 cell proliferation
and migration as well as tumor

formation

Ying Zhou?, Tomohiko Fukuda?, Qinglei Hang?, Sicong Hou?, Tomoya Isaji', Akihiko

Kameyama? & Jianguo Gu?

Core fucosylation is one of the most important glycosylation events in the progression of liver cancer.
For this study, we used an easily handled L-fucose analog, 2-fluoro-L-fucose (2FF), which interferes with

. the normal synthesis of GDP-fucose, and verified its potential roles in regulating core fucosylation and

cell behavior in the HepG2 liver cancer cell line. Results obtained from lectin blot and flow cytometry
analysis clearly showed that 2FF treatment dramatically inhibited core fucosylation, which was also
confirmed via mass spectrometry analysis. Cell proliferation and integrin-mediated cell migration were
significantly suppressed in cells treated with 2FF. We further analyzed cell colony formation in soft agar
and tumor xenograft efficacy, and found that both were greatly suppressed in the 2FF-treated cells,
compared with the control cells. Moreover, the treatment with 2FF decreased the core fucosylation
levels of membrane glycoproteins such as EGF receptor and integrin 31, which in turn suppressed
downstream signals that included phospho-EGFR, -AKT, -ERK, and -FAK. These results clearly described

© theroles of 2FF and the importance of core fucosylation in liver cancer progression, suggesting 2FF

shows promise for use in the treatment of hepatoma.

Glycosylation is by far the most prolific form of protein modification in mammalian cells. Accumulating data

. have made it clear that glycan structures expressed on glycoproteins have essential roles in various biological pro-

cesses such as inflammation, growth, differentiation, carcinogenesis, and cancer metastasis"-2. Alteration during
glycosylation is now regarded as a feature event in the progression of cancer. Among all forms of carbohydrate

- modification involved with the progression of cancer, fucosylation is considered one of the most important™*.

In regards to liver cancer, core fucosylation is a pre-eminent factor. Core fucosylation, also known as
al,6-fucosylation, is catalyzed by al,6-fucosyltransferase (Fut8) to transfer fucose residue from guanosine
5/-diphosphate (GDP)-fucose to the innermost asparagine-linked GIcNAc via an a1,6 link, which is a process

that has been implicated in the progression of liver cancer®. Early work by Breborowicz, J. et al. suggested that

core fucosylated alpha-fetoprotein (AFP) was a reliable marker that could be used to distinguish hepatocellular
carcinoma (HCC) from chronic hepatitis and liver cirrhosis®.

Recent studies have shown that core fucosylation is up-regulated both in the serum and on the cell sur-
face of liver cancer cells”®, although contradictory results were also reported whereby an increased level of

. tetra-antennary N-glycan, rather than core fucosylation, was associated with hepatocellular carcinoma’.

Consistently, Yamashita, F. et al. associated a high expression of core fucosylation with a poor prognosis'’.
Furthermore, our previous studies indicated that loss of Fut8 gene significantly suppressed liver regeneration!!
and chemical-induced HCC' via the down-regulation of several cell-signaling pathways. Taken together, these
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studies clearly show that core fucosylation plays crucial roles in liver cancer, which enabled us to predict that the
inhibition of core fucosylation could provide a novel strategy for liver cancer therapy’.

How to inhibit core fucosylation in HCC? As described above, biosynthesis of core fucosylated N-glycans
requires donor substrate GDP-fucose, N-glycans and Fut8. Fut8 is localized in the inner lumen of Golgi bodies,
thus, conventional wisdom holds that an inhibitor of Fut8 cannot be efficiently delivered to a Golgi apparatus.
On the other hand, GDP-fucose in the cytoplasm is known to be synthesized by two distinct pathways!> . One
is called the de novo pathway, and this pathway converts GDP-mannose into GDP-fucose via enzymatic reac-
tions catalyzed by GDP-mannose 4,6-dehydratase (GMD) and GDP-keto-6-deoxymannose 3, and 5-epimerase
4-reductase (FX)'5""7. Blocking this pathway forces cells to make use of another pathway, which is called the
salvage pathway. This pathway uses fucose kinases to convert L-fucose into GDP-fucose'® 1. GDP-fucose is then
delivered into the Golgi apparatus via GDP-fucose transporters. Finally, GDP-fucose serves as a donor substrate
and is transferred into the oligosaccharides of protein to synthesize core fucose by the action of Fut8°. Thus,
the inhibition of GDP-fucose production is desirable in order to block fucosylation. Previous efforts to delete
core fucosylation have focused mostly on the manipulation of Fut8 by knockout or knockdown of its gene.
Additionally, there have been efforts to knockout the key enzymes for GDP-fucose production such as GMD and
FX and impair the Golgi GDP-fucose transporter?'->. The methods described above, however, are not suitable
for pharmacological application.

A variety of glycosyltransferases inhibitors have been developed, and mainly based on donor or accept sub-
strates mimics®®. Several GDP-fucose analogs have been reported to be inhibitors of FUTs*” 28, However, those
charged groups (GDP portion) prevent uptake into cells, which limits their use in biological systems. On the other
hand, a specific fluorinated analog of fucose, 2-fluoro-L-fucose (2FF), has been reported to easily enter cells via
passive diffusion wherein it is metabolized into a corresponding donor substrate analog of GDP-fucose, GDP-2FF,
via the salvage pathway?*-*!. Since GDP-2FF accumulates in cells, it will also lead to a shutdown of the de novo
pathway that synthesizes natural GDP-fucose®. In fact, the addition of 2FF has efficiently suppressed the endog-
enous production of GDP-fucose, which dramatically inhibited the formation of fucosylation in both cancer and
plant cells*~*. Therefore, 2FF has been used to reduce cell-surface fucosylated glycans such as Lewis antigens for
E-selectin binding in colon carcinoma cells®!, and has blocked core fucosylation in HL-60 cells?*. However, the
effect that 2FF exerts on liver cancer cells remains unclear.

In this study, we examined the effects of 2FF in live cancer HepG2 cells and further clarified the underlying
molecular mechanisms. We found that treatment with 2FF greatly decreased core fucosylation levels and both
suppressed downstream signaling and tumor formation, which suggested that 2FF might be a novel candidate for
liver cancer therapy.

Results

2FF suppressed fucosylation in HepG2 cells. Several analogues of L-fucose have shown inhibitory
effects on fucosylation. One such analogue is 2FF, as shown in Fig. 1A. To investigate whether 2FF also inhibits
fucosylation levels in HepG2 hepatoma cells, we first carried out lectin blot testing to detect fucosylation levels
by probing with aleuria aurantia lectin (AAL), a specific lectin that preferentially binds to Fuc a1-6GlcNAc*.
The fucosylation levels were inhibited by 2FF in a dose-dependent manner. The inhibitory effects of 2FF were
observed even at a final concentration at 10 .M, and remarkably appeared at 100 pM (Fig. 1B). In addition, time
course studies have indicated that the effect of 2FF persisted for more than 7 days without further adding 2FF
(Fig. 1C). After the removal of 2FF, its effect at least lasted for another 3 days (Fig. 1D). These alterations in the
fucosylation expression on the cell surface were further confirmed by flow cytometric analysis using AAL lectin.
The reactive abilities of AAL lectin were persistently decreased in the HepG2 cells during 7-day culture in the
presence of 2FF, compared with the control cells cultured without 2FF (Fig. 1E). To explore whether the decreased
fucosylation was due to a suppression of fucosyltrasferase gene expression by 2FF, we performed semi-quanti-
tative RT-PCR to detect typical fucosylation related genes such as a1,3-fucosyltransferase 4 (Fut4), a1,3-fuco-
syltransferase 7 (Fut7), and Fut8 because 2FF was known to inhibit not only the products of Fut8 but also the
products of Fut4 and Fut7 in HL-60 cells®. As shown in Fig. 1F, the treatment with 2FF did not significantly affect
gene expression level. These data again indicated that 2FF strongly down-regulates fucosylation levels via an
interruption of intracellular GDP-fucose synthesis, and/or that GDP-2FF may inhibit fucosyltransferases, which
includes Fut8, in HepG2 cells.

Alteration of the N-linked glycans of HepG2 cells treated with 2FF.  To further verify the effects
of 2FF in regulating carbohydrate structures, the N-glycan profiles of those cells were analyzed by mass spec-
trometry. MALDI-TOF mass spectrometry of N-glycans clearly supported the suppression of core fucosylation
by treating HepG2 cells with 2FF (Fig. 2A). Without 2FF, fucosylated complex N-glycans were accompanied by
large signals from high mannose-type glycans (Fig. 2A upper). These fucosylated glycans, mostly core fucosylated
glycans, were considerably displaced by corresponding afucosylated glycans in 2FF-treated HepG2 cells (Fig. 2A
lower). The percentages of fucosylated complex glycans among all complex glycans in an m/z range of from 1,500
to 3,500 were reduced from 75 to 8% by treatment with 2FF (Fig. 2B). Curiously, sialylated complex glycans were
observed in an m/z of more than 3,500 in both measurements of the MS spectra. Afucosylated sialylated glycans
were also significantly increased by treatment with 2FF. In fact, upon 2FF treatment, reactivity against both con-
canavalin A (ConA) and wheat germ agglutinin (WGA) showed no change. An SNA lectin blot showed a tendency
whereby sialylation was up-regulated upon 2FF treatment in a dose-dependent manner (Fig. 2C). That phenom-
enon could be interpreted as sialyation is up-regulated by a lack of terminal fucosylation, which was blocked by
2FF, since fucosyltransferase and sialytransferase can compete for the same terminal structure as an accepted
substrate®. These results clearly demonstrated that fucosylation, particularly core fucosylation, is down-regulated
via 2FF treatment to HepG2 cells.
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Figure 1. Treatment with 2FF suppressed fucosylation on glycoproteins. (A) The structure of 2FF as previously
described®. (B) HepG2 cells were cultured with 2FF for 3 days at different concentrations, as indicated. Cell
lysates were prepared, and then subjected to lectin blot analysis using AAL, which preferentially recognizes core
fucose, as described in “Methods” GAPDH was used as a loading control. Control refers to cells treated with the
same amount of DMSO. (C) HepG2 cells were cultured in the presence of 100 pM 2FF for different time points
(0 h-7 days). Equal amounts of proteins were probed with AAL lectin as described above. (D) HepG2 cells

were cultured in the presence of 100 .M 2FF for 2 days, then the culture medium containing 2FF was removed
and change into normal culture medium for different time points (24 h, 2d, 3d, 5d, 7d). (E) HepG2 cells were
incubated with 100 uM 2FF at different time points, and then stained with (grey line) or without (dark line)
biotin-conjugated AAL followed by streptavidin-conjugate Alexa Fluor 647 and subjected to flow cytometry
analysis. (F) RT-PCR was carried out using total RNA extracted from HepG2 cells treated with or without 2FF
to detect the expression level of representative genes involved in fucosylation. The expression level of GAPDH
was examined as a loading control. The relative mRNA levels were normalized with the GAPDH control gene.

Treatment with 2FF inhibited cell proliferation and colony formation. In consideration of the
importance of core fucosylation in physiological and pathological functions'® %3, we speculated a potential
role for 2FF in the regulation of cell proliferation. To test this hypothesis, we investigated the proliferation of
HepG2 cells, which were pre-treated with or without 2FF for 3 days followed by 24 h serum-starvation. As shown
in Fig. 3A, cell proliferation was significantly suppressed following treatment with 2FF, compared with control
cells without 2FF treatment (Fig. 3A). There was no significant difference in cell viabilities between the control
and 2FF-treated cells (data not shown). This phenomenon was also observed in Hela cells (Fig. 3D). The ability
to grow in an anchorage-independent manner has always been regarded as one of the hallmarks of cancer, and
this ability is believed closely related to cell proliferation and cell-survival signals. Therefore, we performed a
clonogenicity study using a soft agar assay. Colony formation abilities were significantly suppressed in the HepG2
cells treated with 2FF, compared with control cells (Fig. 3B). Each colony size treated with 2FF was much smaller
than the control without 2FF (Fig. 3C). In contrast, Rillahan, C.D. et al., reported that inhibition of fucosylation
in HL-60, Ramos, or CHO-K1 cells did not significantly affect cell proliferation®. These contradictory data could
be speculated that the different phenotypes could be due to cell types. Since different cell types differentially
express growth factor receptors to control cell proliferation, for example, HepG2 cells highly express EGFR and
c-Met, while HL-60 cells and CHO-K1 cells do not express EGFR** ¥, In fact, HL-60 cells abundantly express
insulin-like growth factor I receptor (IGF-IR), which may be modified by different glycans compared with those
on EGFR, to contribute to the cell growth®®*. Furthermore, even same receptor may also be modified by different
glycans in different cells.

2FF suppressed integrin-mediated cell migration. As described above, 2FF treatment had a major
impact on cell growth. Then, we used a transwell assay to examine the migratory ability of HepG2 cells fol-
lowing 2FF treatment. As shown in Fig. 4A, the integrin-mediated cell migration was significantly inhibited in
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Figure 2. Comparison of N-glycan profiles in HepG2 cells treated with and without 2FF. (A) MS spectrum of
the permethylated glycans from the cells treated with DMSO only (upper) and DMSO containing 2FF (lower).
(B) Percentages of fucosylated complex glycans in total complex glycans from HepG2 cells. The values were
calculated from peak areas in the range of m/z 1,500-3,500 of the MS spectra. (C) HepG2 cells were cultured
with 2FF for 3 days at different concentrations as indicated, and then equal amounts of cell lysates were probed
with Con A, which specifically recognizes alpha-linked mannose and glucose; WGA, which selectively binds to
N-Acetyl glucosamine (GlcNAc) and SNA, which specifically recognizes o 2, 6 sialylation. GAPDH was used as
aloading control.

2FF-treated cells compared with control cells. In a similar manner, the migratory ability that was suppressed by
2FF was also observed in Hela cells (Fig. 4B). Collectively, these data strongly suggested that 2FF could effectively
inhibit cell proliferation and cell migration in vitro.

2FF inhibited core fucosylation of EGFR and integrin 31 and the related intracellular signal-
ing. N-Glycosylation is known to be essential for the functional expression of membrane glycoproteins such
as EGFR and integrins, and regulates several functions: cell-surface expression, dimerization, endocytosis and
specific ligand binding*® *!. Recently, we showed that a loss of core fucosylation via knockout of the Fut8 gene
decreased the interaction between EGFR and its ligand, including downstream signaling, which in turn sup-
pressed cell proliferation'® '% In addition, the deletion of core fucosylation significantly suppressed integrin
o3p1-mediated cell migration*2. Therefore, issues having to do with the down-regulation of cell proliferation and
migration were related in these molecules.

First, we performed a pull down assay using the biotinylated PhoSL, which preferentially recognizes core fuco-
sylated N-glycans, to examine the effect of 2FF on the core fucosylation of EGFR and integrin 31**. As shown in
Fig. 5A, core fucosylation was expressed on EGFR (upper panel) and integrin 31 (lower panel) in the control cells,
but not in the 2FF-treated HepG2 cells, suggesting that 2FF efficiently blocked core fucosylation in these mem-
brane proteins. Then, we asked whether 2FF affected intracellular signaling. To address this point, we examined
the expression levels of phospho-EGFR and its downstream signaling such as phospho-AKT and phospho-ERK,
as well as integrin’s downstream signal phospho-FAK. Interestingly, all of these signals were suppressed in the
2FF-treated HepG2 cells, compared with the control cells (Fig. 5B). Based on these observations, it is not difficult
to conclude that the decreased core fucosylation by 2FF might impair the biological functions of some important
membrane receptors such as EGFR and integrin 31, which subsequently inhibits intracellular signaling.

Inhibitory effects of 2FF on tumorigenesis and core fucosylation in vivo. Based on the inhibitory
effects of 2FF on malignant phenotypes observed in vitro, we used a well-established xenograft tumor model to
further examine the tumorigenicity of HepG2 cells in vivo. The same amounts of control and 2FF pre-treated
HepG2 cells (4 x 10°) were injected subcutaneously into the left and right flanks of each mouse, respectively.
Based on the inhibitory effect of 2FF on fucosylation that lasted for 7 days at least (Fig. 1C); 100 pl of the DMEM
solution containing with 2FF at 100 uM were directly injected into each tumor tissue from three directions after
the inoculation for 7 days, and once a week for 3 weeks. All the mice were euthanized at 25 days after the first
injection of 2FF. Tumor tissues were isolated, photographed and then weighed. Interestingly, significant decreases
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Figure 3. Effects of 2FF treatment on cell proliferation. HepG2 and Hela cells were pre-treated with or without
100 uM 2FF for 3 days and then starved for 24 h and replaced with DMEM containing 3% FBS to assay cell
proliferation. (A) The pre-treated cells were incubated in 2FF containing medium for another 4 days. The time
point at the replacement was deemed as 0 h. Cells at the same areas were photographed and counted every 24 h.
The results are shown as fold changes relative to the numbers of those at 0h, and presented as the mean +s.e.m.
(*p < 0.05 by t-test). (B) Soft agars were prepared as described in the “Methods”. Controls and 2FF-treated
HepG2 cells (5,000 per/well) were cultured on the soft agar for 3 weeks. The colonies that formed were stained
with crystal violet. The stained colonies were counted (**p < 0.01 by t-test). Three independent experiments
were performed. (C) Representative images showed different sizes of colonies treated with or without 2FF. Scale
bars indicate 500 pm. (D) Pre-treated Hela cells were incubated in 2FF containing medium for another 4 days.
The time point at the replacement was deemed as 0 h. Cells were photographed at the same areas and counted
every 24 h. The results are shown as fold changes relative to the numbers of those at 0h, and presented as the
mean +s.e.m. (¥p <0.05 by t-test, **p < 0.01 by t-test).

were noted in both the size (Fig. 6A,B) and weight (Fig. 6C) of tumor tissues in the 2FF-treated side, compared
with the control side 25 days after inoculation. The time course of tumor growth also clearly showed the inhib-
itory effects of 2FF on tumor formation (Fig. 6D). Furthermore, AAL lectin blot showed that the levels of core
fucosylation were apparently decreased in the tumor tissues that grew from the HepG2 cells treated with 2FF,
compared with the controls (Fig. 6E). Importantly, in accordance with the results in vitro (Fig. 5), the cellular
signals including p-EGFR, p-AKT, p-ERK and p-FAK in the 2FF-treated tumor tissues were decreased compared
with those in the controls treated without 2FF (Fig. 6F). These results addressed the efficient effects of 2FF in vivo.

Discussion
Liver cancer ranks as the second leading cause of death from cancer*. Effective therapy for liver cancer remains
one of the biggest challenges for public health®. Increased levels of core fucosylation, usually higher expressions
of either Fut8 or GDP-fucose, have lately been recognized as reliable indicators for liver cancer?. Therefore, regu-
lation of the core fucosylation of N-glycans can serve as an essential strategy for liver cancer therapy. For example,
knockout of the Fut8 gene in mice strongly suppressed a chemical-induced hepatocellular carcinoma'?. Also,
down regulation of the Fut8 expression by miRNAs inhibited the progression of liver cancer®. In addition, an
abrogation of ability to form or transport GDP-fucose was also worked’. Those findings prompted us to investi-
gate whether there is a pharmacological approach that could block core fucosylation in liver cancer cells.

In this study, we used the easily handled 2FF, an analog of fucose, to inhibit GDP-fucose formation. Considered
a universal inhibitor of fucosylation, 2FF is used to reduce cell-surface fucosylated glycans such as Lewis antigens
and core fucosylated N-glycans®. Our results, as determined by western blot and flow cytometry in liver cancer
cells, also confirmed this conclusion (Fig. 1B-E). The inhibitory effects on fucosylated glycans did not seem to
be due to an inhibition of the expression levels of fucosyltransferases, since there were no significant changes
between cells treated with or without 2FF in the mRNA levels of typical fucosylation-related genes such as Fut4,
Fut7 and Fut8, which produce Lewis X (LeX) or sialyl Lewis X (SLe*) and core fucosylated N-glycans, respectively
(Fig. 1F). Surprisingly, changes in the N-glycan structures analyzed by mass spectrometry have shown that the
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Figure 4. Effects of 2FF treatment on integrin-mediated cell migration. (A) The migration abilities of HepG2
cells toward FN were detected by transwell assay as described in “Methods” HepG2 cells pre-treated with and
without 2FF for 3 days were seeded into the top chambers of a transwell. After incubation for 24 h, the migrated
cells were fixed and stained with 0.5% crystal violet. Representative images of the bottom surface were captured
using phase-contrast microscopy (upper). The numbers of migrated cells in nine random microscopic fields
(x200) were counted and averaged. Data represent the mean =+ s.e.m. of three independent experiments
(lower) (**p < 0.01 by t-test). Scale bars indicate 50 pm. (B) The migration abilities of Hela cells toward FN
were detected. Hela cells pre-treated with or without 2FF for 3 days were seeded into the top chambers of the
transwell, and incubated for 4h. The migrated cells were calculated as described above. Data represented the
mean % s.e.m. of three independent experiments (**p < 0.01 by t-test).

majority of fucosylation in HepG2 cells is core fucosylation, while «1,2; a1,3 or a1,4 fucosylated N-glycans were
at undetectable levels (Fig. 2). However, unexpectedly, sialylation levels seemed to be enhanced in the 2FF-treated
cells (Fig. 2). It could be partly explained by that fucosyltransferases and sialyltransferases may compete for the
same terminal glycan structures as an accepted substrate?. In fact, Rillahan, et al. reported that a treatment with
the sialylation inhibitor resulted in a complete loss of sialic acids and a notable increase in overall fucosylation.
Conversely, knockout of Fut9, a key enzyme for the synthesis of LeX or SLeX, resulted in an increase in sialyla-
tion*. The detailed molecular mechanisms are required for further study. Thus, it is not difficult to speculate that
the effects of 2FF in HepG2 cells share similar phenomena as observed in Fut8 deficient liver cells. As expected,
the treatment with 2FF significantly suppressed cell proliferation and colony formation (Fig. 3)'"> 2. Alterations
of glycans can have a significant impact on cell proliferation, migration and invasion, all of which contribute to
the transformation progress and subsequent metastasis of malignancy*~*°. In order to further understand the
link between 2FF-induced core fucosylation deficiency and cellular progression, we examined cell migration,
and found that 2FF inhibits integrin-mediated cell migration (Fig. 4). These results clearly indicated that 2FF
effectively suppresses both cell proliferation and cell migration.

Previously, we reported that core fucosylation was required for the binding of EGF to a receptor and for
the regulation of EGFR-mediated intracellular signaling in embryonic fibroblast cells*®. In addition, the atten-
uated EGFR-mediated signaling was confirmed in Fut8 knockout HepG2 cells'?. Conversely, the incorporation
of core fucose by Fut8 promoted EGFR dimerization and phosphorylation in lung cancer cells®'. Furthermore,
N-glycosylation is now known as a critical determinant of EGFR conformation, and specifically the orientation of
the EGFR ectodomain relative to the membrane®. In agreement with these observations, this study showed that
treatment with 2FF also decreased the levels of phospho-EGFR and downstream signaling such as phospho-ERK
and phospho-AKT (Fig. 5B). It is reasonable to conclude that the inhibitory effect of 2FF on cell proliferation
can at least be partially mediated via attenuated EGFR-mediated signaling. On the other hand, integrins are
known to associate with EGFR in order to cooperatively regulate cell proliferation, migration, differentiation and
survival in fibroblasts and epithelial cells**. Also, with EGFR they share some of the elements in signal pathways
such as AKT and ERK*. Among the various types of integrins, integrin 31 plays crucial roles in cell migration
and adhesion®~*". A knockout of 31 has sufficiently inhibited cell migration and affected the EFGR-mediated cell
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Figure 5. Treatment with 2FF suppressed core fucosylation on EGFR and integrin 81, as well as down stream
signaling. HepG2 cells were cultured with and without (control) 2FF for 3 days, and harvested for lectin pull
down assay or immunoblotting as described in “Methods”. (A) The cell lysates were pooled and incubated with
10l of indicated bead-bound PhoSL, which specifically recognizes core fucose. The lectin precipitated samples
and equal amounts of cell lysates were then subjected to SDS-PAGE, and probed with anti-EGFR (upper panel)
and anti-integrin 81 (lower panel) antibodies. GAPDH were used as a loading control. (B) Cell lysates were
immunoblotted with anti-phospho-EGFR, anti-EGFR, anti-phospho-AKT, anti-AKT, anti-phospho-ERK1/2,
anti-ERK1/2, anti-phospho-FAK, and anti-FAK antibodies, respectively. GAPDH was used as a loading control.

proliferation in a cell density-dependent manner in MDA-MB231 breast cancer cells®®. In the present study, 2FF
suppressed cell migration and the attenuated integrin-mediated specific downstream signaling of phospho-FAK
(Fig. 5B), which is responsible for integrin-mediated cell migration® . In fact, we previously reported that dele-
tion of Fut8 significantly suppressed integrin a331-mediated cell migration*?. Nonetheless, we cannot exclude
the possibility that 2FF may influence the functions of other glycoproteins, since core fucose widely exists on the
surfaces of cells.

It was also worth noting that although we addressed the importance of core fucosylation in cell behaviors since
2FF mainly inhibited core fucosylation in HepG2 cells, we could not conclude that other fucosylations expressed
at marginal levels were unimportant. Previous studies have shown that oral administration of 2FF inhibits neutro-
phil extravasation via the suppression of Lewis antigen expression and delays tumor growth in immune deficient
mice®!. In order to further address the effects of 2FF in vivo, we subcutaneously inoculated HepG2 cells pretreated
with 2FF (intratumoral administration before treatment) into nude mice. After tumors were formed, 2FF solu-
tions were directly injected into each tumor tissue. Consistently, treatment with 2FF prevented tumorigenesis as
well as core fucosylation in vivo (Fig. 6). These data strongly suggested that the chemical compound 2FF is easy to
handle and exerts a potential inhibitory effect on tumor growth.

In addition, we also cannot exclude the potential effects on sialylation. As described above, sialylation and
fucosylation can be regulated mutually. However, the phenomenon, an increase in sialylation in the 2FF-treated
cells, observed in the present study could not be simply explained by mutual regulation. The increased sialyla-
tion may associate with some unknown mechanisms, and could also influences cell biological functions, which
requires further study. In fact, an aberrant expression of sialylation has long been associated with metastatic cell
behaviors such as invasion and enhanced cell survival, and the increased o2,6 sialylation on N-glycans catalyzed
by 3-galactoside 2,6 sialyltranferase 1 (ST6Gal I) is frequently observed in many types of the cancers®" ¢,

In summary, our study provided evidence that 2FF inhibited core fucosylation in the HepG2 cells of
cell-surface glycoproteins, which in turn inhibited cellular signaling for cell proliferation and migration as well
as for tumor growth. We believe that 2FF shows promise as a therapeutic compound for hepatoma and other
cancers.
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Figure 6. Effects of 2FF on tumor growth and fucosylation in vivo. HepG2 cells (4 x 10°) were inoculated

into both the left (control cells, -) and right posterior flanks (2FF-treated cells, + ) of nude BALB/c-nu mice as
described in “Methods” (A) Photographs illustrate the representative features of tumor growth 25 days after
injection (upper panel), and each corresponding pair of dissected tumor tissues (lower panel). Changes in

each of the corresponding pair of tumor volumes (B) and weights (C) were also measured. (D) Tumor growth
curves were measured every 5 days (n=6, *p < 0.05 by t-test). (E) Tumor tissues were homogenized and lysates
were blotted with AAL lectin. GAPDH was used as a loading control. (F) The lysates from tumor tissues were
immunoblotted with anti-phospho-EGFR, anti-EGEFR, anti-phospho-AKT, anti-AKT, anti-phospho-ERK1/2,
anti-ERK1/2, anti-phospho-FAK, and anti-FAK antibodies, respectively. GAPDH was used as a loading control.

Methods

Antibodies and reagents. Experiments were performed using the following antibodies: Rabbit anti-
bodies against EGFR, p-EGFR, AKT, p-AKT, ERK1/2, and p-ERK1/2 were purchased from Cell Signaling
Technology (Danvers, MA, USA); Mouse antibodies against integrin 31, FAK and p-FAK were purchased from
BD Biosciences (Franklin Lakes, NJ, USA); Rabbit antibody against glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) was purchased from Santa Cruze Biotechnology (Santa Cruz, CA, USA). Peroxidase-conjugated goat
antibodies against rabbit and mouse IgG were obtained from Cell Signaling Technology and Promega, respec-
tively. Biotinylated aleuria aurantia lectin (AAL), concanavalin A (ConA) and wheat germ agglutinin (WGA) were
purchased from Seikagaku Crop (Tokyo, Japan). Biotinylated Pholiota Squarrosa lectin (PhoSL), which specif-
ically recognizes core fucosylated N-glycans, was a generous gift from Dr. Yuka Kobayashi (J-oil Mills, Tokyo,
Japan). Alexa Fluor® 647 goat anti-mouse secondary antibody and fetal bovine serum (FBS) were purchased from
Invitrogen (Life Technologies). 2FF was purchased from Synchem, Inc., IL, USA. Fibronectin (FN) and dimethyl
sulfoxide (DMSO) were obtained from sigma (St. Louis, MO, USA); and, Dulbecco’s modified Eagle’s medium
(DMEM) was purchased from Gibco (Grand Island, NY, USA).

Cell culture and treatment. Human hepatoma HepG2 and Hela cell lines were purchased from the RIKEN
cell bank (Japan). Cells were cultured in DMEM containing 10% FBS and incubated at 37 °C in a humidified
atmosphere with 5% CO,. The cells were incubated with and without 2FF dissolved in DMSO for indicated times.
The final concentrations of 2FF were diluted with culture media at 0.5~500 pM. The same amounts of DMSO were
used as controls.

Western blot and lectin blot assay. Cells cultured in the presence or absence of 2FF under different
conditions, as indicated, were harvested, washed by cold PBS and then scraped off culture plates with lysis buffer
containing 20 mM Tris-HCI (pH=7.4), 1% Triton X-100, 150 mM NaCl, and protease and phosphatase inhibitors
(Nacalai Tesque). After incubation for 15min at 4 °C, cell debris were removed by centrifugation for 10 min at
13,000 g. Protein concentrations were measured using a BCA protein assay kit (Pierce). Equal amounts for each
sample were run on 6, 7.5 or 10% SDS-PAGE gels, as indicated.

For the pull-down assay, 500 pg of cell lysates were collected and incubated with 10 pL FG streptavidin beads
(Tamagawa Seiki Co., Tokyo, Japan) and 2 ug biotinylated PhoSL for 2h at 4 °C. The precipitates were then washed
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by cold lysis buffer and boiled in SDS loading buffer. Resolved proteins were then transferred onto a PVDF mem-
brane (Millipore) for detection.

For Western blot assay, the membranes were blocked with 5% skim milk in TBS containing 0.1% Tween-20
(TBST) for 1h at room temperature (RT) and then probed with specific antibodies at 4 °C overnight. Detection
was achieved using secondary HRP-conjugated IgG against rabbit or mouse IgG and finally visualized using the
ECL system (Amersham).

For lectin blot assay, the membranes were blocked with 3% bovine serum albumin (BSA) in TBST followed by
specific lectins. The bands were finally visualized using a Vectastain ABC Kit (Vector Laboratories).

RT-PCR. Total RNAs of HepG2 cells treated with and without 2FF were extracted by Trizol reagent
(Invitrogen). 1 g of total RNAs were reverse-transcribed using a Prime Script RT Reagent kit with gDNA
Eraser (Takara, Japan). The specific primers used for the PCR amplification were as follows: Fut4, forward,
5/-ACTACCACCAACTGAGCCAACATGTGA-3/, reverse, 5'-AAGGAGGTGATGTGGACAGCGTAG-3';

Fut7, forward, 5'-AGTACCGCTTCTACCTGTCCTTTGAGAA-3/, reverse, 5'-AGCCTGTCACGCCAGG
CAAAGAA-3'; and, Fut8, forward, 5-CACTTGGTACGAGATAATGAC-3/, reverse, 5'-CACATGATGGAGCTGA
CAGCC-3'. The GAPDH mRNA served as the control. The obtained reaction products were then placed into 2%
agarose gels containing ethidium bromide for electrophoresis.

Flow cytometry analysis. Cells were harvested and adjusted to a concentration of 1-5 x 10° cells/mL in
cold PBS. Then cells were stained with biotinylated AAL for 1 h on ice, followed by streptavidin-conjugate Alexa
Fluor 647 for 1h in the dark on ice. A negative control was prepared without AAL. After incubation, cells were
washed 3 times with ice-cold PBS, and then analyzed using a FACSCalibur flow cytometer (BD Biosciences).

Mass spectrometry. Membrane fractions of cells were prepared as described previously®. Pellets were dis-
solved in 100 puL of 0.1 M Tris-HCl (pH = 8.6), then 20 pL of 200mM DTT in 1 M Tris-HCI (pH = 8.6) containing
1% SDS was added with heating to 80 °C for 10 min. After cooling to RT, 40 uL of 5% Nonidet P-40 and 15 pL of
distilled water were added to the mixture. Glycopeptidase F (16 mU, Takara Bio Inc.), an amidohydrolase that
removes intact N-glycans from glycoproteins, was added to the solution, which was then incubated at 37°C for
16 h. After the addition of 234 uL of ethanol to the solution, the mixtures were cooled to —20°C and kept in a
freezer for 20 min followed by centrifugation at 15,000 rpm for 20 min. Supernatants were transferred into new
microtubes and dried via a centrifuge evaporator. The residues were dissolved in 200 L of water, and then loaded
onto a solid-phase extraction cartridge (Sep-Pak C18, 50 mg, Waters Corp) and washed with 1 mL water. The
flow-through and washings were combined and applied to a HyperSep Hypercarb SPE cartridge (25 mg). After
washing with 1 mL water and then with 1 mL 0.1% TFA, glycans were eluted with 1 mL of 50% acetonitrile con-
taining 0.1% TFA. The eluted solution was dried in vacuo, and then permethylated as described previously®’. Mass
spectrometry was performed using a MALDI-TOF mass spectrometer (Ultraflex). Ions were generated using
a 337-nm nitrogen laser and were accelerated to 20kV. All spectra were obtained with a delayed extraction of
140 ns in a reflectron mode, and were the result of a signal averaging of 300 laser shots. For sample preparation, 2,
5-dihydroxybenzoic acid was used as a matrix.

Cell growth assay. HepG2 and Hela cells were pre-treated with or without 2FF at a final concentration of
100 pM for 3 days followed by 24 h serum-starvation. Then, 3 x 10 cells were then seeded into 6-cm dishes and
cultured under 3% FBS media with or without 100 pM 2FF. Cells were photographed in the same area when the
indicated times were reached. Cell numbers at each time point were counted and normalized to those at 0h when
the cell culture media were replaced with 3% FBS.

Soft agar assay. A total of 1 mL 0.5% base agar in complete culture medium was added into each 6-cm dish
and set aside for 5min to allow the agars to solidify. The pre-treated cells described above were then mixed with
the 0.33% agarose (5,000 cells/mL) and layered onto the base agar. Agar dishes were incubated at 37 °C and fed
with complete culture medium. Culture media were changed every 4-5 days. Three weeks later, agar dishes were
stained with 0.005% crystal violet overnight. The colony numbers were counted from three independent plates.
Representative photographs were taken.

Transwell cell migration assays. Cell migration assays were performed using a transwell chamber (BD
BioCoat™ control inserts, 8.0-mm inserts; BD Biosciences) according to the manufacturer’s instructions. Briefly,
the bottom sides of transwells were coated with 10 pg/mL fibronectin (FN) and let stand at 4 °C overnight. Cells
were harvested by trypsin containing 1 mM EDTA and re-suspended in the serum-free DMEM medium at a con-
centration of 1 x 10° cells/mL for HepG2 and 4 x 10* cells/mL for Hela. Then, 500 pul of suspension was added to
the upper chamber and cells were allowed to migrate to the lower chamber containing 500 pL complete medium
at 37°C. At the end of the cell migration, the filter side of the upper chamber was cleaned using cotton swabs
and the migrated cells located at the reverse side of the chamber were fixed in 4% paraformaldehyde. After being
washed with PBS, cells were stained with crystal violet and let stand overnight. Cells that migrated across the
filters were counted using a phase-contrast microscope, and the values were averaged.

Xenograft assay. Four-week old male BALB/c-nu mice were obtained from Charles River Laboratories,
Japan, and acclimated for one week. Mice were raised in 22 4= 3 °C with saturated humidity and a standard light/
dark cycle. Plenty of food and water was guaranteed.

The same amounts of control and 2FF pre-treated HepG2 cells (4 x 10°) were injected subcutaneously into the
left and right flanks of each mouse, respectively. Based on the inhibitory effect of 2FF on fucosylation lasted for
7 days at least (Fig. 1C), 100 ul of the DMEM solution containing with 2FF at 100 pM were directly injected into
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each tumor tissue from three directions after the inoculation for 7 days, and once a week for 3 weeks. All the mice
were euthanized at 25 days after the first injection of 2FF. Tumor tissues were isolated, photographed and then
weighed. And the same amounts of tumor tissues were homogenized for lectin blot with AAL and Western blot
with several indicated antibodies. Measurement of tumor sizes began on the fifth day, and sizes were monitored
every 5 days by measuring the tumor length and width with a vernier caliper. Tumor volumes were estimated
according to the following formula: volume (mm?) = (L x W?)/2, where L and W are the length and width of
the tumor tissues. All experiments were performed according to protocols approved by the Tohoku Medical and
Pharmaceutical University Research Ethics Board.

Statistical analysis. Statistical analyses were performed using a student’s t-test with GraphPad Prism5 soft-
ware. Results were presented as the mean +s.e.m. Statistical significance was accepted at p < 0.05. All experiments
were repeated at least three times.
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Abstract: Malignant transformation is accompanied with aberrant glycosylation of proteins. Such
changes in glycan structure also occur in the integrins, which are a large family of cell surface receptors
for the extracellular matrix and play key roles in tumor progression. There is now increasing evidence
that glycosylation of integrins affects cellular signaling and interaction with the extracellular matrix,
receptor tyrosine kinases, and galectins, thereby regulating cell adhesion, motility, growth, and
survival. Integrin 634 is a receptor for laminin-332 and the increased expression level is correlated
with malignant progression and poor survival in various types of cancers. Recent studies have
revealed that integrin «634 plays central roles in tumorigenesis and the metastatic process. In this
review, we summarize our current understanding of the molecular mechanisms of tumor progression
driven by integrin «634 and also discuss the modification of glycans on integrin 34 subunit to address
the important roles of glycan in integrin-mediated tumor progression.

Keywords: integrin; glycosylation; cancer; N-acetylglucosaminyltransferase-V (GnT-V); epithelial to
mesenchymal transition (EMT); galectin-3

1. Introduction

Integrins are a large family of heterodimeric transmembrane receptors comprising « and £
subunits. In mammals, 18x and 8 subunits have been characterized, and the combination of
them forms 24 distinct integrins. Integrins bind to extracellular matrix proteins including collagen,
fibronectin, laminin, osteopontin, and tenascin in the extracellular domain, which leads to the assembly
of signaling complexes including focal adhesion kinase, paxillin, and Src in the cytoplasmic domain
and the rearrangement of actin cytoskeleton. The transducing signals from integrin receptors to
cytoskeletal and adhesive machinery regulate cell adhesion, migration, proliferation, differentiation,
and tumor progression.

Of note, integrins are known to be major glycan-carrying proteins. In fact, the functions of
integrins are also dependent on their complex N-glycosylation modifications [1]. Among the different
types of integrins, 531, a major fibronectin receptor, is believed to be a relatively well-characterized
example, and N-glycosylation is important for its mediated many biological functions such as cell
adhesion and migration [2,3]. Alterations in the oligosaccharide portion of integrin «531 from the
enhanced expression of some glycosyltransferase genes—such as N-acetylglucosaminyltransferase-V
(GnT-V), N-acetylglucosaminyltransferase-III (GnT-III), or «2,6-galactoside sialyltransferase 1—can
be used to regulate the cell spreading and migration onto fibronectin [1,4,5]. Furthermore, we
recently found that N-glycosylation on the calf domain of o5, putative sites 10-14, was essential
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for the «5-mediated inhibitory effect on epidermal growth factor receptor (EGFR) signaling and cell
proliferation [6], while N-glycosylation on sites 1-2 on the B-propeller domain of 5 played a key
role in driving integrin «531 dynamics and cell migration [7]. Taken together, these findings support
the idea that individual integrin o5 N-glycosylation differentially functions as a molecular switch to
regulate the biological functions of «531. Similarly, recent studies have revealed that glycosylation of
the integrin 34 subunit is important for integrin «6p34 functions, the expression of which is associated
with cancer progression. In this review, we summarize our current understanding of integrin «634 in
cancer and also discuss function of glycans on integrin 34 subunit.

2. Structure and Functions of Integrin «634

Integrin «6f34 is an essential component of the hemidesmosome that provides stable adhesion
of basal epithelial cells to the underlying basement membrane [8-10]. The integrin 34 can form
heterodimer only with the 6 integrin. Patients with genetic mutations in either integrin «6 or 34
subunit suffer from the junctional epidermolysis bullosa with pyloric atresia (JEB-PA), which is an
autosomal-recessive disorder clinically characterized by mucocutaneous fragility and gastrointestinal
atresia [11-13]. The extracellular domain of integrin (34 associates with extracellular matrix,
laminin-332, which is a major component of the hemidesmosome [14,15] (Figure 1). The cytoplasmic
domain of integrin 34 is much longer (>1000 amino acid) than that of other integrin 3 subunits (<50
amino acid) [16], and the large cytoplasmic domain of integrin 34 interacts with other hemidesmosome
component, plectin, collagen XVII (BP180/BPAG2), and BP230 (BPAG1) [9,10] (Figure 1). The adhesion
complex consisting of those hemidesmosome proteins plays an important role in maintaining the
hemidesmosome structure. Mice carrying a target deletion of the integrin 34 cytoplasmic domain
display extensive epidermal detachment at birth and die shortly thereafter from a syndrome resembling
the human JEB-PA [17]. The integrin 34 cytoplasmic domain contains several serine, threonine, and
tyrosine phosphorylation sites (Figure 1), and the phosphorylation of integrin 34 cytoplasmic domain
is caused by activation of receptor tyrosine kinases (RTKs) [18], and directly by protein kinase [19].

3. Integrin «634 in Cancer

Integrin o634 was first discovered as a tumor-specific antigen [20,21]. Subsequent studies
demonstrated that increased expression level of integrin «634 was correlated with malignant
progression and poor survival in squamous cell carcinoma (SCC) of the skin [21,22], lung [23], head
and neck [24], and cervix [25]. Further studies have reported that high expression levels of integrin
634 were found in several types of cancer—including breast, bladder, colon, ovarian, pancreatic,
prostate, and thyroid—and linked to poor prognosis [26]. In a mouse model of active H-Ras and
IkBa-driven human cutaneous SCC, integrin f4-negative keratinocytes (derived from JEB-PA patients
with null ITGB4 gene mutations) failed tumor formation but reintroduction of integrin 34 gene into the
cells restored it [27], suggesting that integrin (34 plays an essential role in human SCC development.

Association of integrin 634 with laminin substrates significantly promotes cancer cell adhesion,
migration, invasion, proliferation, and tumorigenesis through the activation of Racl, PKC, PI3K, and
ERK signaling pathways [10,14,26,28-32] (Figure 1). The PI3K activation response to integrin a634
ligation is involved in invasive potential of carcinoma cells, and Tyr!4** in the cytoplasmic domain
of the integrin 34 is required for the activation [33]. Ligand binding to the extracellular domain of
integrin «634 induced phosphorylation at serine and tyrosine residues in integrin 34 cytoplasmic
domain, which were associated with a metastatic phenotype of cancer cells [34]. Phosphorylation
of Tyr!4%* and Tyr!52
the 34 cytoplasmic domain, respectively, followed by activation of Ras-MAP kinase pathways, and
promotes cell cycle progression [31,35-37] (Figure 1). However, crystallographic studies have been
shown that the structural environment of Tyr!4** and Tyr!>2¢ are not compatible with binding to the
SH2 and PTB binding domains of Shp2 and Shc, respectively [38]. Furthermore, both Tyr residues
are not well solvent-exposed. It is therefore questionable whether these residues are involved in the
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recruitment of SHP2 and Shc, and the subsequent coupling of the integrin o634 to the MAPK signaling
pathways [39].

During cancer progression, integrin «6(34 is released form hemidesmosomes and the number
of hemidesmosomes is decreased, which facilitates the cancer cell migration and invasion [26,39].
Serine phosphorylation of integrin (34 cytoplasmic domain by PKC induces relocation of integrin
634 from hemidesmosomes to cell protrusions in cancer cells [40]. Compared with carcinoma in
situ or normal tissue, increased phosphorylation at Ser!3° in the integrin 34 cytoplasmic domain was
found in around 60% of invasive cutaneous SCC. Triple mutation at Serl3%6 Serl360 and Serl3®4 to
non-phosphorylatable alanines in the integrin 34 cytoplasmic domain stabilized hemidesmosome-like
structures and reduced cell migration in SCC cells [41]. Thus, the phosphorylation at specific
sites in the integrin 34 cytoplasmic domain leads to the disruption of stable adhesion structure,
hemidesmosomes [19,37,42,43], thereby facilitating the migration of cancer cells (Figure 1). Integrin
B4 is also phosphorylated by the associations with several RTKs—including EGFR, ErbB2, and
Met [18,32]—which are often mutated or amplified in tumors. RTKSs activate Src-family kinases,
and thereby phosphorylates integrin 34 cytoplasmic domain. Tyrosine phosphorylation of integrin (34
through Src family kinase, Fyn, which is activated by EGFR, causes disruption of hemidesmosomes,
thereby promoting squamous carcinoma invasion [44]. Conversely, integrin «6334 regulates the
expression of ErbB2 and the subsequent Src-family kinase-dependent phosphorylation of RTKs and
activation of Ras, STAT-3, and c-Jun [45]. These findings suggest that cooperative signaling between
integrin 34 and RTKs promotes cancer progression.

Metastasis of cancer cells is a major cause of death in patients with cancer. A first step in
metastasis of cancer cells is to move from the primary site and invade into the stroma. In the
process of metastasis, some cancer cells undergo epithelial to mesenchymal transition (EMT), which
is characterized by loss of epithelial phenotype with cell-cell adhesion and cell polarity, and gain
of fibroblast-like morphology [46]. EMT induces cell motility, and stem cell-like properties, thereby
enhancing cancer invasion, metastasis, and chemoresistance [47]. A cDNA microarray analysis
using clinical samples of pancreatic ductal adenocarcinoma revealed that high levels of integrin 34
expression were significantly correlated with the hallmarks of EMT, with high tumor grade, and with
the presence of lymph node metastasis [48]. Overexpression of integrin 34 promoted cell motility
of pancreatic ductal adenocarcinoma cell lines in combination with down-regulation of E-cadherin
and up-regulation of vimentin expression [48]. Integrin «634 also promotes EMT in hepatocellular
carcinoma by upregulating the expression of transcription factor Slug that inhibits the transcription
of E-cadherin gene [49]. A recent report has demonstrated that cells with an intermediate level of
integrin 34 expression exhibited a hybrid epithelial/mesenchymal phenotype and contained cancer
stem cell-enriched populations in triple-negative breast cancer cells. Therefore, integrin 34 can
be a mechanistically driven prognostic biomarker for identifying the more aggressive subtypes of
mesenchymal carcinoma cells in triple-negative breast cancer cells [50]. A subpopulation of the PC-3
prostate cancer cell line, TEM4-18, displayed the hallmarks of EMT, including frank loss of E-cadherin
expression and upregulation of E-cadherin repressor ZEB1 compared to parent cells [51]. Surprisingly,
the ZEB1-mediated EMT in TEM4-18 cells repressed integrin 34 and laminin-332 expression by
the binding of ZEB1 to the promoter elements of integrin 34 and laminin y2 (one of the subunit
of laminin-332) genes. The ZEB1 expression exhibited enhanced trans-endothelial migration but
decreased transwell migration and invasion of cancer cells [51]. These results suggest that integrin
a634 is associated with EMT, but the regulatory mechanism of EMT by integrin «634 might depend
on cancer types.

Exosomes are cell-derived small membrane vesicles (30-100 nm) containing proteins, lipids, RNA,
and DNA that can be horizontally transferred to recipient cells [52]. Recent evidence suggests that
exosomes play a critical role in the development of cancers, such as activation of fibroblasts, promoting
angiogenesis, enhancing invasiveness and chemoresistance [52]. Hoshino et al. have reported that
exosomes containing integrin «634 and «v(35 derived from tumor cells were associated with lung
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and liver metastasis, respectively [53]. Furthermore, exosomal integrin «634 uptake activated Src
and upregulated pro-migratory and pro-inflammatory S100 molecules in resident cells. These results
suggest that exosomal integrin w634 determines metastatic organotropism and could be a biomarker
for lung-specific metastasis.

4. Roles of Glycans in Integrin 34 Function

N-glycosylation is a common protein post-transcriptional modification occurring on asparagine
in the asparagine-X-serine/threonine motif, where X can be any amino acid except proline. Integrins
o6 and 4 have nine (Asn78, Asn?2, Asn?%*, Asn®0, Asn”3!, Asn7#8, Asn®!, Asn®?, Asn958) [54] and
five (Asn®?7, Asn*1, Asn®?, Asn®", and Asn®) N-glycosylation potential sites in each extracellular
domain, respectively [55] (Figure 1). Although the N-glycans on integrin 1 is required for the
heterodimer formation with integrin a5 [56], the presence of N-glycans on integrin (34 is not essential
for integrin o634 heterodimer formation [55]. In contrast, a defect of N-glycosylation in integrin 34
decreases its function such as cell spreading, adhesion, and migration on its substrate, laminin-332, as
well as localization to lipid rafts [55].

Overexpression of 31,6-N-acetylglucosamine (GlcNAc)-branched N-glycans is often found in
tumor tissues, and the increase in (1,6-GlcNAc-branched N-glycans is directly associated with
malignancy and poor prognosis [57]. The addition of the 31,6-GlcNAc-branched N-glycans is
catalyzed by GnT-V, a member of the family glycosyltransferase [58] (Figure 2). GnT-V knockout
mice showed reduced 1,6-GlcNAc-branched N-glycans, resulting in suppression of mammary
tumor growth and metastasis induced by the polyomavirus middle T oncogene [59]. In vitro,
1,6-GlcNAc-branched N-glycans-modified integrins «331 and «5(31, and laminin-332 strongly
promoted cancer cell motility [60-62]. In contrast, introduction of bisecting GlcNAc by GnT-1II
expression suppresses 31,6-GIcNAc branching formation catalyzed by GnT-V [58], resulting in
suppression of cancer metastasis (Figure 2). These findings indicate that 31,6-GlcNAc-branched
N-glycans catalyzed by GnT-V play important roles in tumor malignancy and progression.

Galectins are a family of soluble lectins that bind (3-galactoside-containing glycans such as
N-acetyllactosamine (Galp1,4-GIcNAcf1,3). The most studied member of the galectin family,
galectin-3 is known to be associated with cancer aggressiveness and metastasis [63,64]. The binding
of galectin-3 to (3-galactoside sugars on glycoproteins crosslinks between the glycoproteins and
regulates diverse cellular functions in cancer cells. (31,6-GlcNAc-branched N-glycans catalyzed
by GnT-V can be elongated with N-acetyllactosamine repeats (polylactosamine), which acts as a
high-affinity ligand for galectin-3 (Figure 2). Previously, we found the molecular complex consisting
of integrin o634, EGFR, and galectin-3 in gastric cancer cell line MKN45 cells, which highly express
GnT-V [65,66]. The formation of integrin «634/EGFR/galectin-3 complex was inhibited by either the
presence of a competitive inhibitor of galectin-binding to 3-galactoside structure, 3-lactose or GnT-1II
expression [66]. In addition, the breakdown of the tri-molecular complex by an anti-galectin-3 antibody
inhibited integrin 64 clustering and cell migration [66]. Similar effect was also observed on the
laminin-332/integrin «634 association. In GnT-III-overexpressing MKN45 cells, the modification of
laminin-332 increased bisecting GlcNAc, thereby decreasing 31,6-GlcNAc branched N-glycans, as well
as integrin «6(34 clustering and cell motility [61]. These findings indicate that galectin-3 cross-links
among integrin o634, EGFR, and laminin-332, thereby inducing efficient signaling and the following
cellular function.

Mucin type O-glycosylation (hereafter referred to as O-glycosylation) is one of the most
abundant forms of post-translational modification of secreted and membrane-bound proteins that
contains a range of N-acetylgalactosamine (GalNAc)-Serine/Threonine O-linked oligosaccharaides
(O-glycans) [67]. Sialic acids occupy terminal positions of N-glycans and O-glycans in glycoproteins,
and altered sialylation has long been associated with the cancer progression. Desialylation of O-glycans
on integrin 34 by sialidase NEU1 suppressed colon cancer cell adhesion to laminin-332, tyrosine
phosphorylation of integrin 34, and metastasis of human colon cancer cells [68]. In contrast, sialylation
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of integrin 34 was downregulated during EMT but then reverted and upregulated in the mesenchymal
state after EMT [69]. These results indicate that sialylation of integrin 34 is dynamically regulated
and contributes to cancer progression. Although there are some data using lectin suggesting that
O-glycosylation may occur on the integrin 34 [55,68], direct evidence for the O-glycan structure
and O-glycosylation site in the molecule has not been presented. Further studies including mass
spectrometry analysis are required for the study about O-glycosylation on the integrin (34.
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Figure 1. Structure and functions of integrin 34. Integrin 34 contains laminin-332 binding sites [14]
and five N-glycosylation sites (Asn327, Asn®! Asn®”?, Asn®", Asn695) in its extracellular domain [55],
and the binding sites for Plectin [70], BP180, BP230 [71,72], and ErbB2 [45] in its cytoplasmic
domain. Phosphorylation of Ser!3%, Ser!3%0, Ser!364, Tyr!526 and Thr!73¢ induces hemidesmosome
disassembly [19,37,42,43]. Phosphorylation of Tyr1526 promotes recruitment of Shc, which in turn
activates Ras, Raf-ERK and Rac-JNK signaling [31,37]. Tyr1494 is associated with PI3K activation [33].
N-Glycosylation sites are shown by flags. Numbers and boxes indicate the number of amino acid
residue and the four fibronectin type III repeats, respectively. Star shape indicates phosphorylation site.
TM, transmembrane region. HD, hemidesmosome. EGFR, epidermal growth factor receptor.
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Figure 2. Glycosylation reactions catalyzed by GnT-V. GnT-V catalyzes the formation of
1,6-GlcNAc-branched structures. $1,6-GlcNAc-branching can be elongated with N-acetyllactosamine
repeats (polylactosamine), which acts as a high-affinity ligand for galectin-3. Enhanced expression of
GnT-V results in increased migration and metastasis of cancer cells. GnT-III adds GlcNAc to the core
mannose to form bisecting N-acetylglucosamine (GleNAc) in N-glycans, which inhibit the 31,6-GlcNAc
branching formation catalyzed by GnT-V and the resultant increase in cancer migration and metastasis.
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5. Conclusions and Perspective

In normal stratified and complex epithelial tissues, integrin o634 is an essential component of
the hemidesmosomes. However, integrin a634 also overexpresses in several types of cancers and
the expression level is correlated with malignant progression and poor survival in cancer patients.
Integrin 634 significantly promotes cancer cell adhesion, migration, invasion, proliferation, and
tumorigenesis through the activation of Racl, PKC, PI3K, and ERK signaling pathways, which are
induced by the interaction with other molecules including RTKs and laminin-332. Phosphorylation
of the cytoplasmic domain in integrin (34 also contributes to the cancer progression by activation
of Ras-MAP kinase pathways and hemidesmosome disassembly. In addition, the expression levels
of integrin 34 are closely correlated with the hallmarks of EMT, and also exosomal integrin a634
determines metastatic organotropism.

The biosynthesis of glycan is primarily determined by the glycosyltransferases, the expression
level of which is controlled at the level of gene transcription, and by enzymatic activity and chaperone.
Since the expression profile of glycolsyltransferases in cancer cells is quite different from that of normal
cells, the resultant glycan structure is aberrant and specific to cancer. Therefore, alteration of glycan
structures is one of the hallmarks of cancer. Recent studies have revealed that integrin o634 functions
are regulated by glycosylation of integrin 4. The formation of integrin «634/EGFR/galectin-3
complex through N-glycans induces integrin «6p34 clustering and cell migration. Specifically,
sialylation of integrin 34 seems to be associated with cancer progression. Therefore, glycosylation on
integrin 34 may be a useful biomarker and a novel therapeutic target for cancer.
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CD4+* T cell activation promotes the pathogenic process of systemic lupus erythema-
tosus (SLE). T cell receptor (TCR) complex are highly core fucosylated glycoproteins,
which play important roles in T cell activation. In this study, we found that the core
fucosylation of CD4* T cells was significantly increased in SLE patients. Loss of core
fucosyltransferase (Fut8), the sole enzyme for catalyzing the core fucosylation of
N-glycan, significantly reduced CD4+ T cell activation and ameliorated the experimen-
tal autoimmune encephalomyelitis-induced syndrome in Fut8=- mice. T cell activation
with OVAzzs-339 l0aded major histocompatibility complex Il (oMHC-II) on B cell was
dramatically attenuated in Fut8~-OT-Il CD4* T cells compared with Fut8++OT-lI
CD4* T cells. Moreover, the phosphorylation of ZAP-70 was significantly reduced in
Fut8++OT-Il CD4* T cells by the treatment of fucosidase. Our results suggest that core
fucosylation is required for efficient TCR—-pMHC-II contacts in CD4* T cell activation,
and hyper core fucosylation may serve as a potential novel biomarker in the sera from
SLE patients.

Keywords: core fucosylation, T cell receptor, T cell activation, systemic lupus erythematosus, T-B cell interaction

INTRODUCTION

Systemic lupus erythematosus (SLE) is a severe autoimmune disease that characterized by the
production of autoantibodies and the subsequent inflammatory disorders (1). Although the patho-
genesis is not completely understood, the activation of CD4* T cells seems plays an essential role
in the onset and development of SLE (2). Appropriate CD4* T cell activation is crucially important
for adaptive immune responses and autoimmunity, but hyper-activation of these cells results in
autoimmune diseases. T cell recognition of peptide-loaded major histocompatibility complex II
(pMHC-II) on the antigen-presenting cells (APCs) by T cell receptors (TCRs) is the most important
checkpoint for CD4* T cell activation (3). During antigen recognition, the CD4 coreceptor binds
to the non-polymorphic surfaces of the membrane-proximal domains of the same pMHCs, which
results in a marked increase in the sensitivity of T cells to pMHCs on APC. When adequate agonistic
TCR signaling creates a favorable microenvironment for binding, CD28-B7 molecules provide
costimulatory lower the thresholds for TCRs triggering and activation. The signaling through
TCR induces a conformational change in leukocyte function-associated antigen-1, which greatly
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increases its affinity for intercellular adhesion molecule 1 and
contributes to immune synapse formation T cellsand APC (4, 5).

Glycosylation plays a regulatory and often pivotal role in
T cell activation (6-10). Several studies have reported that
glycosylation could contribute to higher activation thresholds
of T cells. For instance, f1,6N-acetylglucosaminyltransferase
V (Mgat5) deficiency mediates lower T lymphocyte activation
thresholds, and subsequently improves T cell activity in vitro
and results in autoimmune disease in vivo (11, 12). Deletion of
sialyltransferase ST3Gal-1 increase the sensitivity of TCRs to
low-affinity ligands in CD8" T cells (13). Fucosyltransferase 1
transgenic mice show increased TCR signaling and apoptosis
that results in thymocyte maturation arrest (14). Notably,
reduced N-glycosylation of TCR chains can improve functional
avidity and recognition by T cells (15) suggesting that the gly-
cosylation of TCR has a unique role in the regulation of T cell
activation.

T cell receptors are heavily core-fucosylated glycoproteins.
The core fucosylation of protein is catalyzed by core fucosyl-
transferase (Fut8), which transfers fucose residue from GDP-
fucose to the innermost N-acetylglucosamine (GlcNAc) residue
of N-linked glycans via an al,6 linkage in the Golgi apparatus
of mammalians (Figure S1 in Supplementary Material). Fut8-
mediated core fucosylation is an important post-translational
process (16), which regulates protein conformation, stability, and
functional expression. Studies have shown that the N-glycans
at Asn” [GIcNAc(al,6Fuc)-f1,4GlcNAc: (A2G2F)], Asn'®
(A2G2F), and Asn** in the o chain (Ca) and Asn*® in the p chain
(CP) extend from the surface of TCR on Drosophila melanogaster
cells (6, 17). Interestingly, they found that the Ca and Cf of TCR
were connected by the hydrogen bonds of the core fucose residue
from Asn'®* (A2G2F) to side chains of Glu'®'* and Ser'®?! (6, 17),
suggesting a crucial role of core fucosylation on the conforma-
tion of TCR. However, to the best of our knowledge, none of the
previous studies had addressed the regulatory role of TCR core
fucosylation on CD4* T cell activation.

B cells play a role in evoking T cell responses by function-
ing as APCs, and the presentation of peptide by MHC-II on the
B cells initiates T cell activation (18). Therefore, it is reasonable
to anticipate that the core fucosylation has significant functional
implications in T-B cell interaction, and thus affect the CD4*
T cell activation. In this study, we provide the first confirmation
that SLE patients exhibited hyper core fucosylation on CD4*
T cells, which significantly enhanced the activation of their CD4*
T cells. Knockout of Fut8 gene resulted in attenuated T-B cell
interaction via TCR-pMHC and the consequential reduced CD4*
T cell activation. Our data suggest that the core fucosylation may
serve as a potential novel biomarker with promising clinical and
therapeutic implications in SLE patients.

MATERIALS AND METHODS

Mice

Fut8~'~ mice were generated as previously described (19),
and homozygous wild-type (Fut8+*) and Fut8~~ mice on the
C57BL/6 background were obtained by crossing heterozygous

Fut8*~ mice (C57BL/6). OT-II (Jackson Laboratory) is a
C57BL/6 TCR transgenic strain, expressing a receptor specific
for peptide OVAs3_330. Fut8+**OT-II mice and Fut8/~OT-II mice
were generated by crossing heterozygous Fut8*/~OT-II mice.
Mice were maintained in the specific pathogen-free laboratory
animal facility of Dalian Medical University. All animal work
was approved by the Ethics Committee at the Dalian Medical
University.

Patients

Serum samples were collected from a total of 17 SLE patients
(14 women, 3 men; mean age, 49 years; range, 18-67 years) with
and healthy controls (12 women, 12 men; mean age, 18-48 years)
(Table S1 in Supplementary Material). The diagnosis of under-
lying disease was made based on clinical manifestation, serol-
ogy, imaging, and/or histopathology. These participants were
Chinese, recruited at Dalian municipal central hospital. The anti-
nuclear antibodies (ANA) titers of AD patients were detected
with using Anti-nuclear Antibodies IgG Kit (EUROIMMUN,
Germany). The Ethics Committee at the hospital approved the
study protocol.

Antibodies

Anti-CD16/32 (2.4G2), anti-CD3(145-2¢11), anti-CD28 (37.51),
FITC-anti-MHC II (M5/114.15.2), FITC-anti-CD69 (H1.2F3),
PE-labeled anti-CD4 (GK1.5), APC-labeled anti-CDS8 (53-6.7),
biotin-labeled anti-TCRp (H57-597), and PE-Cy5-labeled anti-
TCRp (H57-597) were obtained from e-Bioscience; anti-GAPDH,
horseradish peroxidase (HRP)-conjugated goat anti-mouse IgG
and HRP-conjugated donkey anti-human IgG were obtained
from proteintech; additional biotin-conjugated lens culinaris
agglutinin (LCA) were purchased from Vector; anti-TCRaf
(ab25336), anti-pZAP70 (ab194800), anti-ZAP70 (ab32410),
Natural streptavidin protein (FITC) (ab136201), and streptavidin
(HRP) (ab7403) were purchased from Abcam.

Histological Analysis

Formalin-fixed tissue samples were paraffin-embedded and
sections were analyzed by hematoxylin-eosin (H&E) staining.
The sections were stained with biotin-conjugated LCA. Briefly,
sections were deparaffinized three times in xylene and hydrated
through a 100, 90, 80, and 70% ethanol to phosphate-buffered
saline (PBS). To quench the endogenous peroxidase activity,
slides were incubated with 3% H,O, for 30 min. Then, the slides
were incubated with biotin-conjugated LCA, and washed three
times with PBS. The slides probed with HRP-streptavidin for
30 min, and visualized with 3,3’-diaminobenzidine. The intensity
of LCA-positive staining in the spleen was analyzed by integrated
optical density using Image-Pro® Plus software (version 6.0;
Media Cybernetics, USA).

Cell Lysate

Cells were solubilized in lysis buffer [Tris-HCl (50 mM), 1%
Triton X-100, 10% glycerol, phenylmethylsulfonylfluoride
(100 pM), leupeptin (5 pg/mL), aprotinin (1 pg/mL), NaF
(100 mM), 150 mM NaCl, 2 mM EDTA, and sodium orthova-
nadate (1 mM)] for 15 min at 4°C. Cell lysate was centrifuged at
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20,000 X g for 10 min at 4°C, and the supernatant was subjected
to immunoprecipitation or Western blot, as indicated below.

Fut8 Enzyme Activity Assay

The Fut8 enzyme activity was measured by using the previous
method (20). Five micrograms cell lysates as the enzyme source
were added to the assay buffer (200 mM MES, 1% Triton X-100)
supplemented with donor (500 uM GDP-L-fucose) and substrate
[50 uM GnGn-Asn-4-(2-pyridylamine) butylamine (PABA)].
The mixture was incubated at 37°C for 8 h, and the reaction was
stopped by heating at 100°C for 5 min. The reactive solution
was then centrifuged at 12,000 X g for 10 min, and 10 pL of the
reaction products were subjected to high-performance liquid
chromatography (HPLC) with a Fluorescent detector (Waters
Corporation, USA). The excitation and emission wavelengths are
320 and 400 nm, respectively.

PCR Array

Total RNAs were extracted from Fut8+* SPLs and Fut8~/~ SPLs
with TRIzol reagent (Takara Bio). Mouse T Cell and B Cell
Activation PCR Array (SA Biosciences) was carried out accord-
ing to the protocol of the manufacturer. The difference of gene
expression between Fut8++ SPLs and Fut8~'~ SPLs was calculated.

Animal Immunization

Mouse was immunized by subcutaneous injection with 200 ug
OVA mixed with an equal volume of complete Freund’s adjuvant
(CFA) (Sigma). Two weeks later, mice were immunized with
200 pug OVA by subcutaneous injection. Mice sera were collected
at 0, 7, and 14 days post-immunization.

Enzyme-Linked Immunosorbent

Assay (ELISA)

The concentrations of IL-2 analyzed using mouse IL-2 ELISA
kits (Boster Biological Engineering, Wuhan, China), according
to the manufacturer’s instructions. The concentrations of IL-2
were calculated according to a standard curve prepared using
samples of known concentration. The absorbance was measured
at a test wavelength of 450 nm with a microplate reader.

The immunoglobulin isotypes were measured by mouse mAb
isotyping reagents (Sigma).

Cell Proliferation Assay
The growth rate of cells was measured using MTT assay. CD4*
T cells (1 X 10°) were cultured in 96-well culture plate with anti-
CD3e (2 ug/mL) and anti-CD28 mAbs (1 pg/mL). After 48 h of
incubation, each well was added 10 pL of MTT solution, and then
the absorbance was analyzed by a microplate reader (Thermo
Multiskan Ascent, Finland) at 570 nm.

In addition, T cell proliferation with the OVAj;-330-loaded
B cells was analyzed by carboxyfluorescein diacetatesuccinimidyl
ester (CFSE, Sigma) dilution methods. CD4" T cells (1 X 10°)
were purified, and then labeled with 5 uM CFSE in PBS for 8 min
at room temperature and coincubate with OVAj;.550 loaded
Fut8** OT-II B cells (1 X 10°) for 48 h, and then analyzed by flow
cytometric analysis.

Western Blot and Lectin Blot Analysis
Protein samples were electrophoresed on 10% polyacrylamide
gels. After electrophoresis at 240 mA for 30 min, proteins were
transferred to PVDF membranes. Membranes were blocked in
5% BSA in TBS-T (10 mM Tris-HCI, 150 mM NaCl, and 0.1%
Tween 20) at room temperature for 1 h, and then incubated
with the biotin-labeled LCA, which preferentially recognizes
the core fucose, or primary Abs in 1% BSA in TBS-T overnight
at 4°C. After washing, the membranes were covered with the
HRP-conjugated streptavidin or HRP-labeled secondary Abs at
room temperature for 1 h, and visualized with an ECL system
(Amersham).

Immunoprecipitation

Cell extracts (500 pg) were mixed with 20 uL of Protein
G-Sepharose (50%) and corresponding Abs, and then incubated
at 4°C overnight with continuous rotation. After washing three
times in lysis buffer, the pull downed samples were boiled for 5 min
in Laemmli sample buffer with or without 2-mercaptoethanol.

T-B Cell Conjugate Formation

Conjugate formation between T cells and B cells were carried out
as described previously with slight modification (21). T cells and
1 pug/mL OVAs; 33 (NH-ISQAVHAAHAEINEAGR-COOH)-
pulsed B cells were mixed at a 1:1 ratio and a quick centrifugation
to initiate cell-cell contact. To observe conjugate formation,
B cells and T cells were labeled with MHC-II-FITC and TCR-
PE-Cy5 before mixing. T-B cell conjugates were then analyzed
by flow cytometry to determine the percentage of T-B cells that
had both TCRp-PE-Cy5 and MHC-II-FITC positive staining.

Remove of Core Fucose on Surface

of T Cells

Purified CD4" T cells (4 X 10°) were treated with 100 mU Glyko®
a(1-2,3,4,6) Bovine Kidney Fucosidase (GKX-5006, Prozyme),
incubate 3 h at 37°C in the reaction buffer. The enzyme reaction
was terminated by centrifuging at 2,500 X g for 5 min and the
cells were collected.

Confocal Microscopy

Conjugate formation between T cells and B cells were carried
out as described previously with slight modification (21). T cells
and 1 pug/mL OVAsz_s3 pulsed B cells were mixed at a 1:1 ratio
and a quick centrifugation to initiate cell-cell contact. Cell-cell
conjugates were subsequently transferred to poly-p-lysine coated
coverslips and incubated at 37°C for 30 min. Cells were fixed
with 4% PFA for 20 min, and then blocked with 5% BSA and
anti-CD16/CD32 (2.4G2) mAb for 30 min. After washing, cells
were stained with anti-MHC-II Ab for 1 h. All images were taken
using a spinning disk confocal microscope (Leica).

MACS Magnetic Cell Sorting

Single splenic cell suspensions were prepared by first grinding
the tissues and then by passage through 30-um nylon mesh.
Red blood cells were lysed by incubation with 0.14 M NH4Cl
and 20 mM Tris (pH7.4) for 3 min at room temperature.
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After the lysis of red blood cells, CD4* T cells and B cells
were positively isolated with anti-CD4 Ab and anti-CD45R
Ab-conjugated magnetic beads (Miltenyi Biotec). The purified
cell populations were detected by fluorescence activated cell
sorting analysis.

Flow Cytometric Analysis (FACS)

Cells were isolated from tissue and incubated with an anti-
CD16/CD32 (2.4G2) mAb to block Fcy receptors. The cells were
stained on ice for 15 min with several combinations of mAbs, as
indicated in the figure legends. Flow cytometry was performed
on a FACS-Calibur (Becton Dickinson, Mountain View, CA,
USA) and analyzed using Flow]Jo software (Tree Star).

Induction of Experimental Autoimmune
Encephalomyelitis (EAE)

For EAE induction, Fut8** and Fut8~/~ mice were subcutane-
ously injected with 100 pg of myelin oligodendrocyte glycopro-
tein peptides (MOGs3s.55) emulsified in CFA. Then, mice were
injected intraperitoneally with 200 pg pertussis toxin (PTX) (List
Biological Laboratories) on 0, 1, and 2 days. Clinical assessment
of EAE was performed according to the following scale: 0, no
disease; 1, limp tail; 2, hind-limb weakness; 3, partial hind-limb
paralysis; 4, complete paralysis of hind-limbs; and 5, moribund
state.

Statistical Analysis

Student’s t-test was used for statistical analysis. Data are presented
as mean values + SEM, or as mean values + SD. A probability
value of p < 0.05 was considered significant. *p < 0.05, **p < 0.01,
“tp < 0.001.

RESULTS

Core Fucosylation Is Significantly
Upregulated in the Sera and
CD4* T Cells of SLE Patients

Higher circulating levels of ANA were detected in sera from
SLE patients. In this study, we found that core fucosylation
was dramatically increased in the sera from patients with
SLE, as evidenced by LCA, which preferentially recognizes
the core fucose structure (22) (p < 0.001) (Figures 1A,B).
The expression of IgGs was also upregulated in sera of the SLE
patients (p < 0.05) (Figure 1B). These observations pinpoint
the contribution of hyper core fucosylation to SLE severity and
pathogenesis.

The hyperactivity of B cells in SLE is T cell dependent, and
CD4" T cell activation plays a crucial role in SLE pathogenesis
(23). We found that the percentage of CD4* T cells in the periph-
eral blood of SLE patients is similar to those of healthy control
(Figure 1C). However, the percentage of CD4*CD69* T cells was
significantlyincreased in the SLE (n =17) (Figure 1D). Moreover,
the enzyme activity of Fut8 was dramatically increased in the
CD4* T cells isolated from the SLE patients (Figures 1E,F), indi-
cated that increased core fucosylation in SLE patients correlates
with CD4* T cell activation.

Lack of Core Fucosylation Ameliorated
EAE Symptoms with Reduced

CD4+ T Cell Activation

Wild-type (Fut8**) and Fut8~'~ mice were generated previously
(19). Histological analyses of the splenic architecture of Fut8**
and Fut8~'~ mice were unremarkable in H&E staining. The Fut8
products, core-fucosylated N-glycans, are ubiquitously expressed
in the Fut8* spleen, as confirmed by LCA (Figure 2A), while
those were abolished in Fut8~'~ spleens. LCA blot analysis also
confirmed the knockout of Fut8 expression in the whole cell
lysates of Fut8~'~ SPLs (Figure 2B). The FUT8 enzymatic activ-
ity was not detected in the Fut8~~ SPLs using HPLC analysis
(Figure 2C).

Experimental autoimmune encephalomyelitis is an activated
CD4* T cell-mediated autoimmune disease model. Peptides
(MOGss.55) and PTX could induce the migration of activated
T cells through the blood-brain barrier and caused several
neurologic symptoms. To determine the association between
core fucosylation and the activation of CD4* T cells, EAE models
were established using Fut8*'* and Fut8~'~ mice. EAE is actively
induced but appear more quickly upon adoptive transfer of
activated MOGss_ss-specific T cells in Fut8** mice (Figure 2D;
Video S1 in Supplementary Material), while Fut8~'~ mice showed
slight EAE symptoms (Figure 2D; Video S2 in Supplementary
Material). The body weights of Fut8** mice were significantly
reduced, but no change was found in Fut8~'~ mice during EAE
induction (Figure 2D). In addition, the proliferation of CD4*
T cells was significantly decreased in Fut8~'~ EAE mice. Moreover,
the proliferation of CD4* T cells with MOGss_ss-loaded B cells
was remarkably reduced by de-core fucosylation (Figure 2E).

Lack of Core Fucosylation Suppressed
the IgG Class-Switching by Impaired
CD4* T Cell Activation

Flow cytometry analysis revealed that, although Fut8~~ mice
contained normal proportions of CD4" and CD8" T cell
populations in the spleen (Figures 3A,B), they were markedly
reduced after OVA immunization contrast with the Fut8** mice
(Figures 3A,B). Immunoglobulin class-switching is a biological
mechanism that changes a mature B cell’s production of antibody
via its B cell receptor from one class to another. For example,
from an isotype called IgM to an isotype called IgGs. To illustrate
the effects of Fut8 in the class-switching of immunoglobulin, we
measured the class-switched (IgGs of different subclasses) and
non-switched (IgM) in the sera of Fut8*/* and Fut8~'~ mice using
mouse mADb isotyping reagents. In 4-week-old Fut8~'~ mice, the
amounts of IgG, IgGa., IgGa, and IgG; were significantly lower
than those in Fut8** mice after OVA immunization, while those
of IgM were relatively normal (Figure 3C). The cytokines, such
as IL-4, IL-5, IL-6, and IFNy secreted by CD4* T cells, contribute
to the different IgG class-switching in the mice and human. It
is reasonable to consider that the reduced IgG class-switching
attributed to the low levels of cytokines secreted by CD4* T cells
in Fut8~/~ mice (Table 1). In addition, since the TGF receptor
signaling was attenuated in the Fut87~ mice (19), the IgGs;
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FIGURE 1 | Core fucosylation was significantly increased in the systemic lupus erythematosus (SLE) patients. (A) The sera of SLE patients were analyzed by lens
culinaris agglutinin (LCA) blot and Western blot. Plates were incubated with biotin-conjugated LCA (1:20,000). Comparable results were obtained in three
independent experiments. (B) Densitometric analysis of the bands of IgG and LCA in sera in SLE patients. Data are shown as mean values + SEM (*p < 0.05;
***p < 0.001). (C) The percentage of CD4* T cells in the peripheral blood of SLE patients. (D) The percentage of CD4*CD69* T cells in the peripheral blood of SLE
patients (n = 17). (E,F) FUT8 activities in the CD4* T cells of SLE patients by high-performance liquid chromatography (HPLC). CD4* T cells were isolated with
anti-CD4 Ab-conjugated magnetic beads. The sorted cell populations were routinely more than 96% pure. Five micrograms cell lysates as the enzyme source were
mixed with the assay buffer. After incubation at 37°C for 8 h, 10 uL of the supernatant was subjected to HPLC. Activity was expressed as pmol of GDP-fucose
transferred to the acceptor per hour per milligram of protein. Data are shown as mean values + SD (n = 17; ns, not significant; *p < 0.05; **p < 0.01). Sis the
peptide substrate and P is the product of fucosylation.

class-switching regulated by TGF signaling was also suppressed
in the Fut8~'~ mice.

Loss of Core Fucosylation Impaired the

Signal Transduction via TCR
T cell receptor signaling is very important for T cell activation.
As illustrated in Figure 4A, no different expression of TCR was
foundin the Fut8**CD4* T and Fut8/~CD4" T cells. Nonetheless,
the core fucose of the N-glycans in the molecules was eliminated
by a disruption of the Fut8 (Figure 4B). Moreover, the MS spec-
tra of N-glycans released from TCRs were analyzed. It is notable
that the high levels of signals were corresponded to the core-
fucosylated glycans bearing non-, mono-, or di-galactose in the
Fut8++CD4* T cells, while those were completely disappeared
in Fut87~CD4* T cells (Figure S2 in Supplementary Material).
These results further confirmed in mice that TCRs are highly
core-fucosylated proteins and contributes to its activities.

In order to examine the role of core fucosylation in the acti-
vation of CD4* T cells, we isolated CD4* T cells from Fut8**
and Fut8~~ mice, and checked the level of core fucosylation.

FACS analysis showed that core fucosylation on the cellular
surfaces was abolished in Fut8~/~ CD4"* T cells (Figure 4C). We
compared the phosphorylation levels of Fut8"*CD4" T cells
with Fut87/-CD4* T cells in response to costimulations with
anti-CD3/CD28 Abs. In those comparisons, the levels of pZAP-
70 in Fut8~~CD4* T cells were significantly lower than those in
Fut8*+*CD4* T cells (Figure 4D). Moreover, the populations of
CD69* cells (activated T cells) in Fut8/-CD4* T cells were lower
than those in Fut8*+*CD4" T cells following OVA immunization,
while these were similar before immunization (Figure 4E).
Furthermore, cell proliferation of Fut8~~CD4" T cells was sig-
nificantly reduced in response to the stimulation of anti-CD3/
CD28 Abs (Figure 4F).

Core Fucosylation Is Essential for
TCR-pMHC Conjugates in CD4+ T Cell
Activation

B cells present antigenic peptide with MHC-II molecule as

APCs, and CD4* T cells physiologically recognize a complex
of a peptide-loaded MHC-II in T-B cell interaction (18).

Frontiers in Immunology | www.frontiersin.org

January 2018 | Volume 9 | Article 78


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive

Liang et al.

Core Fucosylation in T-Cell Activation

o

Mean clinical score

Absorbance at 370nm

FIGURE 2 | Continued

Fut8*"* spleen Fut8™ spleen

57 @ Ful8"* EAE
-O- Fut8" EAE

Days after MOG5_ss immunization

Bl Fut8"*EAE
06 r [O Ful8"EAE *x
05 | o c
04 |
03
02
0.1
0 :

CD4" T cells CD4" T + B cells

Staining with LCA (I0D)

Body weight (g)

*EE
1000 - r.
750
500
250
0

Fut8" spleen Fut8" spleen

c
Fut8**SPL Fut8”-SPL
S
601 -
5 S
k=
. — 40 L -
=
E 1)
® 20 L
0 = llllh

0 10 200 10 20
HPLC elution time (min)

0~ Fut8"*

Days after MOGas_ss immunization

Frontiers in Immunology |

www.frontiersin.org

January 2018 | Volume 9 | Article 78


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive

Liang et al. Core Fucosylation in T-Cell Activation

FIGURE 2 | The experimental autoimmune encephalomyelitis (EAE) model was slightly induced in Fut8~"- mice. (A) Immunohistochemical analysis of Fut8*+ spleen
and Fut8~"- spleen. The paraffin sections of spleens were deparaffinized and hydrated through a graded series of ethanol to phosphate-buffered saline. One section
was assessed by hematoxylin—eosin staining (magnification x200). RP, red pulp; WP, white pulp. Another section was incubated with biotin-conjugated lens culinaris
agglutinin (LCA) (1:200) for 1 h. Finally, the slides were visualized with 3,3’-diaminobenzidine. The staining with LCA was showed by integrated optical density
analysis. Data are shown as mean values + SD (***p < 0.001). (B) Lectin bolt of Fut8++ SPL and Fut8~'~ SPL. The SPL lysates were run on 10% SDS-PAGE gel and
stained with Coomassie blue staining and LCA (1:5,000). (C) High-performance liquid chromatography (HPLC) analysis of Fut8 activity. Fut8 activities were
examined using fluorescence-labeled sugar chain, GnGn-Asn-PABA, as an acceptor substrate, as described in Section “Materials and Methods.” The substrate (S)
and Fut8 product (P) were eluted at 8 and 15 min, respectively. (D) Disease score of mice in Fut8*+ and Fut8~- mice EAE model. EAE induction of Fut8++ and
Fut8~~ mice (n = 7). Mice were immunized with 100 ug MOGiss-ss peptide in complete Freund’s adjuvant and injected with 200 ug pertussis toxin, and detected the
signs of EAE daily for 30 days. Comparable results were obtained in four independent experiments. Body weights of mice were measured every 2 days after EAE
induction of Fut8++ and Fut8~"- mice (n = 7). (E) Cell proliferation from EAE mice. Purified splenic CD4* T cells and/or MOGgs-ss peptide-loaded B cells from EAE
models were incubated for 48 h at 37°C, and then the cell proliferation was detected by MTT assay. Comparable results were obtained in four independent
experiments. Data are shown as mean values + SD ("p < 0.05; *p < 0.01).
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FIGURE 3 | Lack of core fucosylation suppressed the IgG class-switching by impaired CD4+* T cell activation. (A,B) Flow cytometry analysis of the proportion of
CD4+ and CD8* cells. SPLs were obtained from Fut8++ and Fut8~'~ mice with or without OVA immunization. SPLs were filtered through nylon mesh, and
resuspended. Numbers indicate the percentage of the total spleen cells within this quadrant, and 10,000 events were acquired for each analysis. Data are
representative of three independent experiments. Data are shown as mean values + SD (ns, not significant; *p < 0.05; *p < 0.01). The number of Fut8*+CD4+ T
and Fut8~-CD4+ T cells were (1.29 + 0.32) x 107 and (6.38 + 0.89) x 10° of the SPLs, respectively (n = 5). (C) Comparison of the levels of serum immunoglobulin
isotypes in Fut8++ and Fut8~'~ mice after OVA immunization. The immunoglobulin isotypes are compared by mouse mAb isotyping reagents (Sigma). Comparable
results were obtained in three independent experiments. Data are shown as mean values + SD ("p < 0.05; **p < 0.01).

Therefore, we were interested in determining whether core  with pMHC-IIligands, we crossed Fut8+~ mice with OT-II TCR
fucosylation is involved in the TCR sensitivity to pMHC-II. To  transgenic mice (expressing CD4* TCR specific for OVAsy_33),
explore the role of core fucosylation on the TCR interaction  and obtained Fut8/*OT-II and Fut8~/~OT-II mice. LCA blots
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TABLE 1 | Gene expression of Fut8-/~ SPLs after OVA immunization.

Gene name Gene access number  Fold change (Fut8++/Fut8-'-)

T-cell activation

CD3e NM-007648 2.15
CD4 NM-013488 3.16
CD8 NM-009858 2.51
Cd40L NM-011616 217
IL-2Ra NM-008367 3.04
IL-4 NM-021283 2.18
IL-6 NM-031168 214
IL-10 NM-010548 2.25
IL-12 NM-008352 3.89
IFNy NM-008337 3.08
CXCR4 NM-009911 2.04
CXCL12 NM-001012477 2.07
B-cell activation

CD79a NM-007655 3.35
CD81 NM-133655 2.82
Cell signaling

MAPKKK NM_009316 2.41
Vav1 NM-011691 3.28
PIK3 NM-001077495 2.36
PKC NM-008859 2.00
Cyclin D3 NM-001081636 3.84

analysis showed that the core fucosylation level of T and B cells
in Fut87/~OT-II mice (Figure S3 in Supplementary Material).
Since MHC-II on the B cell surface can present peptides for
recognition and activation of T cells, in this study, B cells were
isolated from Fut8++OT-II and Fut8~/~OT-II spleen and incu-
bated with monobiotin-labeled OVAs;;-33. Although electron
density was seen for the structures of I-A¢ covalently linked to
an OVAss_s30, with a single N-glycan (24), the core fucosylation
did not affect the peptide presentation abilities of the MHCs
between Fut8+*OT-II and Fut8~/~OT-II B cells (Figure S4 in
Supplementary Material). The CD4* T cells were then stimu-
lated with OVAs2;-330 loaded B cells and subsequent T cell prim-
ing was investigated. The freshly purified ex vivo CD4* T cells
were stimulated with the OVAsys_s30-loaded B cells. As shown
in Figure 5A, compared with Fut8**OT-II CD4* T cells, the
phosphorylation level of ZAP-70 was dramatically decreased in
Fut8~~OT-II CD4* T cells with stimulation of OVAsy;_s3s-loaded
B cells. Moreover, to remove the cell-surface fucosylation, the
Fut8++OT-II CD4* T cells were treated with 100 mU Glyko®
®(1-2,3,4,6) Fucosidase, which can cleaves al,6-linked fucose
more efficiently than other a-fucose linkages (25). The signal-
ing via TCR was significantly suppressed in OT-II CD4* T cells
treated with this fucosidase, when the T cells were stimulated
with OVAsz;_330-loaded B cells (Figure 5B), indicated that the
Fut8 inactivation results in the less responsive for TCR stimu-
lation with pMHC-II, despite similar TCR expression levels
(Figure 4A). Moreover, the population of TCR*CD69* cells was
significantly reduced in Fut8~/~OT-II CD4* T/OVAs;,3-330-loaded
B cells compared with Fut8*/*OT-II CD4* T/OVAs,3_33-loaded
B cells (Figure 5C).

To further determine how Fut8 deficiency affects the T-B cell
interactions, the communication of CD4* T cells and B cells was
observed by confocal microscopy. OVAs,s_s3-loaded MHC-II was

markedly increased at the site of T-B cell contact in Fut8++OT-II
T cells for 30 min and was ubiquitous on the Fut8/~OT-II T cell
surface (Figures 5D,E). Next, T-B cell conjugates were quan-
titatively analyzed via flow cytometry analysis. Few conjugates
of T-B cells were observed in the absence of OVAjy;.330 peptide,
whereas peptide-pulsed B cells effectively interacted with CD4*
T cells. The percentages of T-B cell conjugates in Fut8*/*OT-II
and Fut8~/-OT-II MHC-II* TCRp* cells were 29.4 and 7.4%,
respectively (Figures 5F,G), indicated that core fucosylation
affected the T-B cell interaction. Moreover, the secretion of IL-2
was reduced in the culture media of Fut8/~OT-II T-B cells com-
pared with Fut8**OT-1I T-B cells (Figure 5H). Furthermore, the
T cell proliferation with OVAs;_s3-loaded B cells was analyzed
by CFSE dilution methods. Compared to the proliferation of
Fut8**OT-1I CD4* T cells, those of Fut8~OT-II CD4* T cells
was significantly reduced with the cocultivation of OVA;y; 330-
loaded Fut8+*OT-II B cells (Figure 5I). These results indicated
that Fut8 deficiency contributes to attenuated T-B cell commu-
nication, and follows attenuated T cell activation.

To further elucidate the underlying mechanism of the
reduced T-B cell interaction caused by the disruption of Fut8,
T and B cell Activation PCR Array was used to compare mRNA
expression in Fut8+* SPLs with that in Fut8~'~ SPLs following
OVA immunization. As illustrated in Table 1, the expression
levels of four genes (CD3e, CD4, CD8, and CD40L) associ-
ated with TCR complex formation, eight genes (IL-2Ra, IL-4,
IL-6, IL-10, IL-12, IFNy, CXCL12, and CXCR4) involved in
T cell activation, and two genes (CD79a and CD81) associated
with B cell activation, were downregulated in Fut8~/~ SPLs.
Moreover, the gene expressions of signal molecules such as
MAPKKK, Vavl, PIK3, PKC, and Cyclin D3 were downregu-
lated in Fut8~/~ SPLs. Since core fucosylation of proteins is an
important post-translational process, it is not surprising that
many molecules involved in T and B cell activation were down-
regulated in Fut8~'~ SPLs.

DISCUSSION

The glycosylation and Golgi processing pathways have coevolved
with the larger regulatory network that controls T cell activation.
It is not surprising that changes of glycosylation are linked to
AD pathogenesis, such as galactosylation (26, 27) and sialyla-
tion (28, 29). The lower levels of sialylated IgG were found
in rheumatoid arthritis (RA) and Wegener’s granulomatosis
patients, and the sialylated IgG was increased in the sera of
patients during remission (28, 29). Moreover, loss of galactose
residues on IgG; is showed in the sera of RA patients (26, 27).
The significant differences of O-glycan on T helper cells were
detected in active SLE patients (30). Core-fucosylated glycans
that contain bisecting GIcNAc was increased on the IgG of SLE
(31). In this study, core fucosylations were associated with SLE
severities, and significantly increased in the CD4" T cells of
SLE patients. Coincidently, previous study by Fujii et al. found
that the core fucosylation on T cells, required for activation of
TCR signaling with anti-CD3/CD28 Abs and induction in colitis,
is significantly increased in patients with inflammatory bowel
disease (32). Hence, one possible consequence of hyper core
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FIGURE 4 | Core fucosylation is required for the activation of CD4* T cells. (A) Western blots analysis of T cell receptor (TCR). Whole cell lysates were resolved by
SDS-PAGE on a 8% gel, transferred to a PVDF membrane, and probed with anti-TCRB Ab. Densitometric analysis of the bands of TCRp normalized against
GAPDH. (B) Core fucose of N-glycan on TCRp in Fut8~-CD4+* T cells was detected by LCA blot. Whole cell lysates were immunoprecipitated with an anti-TCRap
antibody. The immunoprecipitates were resolved by SDS-PAGE on a 8% gel, and probed with the LCA and anti-TCRp Ab. (C) Histograms of binding capacity with
LCA. Core fucosylation level on the surface proteins of Fut8++CD4+ T and Fut8~-CD4+ T cells investigated by FACS analysis. (D) Downregulation of phosphorylated
Zap70 in Fut8--CD4+ T cells. Purified CD4+* T cells were serum-starved and were stimulated with anti-CD3/CD28 Abs for 5 min at 37°C. Cells were lysated in lysis
buffer for 15 min on ice. Whole cell lysates were subjected to 10% SDS-PAGE. The blots were probed by anti-pZAP70 Ab and anti-ZAP70 Ab. Densitometric
analysis of the bands of pZAP70 normalized against ZAP70. Data are reported as the mean + SD from three independent experiments (o < 0.01; **p < 0.001).
(E) Loss of Fut8 reduced the CD4+*CD69* cells populations in the SPL after OVA immunization. SPLs were isolated from OVA-immunized and unimmunized mice

(n = 5). Cells were stained with anti-CD69 and anti-CD4 Abs, and then detected by FACS. Data are reported as the mean + SD from three independent experiments
(*p < 0.05; ns, not significant). (F) Loss of Fut8 decreased the proliferation of CD4+ T cells. Purified CD4+ T cells were stimulated with anti-CD3e Ab-coated
microbeads and anti-CD28 Ab for 0, 6, 24, and 48 h at 37°C. The growth rates of CD4+ T cell were detected by MTT assay. Data are reported as the mean + SD

from three replicate cultures (*p < 0.05; “*p < 0.01). The absorbance related to the formazan dye level was measured with a microplate reader at 570 nm.

fucosylation-induced T cell activation could be the development
of SLE. However, the underlying mechanisms of how core fuco-
sylation regulate T cell activation with TCR-pMHC interaction
remain unclear.

T cell recognition of pMHC-II ligands on B cells is thought
to be carefully coordinated in CD4" T cells. Conformational
flexibility is likely responsible for the high degree of promiscu-
ity or cross-reactivity that is evident in the TCR recognition
of pMHCs (33-35). There are two models to explain how
TCR-pMHC interactions result in T cell activation (36, 37). One

model involves an activation threshold based on the occupancy
time of the TCR clustering with pMHCs. The alternative model
is that pMHC could induce a specific conformational change
of TCR complex and influence the quality of signal transduc-
tions via TCRs. Since the core fucose of N-glycan is located on
the cellular surface of T and B cells, and the core fucosylation
could affect the flexibility of N-glycan antenna (38) as well as
the conformational stability of proteins (39), it is reasonable to
assume that core fucosylation of TCR would affect the geometry
and conformation of any TCR-pMHC clusters in the T-B cell
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interactions. Based on a previous study in D. melanogaster cells,
the closeness of the interaction of Ca with Cp is shown by the
hydrogen bonds of the core fucose residue (6, 17), suggested

core fucose possibly strengthens association of Ca with Cp.
A water molecule also bridges the fucose exocyclic oxygen and
the side chain of Arg'* (17). In this scenario, core fucosylation
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FIGURE 5 | Lack of core fucosulation reduced interaction ability between T cell receptor (TCR) and pMHC-Il and impaired the signaling via TCR. (A) ZAP70
phosphorylation of Fut8*+OT-Il T-B cells. (T) B cell conjugate formation was initiated by centrifuging together CD4* T cells with or without 1 pg/mL OVAszs-as0-loaded
B cells. The blots were probed by anti-pZAP70 Ab and anti-ZAP70 Ab. Data are representative of three independent experiments. Densitometric analysis of the
bands of pZAP70 normalized against ZAP70. Data are shown as the mean + SD (**p < 0.01). (B) ZAP70 phosphorylation of Fut8++OT-Il CD4* T cells with or

without fucosidase treatment. Purified CD4+ T cells were treated with or without 100 mU Bovine Kidney Fucosidase, and then coincubated with 1 pg/mL OVAszs-sse
loaded Fut8*+OT-II B cells for 30 min. The blots were probed by anti-pZAP70 Ab and anti-ZAP70 Ab. Data are representative of three independent experiments.
Densitometric analysis of the bands of pZAP70 normalized against ZAP70. Data are shown as the mean + SD (*p < 0.01; **p < 0.001). (C) Compare of activation
of Fut8**OT-II T + B cells and Fut8~-OT-Il T + B cells. CD4+ T cells were conjugated with OVAs»s-330 loaded B cell. After 30 min, the T-B cells were fixed and stained
with anti-TCRp and anti-CD69 Abs. Data are shown as mean values + SD (**p < 0.01). (D,E) Distribution of MHC on the T and B cells. The T-B cells were fixed,
permeabilized, and stained with Abs to MHC-II (green). Data are from three separate experiments. The ratio of MHC Il intensity at the T-B cell conjugate site relative
to non-conjugate areas. Data are shown as the mean values + SD (*p < 0.01). (F) FACS analysis of the conjugates between B cells and CD4* T cells. B cells
(OVAs23-33e-loaded or not loaded) were labeled with anti-MHC-II (FITC) and CD4* T cells were labeled with anti-TCRp (PE-Cy5). T and B cells were quickly mixed and
conjugated by a brief centrifugation step. They were then incubated at 37°C for 30 min. A representative staining profile with anti-MHC-II and anti-TCRp mAb is
shown. The conjugate cells are double positive (MHC-II*TCRB*) cells. (G) Percentage of T-B cell conjugates (both MHC-Il and TCRp positive cells) was calculated.
Data are reported as the mean + SD (*p < 0.01) in four independent experiments. (H) The secrition of IL-2 was downregulated in the culture media of Fut8=-OT-I|

T-B cells. OD values were measured at 492 nm using a microplate reader. Data are reported as the mean + SD (*p < 0.01) in three independent experiments.
(1) Proliferation of Fut8++OT-Il CD4* T cells with OVAszs 330 loaded Fut8++OT-Il B cells. Fut8*+OT-Il CD4+ T cells were purified and labeled with carboxyfluorescein
diacetatesuccinimidyl ester (CFSE). Fut8++OT-Il CD4+* T cells were cocultivated with 1 pg/mL OVAszs-330 loaded Fut8*++OT-II B cells for 48 h, the divided cells were
analyzed by FACS. One representative experiment is shown. M1-M4 indicates daughter cell populations which have subsequently lost half of their CFSE signal.

is expected to provide exciting opportunities to control the
TCR function. In the present study, the percentage of T-B cell
conjugates (TCR*MHC-II*) was reduced by a factor of 3.97
(29.4/7.4%) in Fut8~/~OT-II cells, indicated that the core fuco-
sylation has significant functional implications in TCR-pMHC
interaction.

Given the intimate relationship between pMHC recognition
and TCR signaling, the signaling via TCR is also be regulated by
glycosylation. It has long been appreciated that Mgat5 deficiency
could enhance TCR recruitment to the synapse and results in
greater TCR internalization/endocytosis (11). Physiologically,

TCR recognition of pMHC-II ligands on APCs such as dendritic
cells and B cells are the most important checkpoint for CD4* T cell
activation (40). Engagementofthe TCR complexesleadstoasignal-
ing cascade of protein tyrosine kinases, such as ZAP70. To explore
the role of core fucosylation on the T cell activation, we generated
Fut8**OT-II and Fut8~/~OT-II mice. Fut8 deficiency results in
the attenuated phosphorylation of ZAP70 in Fut8~~OT-II CD4*
T cells with OVAs;3.330-loaded B cells. Also, the phosphorylation
of ZAP-70 was significantly reduced in Fut8*/+*OT-1I CD4" T cells
by the treatment of fucosidase. Moreover, in Fut8~/~OT-II cells,
the number of CD4* T cells activation (CD69*) was decreased
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by a factor of 3.5. The proliferation of the Fut8~/~OT-II CD4*
T cells cocultivated with OVAsys_s50-loaded B cells was decreased
compared with the Fut8**OT-II CD4* T cells. It is conceivable
that low T-B cell conjugates was proportional to the decreased
T cell activation and proliferation in Fut8~'~ CD4* T cells. Core
fucosylation is likely to be important in all three proposed stages
involved in the T cell activation. First, core fucosylation is essen-
tial for the TCR structural formation. Second, core fucosylation
of TCR could regulate the recognition of pMHC and affect T cell
activation threshold. Third, fucose-specific lectins (41) might
participate the events in the T-B cell interaction.

Systemic lupus erythematosus is characterized by the
overproduction of auto antibodies, mainly IgG. However,
B lymphocyte hyperactivity in SLE is T cell dependent. T cells
from SLE patients are activated with a decreased activation
threshold and regulated abnormally (32). Indeed, overac-
tive CD4" T cells had been implicated in the pathogenesis of
SLE (42). Although we know that CD4* T cell deregulation
contributes to SLE pathogenesis, but the mechanism is still
largely unknown. Studies in SLE patients and murine models
of lupus have shown enhanced level of IL-4 (43), IFNy (44),
and IL-6 (45, 46). Compared to Fut8** mice, the IgG class-
switching was significantly reduced in the sera of Fut8~'~ mice
after OVA immunization due to low levels of IL-4, IL-5, IL-6,
IENY, and TGF secreted by Fut8~~CD4"* T cells. Development
of SLE is associated with genetic, hormonal, environmental,
and immunological factors, mainly those related to the helper
T cell activation. To investigate the mechanisms of the CD4*
T cell activation that is important for SLE pathogenesis, we
induced the EAE model using Fut8++ and Fut8~'~ mice. Loss of
Fut8 reduced CD4" T cell activation and ameliorated the EAE
in Fut8~~ mice. Fut8~'~ mice are resistant to the induction of
EAE, whereas Mgat5~~ mice are hypersensitive to it (47). In
this regard, Fut8 and Mgat5 function as opposing regulators of
T cell activation thresholds and susceptibility to AD. The hyper
core fucosylations are associated with SLE severities, however,
whether altered core fucosylation is a consequence or an under-
lying cause of the SLE cascade remains unclear.

FUTS8 is able to modify multiple proteins, followed by the
change of their functions. Because the most of immune response
molecules are glycoproteins, FUT8 knockdown/knock out
affected their function associated with immune response. Okada
etal. (10) showed that loss of core fucosylation caused an inhibi-
tory receptor PD-1 deprivation on the cellular surface and aug-
mented T cell activation, when Fut8/-CD4* T cells transferred
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Abstract Silurus asotus egg lectin (SAL), an «-galactoside-
binding protein isolated from the eggs of catfish, is a member
of the rhamnose-binding lectin family that binds to Gb3 gly-
can (Gala1-4Gal31-4Glc). We have previously demonstrat-
ed that SAL reduces the proliferation of Gb3-expressing
Burkitt’s lymphoma Raji cells and confirm here that it does
not reduce their viability, indicating that unlike other lectins, it
is not cytotoxic. The aim of this study was to determine the
signal transduction mechanism(s) underlying this novel SAL/
Gb3 binding-mediated effect profile. SAL/Gb3 interaction
arrested the cell cycle through increasing the Go,; phase pop-
ulation of Raji cells. SAL suppressed the transcription of cell
cycle-related factors such as c-MYC, cyclin D3, and cyclin-
dependent protein kinase (CDK)-4. Conversely, the CDK in-
hibitors p21 and p27 were elevated by treatment with SAL. In
particular, the production of p27 in response to SAL treatment
increased steadily, whereas p21 production was maximal at
12 h and lower at 24 h. Activation of Ras-MEK-ERK pathway
led to an increase in expression of p21. Notably, treatment of
Raji cells with anti-Gb3 mAb alone did not produce the above
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effects. Taken together, our findings suggest that Gb3 on the
Raji cell surface interacts with SAL to trigger sequential GDP-
Ras phosphorylation, Ras-MEK-ERK pathway activation,
p21 production, and cell cycle arrest at the Gy, phase.

Keywords Cell cycle arrest - Extracellular signal-regulated
kinase - Globotriaosylceramide - p21 - SUEL/
rhamnose-binding lectin

Abbreviations

BrdU Bromodeoxy uridine

CCND3 Cyclin D3

CDK Cyclin-dependent protein kinase

ERK Extracellular signal-regulated kinase

FBS Fetal bovine serum

FITC Fluorescein isothiocyanate

Gb3 Galx1-4Gal31-4Glc-Cer

GDP Guanosine diphosphate

GEM Glycosphingolipid-enriched microdomains

GTP Guanosine triphosphate

GSL Glycosphingolipid

mAb Monoclonal antibody

INK c-Jun N-terminal kinase

MAPK Mitogen-activated protein kinase

MEK MAPK/ERK kinase

PVDF Polyvinylidene difluoride

gqRT-PCR Quantitative reverse transcription-
polymerase chain reaction

SAL Silurus asotus egg lectin

SDS-PAGE  Sodium dodecyl sulfate-polyacrylamide
gel electrophoresis

SUEL Sea urchin egg lectin
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Introduction

Rhamnose-binding lectins (RBLs) have been found in the
eggs (oocytes) of various fish species [1-3] and are capable
of binding to L-rhamnose and «-D-galactosides. The primary
structure of rhamnose-binding lectins is similar to that of a D-
galactose-binding lectin termed SUEL that was purified from
sea urchin (Anthocidaris crassispina) eggs and is composed of
105 amino acid residues [4]. The symbolic term “RBLs” is
named after their carbohydrate-binding specificity against L-
rhamnose. Indeed, it shows the highest affinity among common
saccharides, however, actual ligands of RBL are thought to be -
galactosyl sugar chains such as human type B oligosaccharide
and globotriaosylceramide (Gb3) being on the cell surface.
Silurus asotus egg lectin (SAL) is a 32-kDa protein comprised
of three tandem repeats of 95 amino acid residues [5]. Previously,
we demonstrated that SAL agglutinated Raji Burkitt’s lymphoma
cells (which express glycosphingolipids [GSLs] containing Gb3
(or CD77; Galx1-4Galf31-4Glc) in GSL-enriched microdo-
mains on the cell surface) but does not agglutinate
erythroleukemia K562 cells (which do not express Gb3 on the
cell surface) [6]. Additionally, SAL caused a reduction in cell size
and increased annexin-V binding to and propidium iodide incor-
poration into Raji cells. Although this effect on Raji cells might
represent damage at the late apoptosis or necrosis stage, the SAL-
treated Raji cells remained viable [7]. In contrast, the lectin CSL3
purified from the eggs of the chum salmon (Oncorhynchus keta)
was found to induce cell death of Gb3-displaying Caco-2 cells
via an apoptotic pathway [8]. Watanabe et al. reported that Gb3-
expressing HeLa cells were killed by pierisin, a toxic lectin iso-
lated from cabbage butterfly (Pieris rapae) wings [9]. Pierisin
contains a triple tandem repeat of ricin B-like domains and an
ADP-ribosyltransferase domain in the polypeptide [10].
Treatment of HeLa cells with pierisin caused a delay in the cell
cycle as well as apoptosis [11]. Therefore, SAL appears to have a
different biological function as compared to CSL3 and pierisin.
Much research has focused on Gb3 because it comprises one
of the components of glycosphingolipid-enriched microdomains
(GEMs) on the cell surface, which has been shown to function as
trigger of signal transduction. The glycosphingolipids including
Gb3 in GEM were reported to associate with signal transducers
such as Src family kinases and small G-proteins localized in the
cytosol through the lipid bilayer [12]. Therefore, in this study we
focused on identifying the signal transduction pathways stimu-
lated by the SAL-GDb3 interaction. We found that the interaction
between SAL and Gb3 enhanced the expression level of cyclin-
dependent protein kinase inhibitors. This enhancement promoted
Raji cell cycle arrest at the Gy, phase through phosphorylation of
GDP-Ras, mitogen-activated protein kinase (MAPK)/extracellu-
lar signal-regulated kinase (ERK) kinase (MEK), and ERK.
Taken together, these findings suggest that Gb3 plays an impor-
tant role in cell signal regulation through its ability to bind to
lectins. Elucidation of the mechanism of cell cycle arrest by SAL

@ Springer

and Gb3 might lead to the discovery of novel lectin-based cell
regulatory systems.

Materials and methods

Materials SAL was purified by sequential chromatography
on DE23 (Whatman, Little Chalfont, UK) anion exchange
and D-galactose-Sepharose 6B columns as described previ-
ously [13].

Cell lines Burkitt’s lymphoma Raji cells from the Cell
Resource Center of Biomedical Research, Institute of
Development, Aging and Cancer, Tohoku University
(Sendai, Japan) were cultured in RPMI-1640 medium
(Nissui Pharmaceutical Co., Tokyo, Japan) supplemented
with 10 % v/v fetal bovine serum (FBS) and antibiotic-
antimycotic solution (penicillin [100 IU/ml], streptomycin
[100 pg/ml], and amphotericin B [0.25 pg/ml], Life
Technologies, Carlsbad, CA, USA) and maintained at 37 °C
in a 95 % air/5 % CO, atmosphere.

Cytotoxicity and cell viability assays Raji cells (1 x 10° /ml)
were seeded in 6-well plates and incubated with various con-
centrations of SAL (0-100 pug/ml) for 24, 36, 48, 72, 96, or
120 h. Cytotoxic activity and cell growth were determined by
trypan blue (0.5 % w/v) exclusion assay [14]. Cell prolifera-
tion was determined by WST-8 assay using a Cell Counting
Kit-8 (Dojindo Laboratories; Kumamoto, Japan). After plat-
ing the cells into a 96-well flat-bottom plate at 5 x 10* cells/
well (90 pl), the cells were treated with 100 pg/ml SAL (final
concentration) for 24 or 48 h. Then, 10 ul WST-8 solution was
added into each well and the cells were incubated for 4 h at
37 °C. The absorbance was measured at a wavelength of
450 nm using the GloMax Multi Detection System
(Promega, Madison, WI, USA). Cells were treated with rat
anti-Gb3 monoclonal antibody (mAb) (clone 38.13;
Beckman Coulter, Miami, FL, USA) in flat-bottom plastic
plates for 24, 48, 72, 96, or 120 h at 37 °C. Cytotoxic activity
and cell growth were determined as described above. Bright-
field images were acquired using an inverted microscope
(model IX71; Olympus Co., Tokyo, Japan) with a 10x objec-
tive lens.

Detection of cell cycle arrest by SAL Cell cycle arrest was
assayed using a fluorescein isothiocyanate (FITC)
bromodeoxy uridine (BrdU) flow kit (BD Biosciences, San
Jose, CA, USA) according to the manufacturer’s protocol. In
brief, cells (5 x 10°) were treated with SAL (100 pg/l) for
24 h, fixed with 4 % paraformaldehyde, and permeabilized
by saponin for 1 h at 37 °C in the presence of 1 U DNase.
Cell division was estimated as the ratio of BrdU incorporation
into cells (detected using a FITC-conjugated anti-BrdU anti-
body after incubation for 20 min at room temperature) to total
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DNA amount in the cells (detected with 7-aminoactinomycin
D) using a FACSCalibur (BD Biosciences) with single laser
emitting excitation at 488 nm and analyzed with Cell Quest
pro software (BD Biosciences).

Expression levels of mRNA encoding cell cycle-related
molecules Raji cells (5 x 10°) were cultured for 12 or 24 h
in RPMI-1640 medium containing SAL (100 pg/ml), SAL
(100 pg/ml)/saccharide (20 mM), or without SAL at 37 °C
in 95 % air/5 % CO,. Total RNA was extracted from cells
using an AllPrep RNA/Protein Kit (Qiagen, Valencia, CA,
USA). cDNA was synthesized from the total RNA (1 pg)
using a SuperScript VILO ¢cDNA Synthesis Kit (Invitrogen,
San Diego, CA, USA). Quantitative reverse transcription-
polymerase chain reaction (QRT-PCR) assays were performed
using a LightCycler 480 system with the LightCycler 480
Probes Master Kit (Roche Diagnostics, Indianapolis, IN,
USA). PCR primers for amplification of CDK4, c-MYC, cy-
clin D3 (CCND3), p21, and p27 using a TagMan/probe library
assay were designed by the Universal Probe Library Assay
Design Center (https://www.roche-applied-science.
com/sis/rtpcr/upl/acenter.jsp). The expression levels of these
genes were standardized relative to the mRNA expression
level of GAPDH (as a housekeeping gene) based on their
average crossing point values.

Protein expression of signal transduction molecules, their
phosphorylated forms, and cell cycle-related molecules
Raji cells (5 x 10°) were cultured for 12 or 24 h in RPMI-
1640 with or without SAL (100 pg/ml) at 37 °C in 95 % air/
5 % CO,. Cell lysate was prepared using an AllPrep RNA/
Protein Kit (Qiagen), subjected to sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) (10 % sepa-
ration gel), and electrotransferred onto a polyvinylidene
difluoride (PVDF) membrane (pore size 0.45 wm) (Hybond-
P; GE Healthcare Bio-Sciences AB, Uppsala, Sweden) ac-
cording to the manufacturer’s protocol [15-17]. The mem-
brane was treated with blocking buffer (Blocking One;
Nacalai Tesque Inc., Kyoto, Japan) for 1 h at room tempera-
ture and washed with Tris-buffered saline (TBS) containing
0.05 % Tween-20. The primary antibodies used were directed
to p21Waf/CiPl (1:1000, rabbit mAb, clone 12D1; Cell
Signaling Technology Inc., Danvers, MA, USA [CST)),
p275"P! (1:1000, rabbit mAb; clone D69C12; CST), c-MYC
(1:1000, rabbit polyclonal antibody; CST), CDK4 (1:2000,
mouse mAb; clone DCS156; CST), cyclin D3 (1:2000, mouse
mAb; clone DCS22; CST), phospho-MEK}, (1:1000, rabbit
mAb; CST), MEK1 (1:1000, rabbit mAb; CST), phospho-
ERK,,, (1:1000, mouse mAb; BD Biosciences), ERK1
(1:5000, mouse mAb; BD Biosciences), phospho-p38
MAPK (1:2500, mouse mAb; BD Biosciences), p38 MAPK
(1:5000, mouse mAb; BD Biosciences), phospho-JNK
(1:250, mouse mAb; BD Biosciences), JNK (1:250, mouse

mAb; BD Biosciences), and GAPDH (1:20,000, mouse
mAb; clone 6C5; Ambion/Invitrogen, Carlsbad, CA, USA).
These antibodies were applied in immunoreaction enhancer
solution (Can Get Signal Solution 1; Toyobo Co., Osaka,
Japan). The membrane was incubated for 16 h at 4 °C. The
secondary antibody, horseradish peroxidase (HRP)-conjugat-
ed anti-mouse or anti-rabbit I[gG (Chemicon International Inc.,
Temecula, CA, USA), was diluted 1:20,000 in immunoreac-
tion enhancer solution. The membrane was incubated for 1 h
at room temperature and then exposed to X-ray film (Fuji Film
Co., Tokyo, Japan) using enhanced chemical luminescence
and western blotting with ECL Prime detection reagent (GE
Healthcare Bio-Sciences AB). A synthetic inhibitor of
MEK;,;, 1,4-diamino-2,3-dicyano-1,4-bis (2-
aminophenylthio) butadiene (U0126) (1 ng) (Calbiochem;
San Diego, CA, USA) was dissolved in 247 ul
dimethylsulfoxide to create a 10 mM stock solution. Cells
were incubated with U0126 (10 uM) in RPMI-1640 with
FBS for 2 h, supplemented with SAL (100 pg/ml), and incu-
bated for another 12 h. Whole cell extracts were separated by
SDS-PAGE on a 10 % gel and blotted onto PVDF mem-
branes. Phosphorylated kinases were identified by western
blotting with anti-phospho-MEK,, anti-MEK,, anti-
phospho-ERK,, anti-ERK;, and HRP-conjugated anti-
mouse IgG antibodies. Signals were detected by X-ray
film exposure and western blotting as described above.
Proteins were quantified by densitometry using NIH
Image] software (version 1.440, Bethesda, MD, USA).
The optical densities of phosphorylated MEK,;,, (P-
MEK,,,) and phosphorylated ERK;, (P-ERK;,) were
measured and normalized to the optical densities of
MEK,,, and ERK;, respectively.

Detection of GTP-Ras The active form of Ras exchanged
through GDP to GTP as a result of SAL stimulation was
assayed by affinity precipitation using a Ras activation assay
kit (Upstate Biotechnology; Lake Placid, NY, USA). Raji cells
(1x 106) were cultured for 0.5, 3, 6, 12, or 24 h in RPMI-1640
containing SAL (100 pg/ml) at 37 °C in 95 % air/5 % CO,,
lysed with Mg?* lysis buffer (125 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid [HEPES], pH 7.5, 750 mM
NaCl, 5 % Igepal® CA-630, 50 mM MgCl,, 5 mM ethylene-
diaminetetraacetic acid, and 10 % glycerol), and incubated
with the agarose-conjugated Ras-binding domain of Raf-1
(5 ul) for 30 min at 4 °C. The agarose-coated beads were
boiled in sample buffer and the cell lysate was then subjected
to SDS-PAGE on a 10 % separation gel and transferred onto a
PVDF membrane. The GTP-Ras formed following SAL stim-
ulation was detected by anti-Ras mAb (0.05 pg/ml) and
HRP-conjugated polyclonal antibodies (1:1000) [18, 19].
Activated Ras was detected using ECL Prime (GE
Healthcare Bio-Sciences AB).
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RNA interference-mediated knockdown of alpha-1,4-
galactosyltransferase (A4GALT) Raji cells (1.2 x 10°) cells
were centrifuged and resuspended in 100 pl nucleofection V
solution (Lonza, Basel, Switzerland) containing 20 uM
A4GALT siRNA (Dharmacon, Lafayette, CO, USA) and
electroporated with a Nucleofector (Lonza) using the M-13
program. After nucleofection, the cells were transferred to a
12-well plate containing 1 ml fresh complete medium (RPMI
1640 containing 10 % FBS and antibiotic-antimycotic solu-
tion) and incubated at 37 °C for 120 h. After incubation, the
expression of Gb3 was detected by flow cytometry.

Flow cytometric analysis of Gb3 expression Cells (2 x 10°)
were treated with or without anti-Gb3 mAb (BGR23, mouse
IgG2b; Tokyo Kasei Co. Ltd., Tokyo, Japan) at a dilution of
1:1000 in PBS (100 ul) at 4 °C for 30 min and washed three
times with PBS. The cells were then treated with Alexa Fluor
(AF) 488-conjugated goat anti-mouse IgG (H + L) (Molecular
Probes, Invitrogen AG, Basel, Switzerland) at a dilution of

Fig. 1 SAL reduces the
proliferation but has no effect on (%)
the viability of Raji cells. a. Time- 100 -
and dose-dependent effects of

SAL treatment on cell viability.

Cells were treated with SAL (0, 1,

5, 50, or 100 pg/ml) for 24 h 751
(white columns), 36 h (black col-
umns), or 48 h (gray columns) at
37 °C. Cell viability was evaluat-
ed by trypan blue exclusion assay.
The values shown are the means
of triplicate experiments. Error
bars: standard error (SE). b. Cells
were treated with SAL (0, 1, 5,
50, or 100 pg/ml) for 24, 36, or
48 h at 37 °C. The number of

Cell viability

1:2500 in PBS (100 ul) at 4 °C for 30 min. The degree of
Gb3 expression on the cell surface was analyzed using the
FACSCalibur as described above.

Statistical analysis Experimental results are presented as the
means =+ standard error (SE). Differences in means were eval-
uated using the two-tailed Student’s ¢-test with P values <0.05
considered to be statistically significant.

Results

Effects of SAL on cell proliferation and viability In the
current study, we further expand upon our previous findings
following exposure of Raji cells to SAL (100 pg/ml) for 24 h
by examining the concentration- and time-dependent effect of
SAL. According to the trypan blue exclusion assay, SAL did
not reduce the viability of Raji cells even at the concentration
of 100 pug/ml for 120 h (Fig. la and S1). Proliferation was
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reduced further at higher concentrations and was abolished
completely at 50 pg/ml (Fig. 1b). The WST-8 assay showed that
SAL reduced cell proliferation in a time-dependent manner
(Fig. 1c). On the other hand, Gb3-binding monoclonal antibody,
anti-Gb3, had no such effects to Raji cells including cell-
agglutination (Fig. 2a~c, S2 and S3). Stimulation with SAL
(100 pg/ml) for 72 h caused a 6-fold decrease in the number of
cells compared with control cells (Fig. 3). When the medium was
replaced by SAL-free medium, the cells completely recovered
their proliferation activity after 48 h (Fig. 3, column “SAL free”).
These results suggest that SAL reduced the proliferation of Raji
cells but was not cytotoxic.

G cell cycle arrest by SAL To gain insight into the mecha-
nism of SAL-induced growth inhibition in Raji cells, we ana-
lyzed the SAL-dependent changes in cell cycle distribution. Flow
cytometric analysis showed that stimulation with SAL (100 pg/
ml) for 24 h caused a substantial increase of the ratio of the Gy
phase to the whole Raji cell population of 20 % with a conse-
quent decrease of the proportion of cells in S phase by 20 %
(Fig. 4 and Table 1). The Gy cell cycle arrest no longer occurred
when SAL was removed from the medium. In contrast, the G,

Fig. 2 Anti-Gb3 mAb does not
induce apoptosis or inhibit cell 100

[

o

Number of cells (fold against control)
O = N W & 1 O

0 24 48 72 72 48 (h)
Raji Raji SAL
+SAL free

Fig. 3 Removal of SAL restores cell proliferation. Cells were cultured
without SAL at 37 °C for 0, 24, 48, or 72 h (Raji). Other cells were treated
with SAL (100 pg/ml) for 72 h (Raji + SAL) or with SAL followed by
SAL-free medium for 48 h (SAL free). The number of living cells was
assessed by trypan blue exclusion assay. The values shown are the means
of triplicate experiments. Error bars: SE

phase was not shifted by SAL treatment (Table 1). These findings
suggest that SAL arrests the Go/; phase of the cell cycle by
binding to Gb3, followed by the loss of cell proliferation.

o

proliferation. Cells were treated
with anti-Gb3 mAb (100 or

200 pg/ml) or SAL (100 pg/ml)
for24 h at 37 °C. Cell viability (a)
and proliferation (b) were evalu-
ated by trypan blue exclusion and
WST-8 assays, respectively. The
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from bright-field microscopy at
100x magnification
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Fig. 4 Alteration of cell cycle a b
distribution in SAL-treated Raji 104 10
cells. Cells were cultured without
SAL at 37 °C for 72 h (SAL-
untreated) (a). Other cells were 1034 5
treated with SAL (100 pg/ml) for s 10
72 h (SAL-treated) (b) or subse- e it
quently with SAL-free medium 2. g S
for 48 h (SAL-removed) (c). The g 1024 g 102 1
distribution of cells in each cell
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Down-regulation of c-MYC, CDK4, and CCND3 gene ex-
pression levels and the induction of mRNA and protein
expression levels of the CDK inhibitors p21 and p27 by
SAL Numerous studies have shown that CDK acts as an ac-
celerating factor of the cell cycle [20, 21]. In Raji cells treated
with SAL for 24 h, CDK4 mRNA levels were down-regulated
in comparison with those of untreated cells (Fig. 5a).
However, SAL had no effect on the mRNA expression levels
of CDK?2 (data not shown). The expression of CDK4 is regu-
lated by c-Myc. In addition, mammalian cyclin D3 is a mem-
ber of the G,/S cyclin family and functions as a key protein to
transition the cell cycle to the next phase [22-24]. Therefore,

Table. 1  Effect of SAL on cell cycle distribution. The percentages of
cells in each cell cycle phase (Gy/, S, or G,n) were determined by
FACSCalibur analysis. The values shown are the means + SE from two
or more independent experiments

GO0/1 S G2/M (%)
SAL-untreated 343+25 62.0+29 2.7+04
SAL-treated 53.5+£32 35125 75+1.7
SAL-removed 27.0+0.7 67.5+ 1.1 3.7+0.5

@ Springer

the alteration of protein expression levels of c-MYC and cy-
clin D3 in Raji cells were examined following SAL treatment.
As shown Fig. 5a, SAL treatment for 24 h reduced the expres-
sion level of ¢-MYC by 40 % and that of CCND3 by 30 %.
Western blotting confirmed the coordinate decreased expres-
sion levels of the c-Myc, CDK4, and cyclin D3 proteins
(Fig. 5b). In addition, the inhibitory effects of SAL on gene
expression were partially eliminated in the presence of 10 mM
melibiose or rhamnose (Fig. 5c). These findings indicate that
the interaction between SAL and Gb3 reduced the expression
of CDK4, ¢-MYC, and CCND3 mRNAs.

p21 and p27 have been shown to inhibit CDK activity and
cell cycle progression [25-27]. We therefore examined wheth-
er the expression of p21 and p27 was changed by treatment
with SAL. qRT-PCR analysis showed increases of 130 % and
70 % in the mRNA expression levels of p27 and p27, respec-
tively, in SAL-treated Raji cells (Fig. 5a). In addition, western
blotting analysis showed corresponding increases of p21 and
p27 protein expression levels (Fig. 5b). Furthermore,
up-regulation of p2/ was specifically inhibited in the
presence of rhamnose or melibiose (10 mM) but not
by glucose and lactose. Notably, however, elevation of
p27 was not blocked by these saccharides (Fig. 5c¢).
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Fig.5 SAL treatment alters the gene and protein expression of CDK4, c-
MYC, cyclin D3, p21, and p27. a. Cells (1 x 106) were treated with SAL
(100 png/ml) at 37 °C for 12 or 24 h. Total RNAs extracted from SAL-
untreated and -treated cells were analyzed by qRT-PCR using specific
primers for CDK4, c-MYC, CCND3, p21, p27,and GAPDH, respectively.
The control value was defined as one. Fold increases in the target genes
relative to the control were normalized to GAPDH. Results are expressed
as n-fold increase over the control; means + SE of three independent
triplicate experiments. b. Cells (1 x 10°) were treated with SAL
(100 pg/ml) at 37 °C for 12 or 24 h. Whole cell extracts obtained from
SAL-untreated and -treated cells were subjected to western blotting using

These findings suggest that the up-regulation of the CDK
inhibitors p21 and p27 by SAL treatment induced Gy, phase
cell cycle arrest.

Activation of the MEK-ERK signaling pathway by Gb3/
lectin interaction at the cell surface The MEK-ERK signal-
ing pathway has been reported to participate in the regulation
of cell growth [28]. Treatment with SAL resulted in the for-
mation and accumulation of GTP-Ras in Raji cells in a time-

anti-CDK4, anti-c-MYC, anti-cyclinD3, anti-p21, anti-p27, and anti-
GAPDH antibodies. ¢. Cells (1 x 10°%) were exposed to SAL (100 png/
ml) and SAL/saccharide (20 mM) co-treatment for 24 h. Total RNAs
extracted from SAL-treated, SAL/saccharide co-treated, and untreated
Raji cells were analyzed by qRT-PCR using the specific primers for
CDKA4, ¢-MYC, CCND3, p21, p27, and GAPDH, respectively. The con-
trol value was defined as one. Fold increases in the target genes relative to
the control were normalized to GAPDH. Results are expressed as n-fold
increase over the control; means = SE of three independent triplicate
experiments

dependent manner as indicated by enhanced phosphorylation
of MEK,, and ERK;,, (Fig. 6). Conversely, SAL treatment
had no enhancing effect on the phosphorylation of p38 MAPK
or c-Jun N-terminal kinase, which are MAPK family members
in the broad sense (Fig. S4). A4GALT siRNA-treatment of
Raji cells suppressed Gb3 cell surface expression (Fig. 7a
and b). Consequently, A4GALT-knockdown abolished SAL-
induced cell agglutination and also inhibited the phosphoryla-
tion of MEK », and ERK , following SAL treatment (Fig. 7c
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Fig. 5 (continued)

and d). Specifically, the levels of MEK, and ERK;,, phos-
phorylation were significantly increased by about 2 and 2.5-
fold following SAL treatment in A4GALT siRNA-untreated
Raji cells, whereas only 1.1 and 1.2-fold increases were

SAL (100 pg/ml)
0.5 3 6 12 24 0 (h)

——

GTP-Ras o — R —
SAL (100 pg/ml)
0 05 3 6 12 24 (h)
P-MEKiz2 — D e S =

TomEs

2Ty 1 1

Fig. 6 SAL treatment causes activation of Ras and phosphorylation of
MEK, and ERK. Cells (1 x 10°) were treated with SAL (100 pg/ml) at
37 °C for various durations from 0 to 24 h. Whole cell extracts were
subjected to western blotting using antibodies directed to GTP-Ras, P-
MEK,,;, MEK,,, P-ERK/,, and ERK;. Representative results from
triplicate experiments are shown

P-ERK1/2
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observed upon SAL treatment in A4GALT siRNA-treated
Raji cells (data not shown). These results suggest that the
direct interaction between Gb3 and SAL induced the MEK-
ERK signaling pathway.

Up-regulation of p21 by SAL via phosphorylation of the
Ras-MEK-ERK signaling pathway We tested whether
ERK,/, phosphorylation was associated with the increase of
p21 expression. Treatment with SAL in combination with the
MEK inhibitor U0126 down-regulated p2/ mRNA expression
(Fig. 8a) and restored cell growth (Fig. 8b). U0126 by itself
had no significant effect on cell growth (Fig. 8b). Pre-
incubation with U0126 significantly decreased SAL-induced
phosphorylation of ERK ;> (Fig. 8c). SAL-induced enhance-
ment of p21 protein expression was also inhibited in the pres-
ence of U0126 (Fig. 8c).

Discussion
Taken together, the results from this study indicate that the

SAL/Gb3 interaction on the surface of Raji cells promotes
activation of Ras (to form GTP-Ras) and phosphorylation of
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Fig. 7 Gb3 knockdown inhibits a b

the phosphorylation of MEK and 100 - 100

ERK. For the detection of Gb3, Raji A4GALT siRNA Raji
untreated Raji cells (a) and 80 80

A4GALT siRNA-treated Raji

cells (b) were stained with anti- 'ué 60 '2 60

Gb3 mAb and AF488-conjugated 3 40 3 40

goat anti-mouse Ab (black line). o ' o Wy
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cells: gray line. c. Cell agglutina-
tion induced by treatment with
SAL (100 pg/ml). The images are
from bright-field microscopy at c
100x magnification. d. Degrees

of expression and phosphoryla-

tion of MEK and ERK proteins

were detected by western blotting

as described in Materials and
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MEK,, and ERK ». The suppression of cell growth by SAL
was likely due to the enhancement of p21 expression caused
by the phosphorylation of ERK,,,, which derived from the
Ras-MEK-ERK/, pathway. In addition, SAL reduced the
protein expression levels of CDK4, c-myc, and cyclin D3.
These results therefore indicate that SAL treatment induced
cell cycle arrest at the G, phase.

GAPDH

MEK1.2

P-ERKiz o . D S

ERK: S s @I a—

Gb3 is the key structure in globo-series GSLs, which con-
tain a galactosyl «1-4 linkage to lactosylceramide. Cell sur-
face Gb3 is involved in the transmission of various signals
into the cytoplasm via «-galactoside-binding lectins such as
SAL, pierisin, and the mussel Mytilus galloprovincialis lectin
(MytiLec) [9-11, 29]. Park et al. elucidated that the other
globo-series GSL, globotetoraosylceramide (Gb4), interacts
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Fig. 8 SAL treatment enhances
p21 protein expression levels

V)

through a Ras-MEK-ERK path- 1.6
way. a. Quantitative RT-PCR
showing p21 expression, normal-
ized relative to GAPDH, follow-
ing treatment with SAL (100 pg/
ml) and/or the MEK inhibitor
U0126 (10 uM). The values
shown are the means of triplicate 0.4
experiments. Asterisk denotes

P < 0.05 versus untreated control

1.2 1
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p21/GAPDH
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Cell growth rate of Raji T
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Growth of cells treated or un- U0126 -
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measured by the WST-8 assay.

The values shown are the means

of triplicate experiments. Asterisk

denotes P < 0.05 versus untreated
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nificant versus untreated control

cells. ¢. Degrees of expression

and phosphorylation of Ras-

MEK-ERK pathway-related pro-

teins as detected by western blot-

ting as described in Materials and

Methods

with the epidermal growth factor receptor to promote activa-
tion of the MAPK pathway [30]. However, it has not yet been
clarified whether Gb3 is involved in the activation of such a
pathway. In the present study, direct interaction between Gb3
and SAL was found to transmit a regulatory signal in Raji cells
through the MEK-ERK signaling pathway (Figs. 6 and 7).
Phosphorylation of ERK initiates synthesis of the CDK inhib-
itor p21, which induces cell cycle arrest at the Gy,; phase.
External stimulation through p21 prevents damage to cellular
DNA by irradiation and harmful toxins by arresting the cell
cycle at the G,/S phase transition. In comparison, p27 is in-
volved in cell differentiation and proliferation in addition to
cell cycle arrest [31]. p21 binds to the cyclin D3-CDK4 com-
plex and suppresses cell growth. Conversely, recent reports
have shown that the induction of p21 phosphorylation by
ERK2 promotes cell proliferation [32]. Consistent with these
properties, it has been reported that kinase-deficient forms of
ERK1/2 were able to up-regulate the expression of p21 and
subsequently induce Go; phase cell cycle arrest [33]. Previous
studies have suggested that Ras undergoes post-translational
processing to be able to associate with cell membranes [34].
Thus, GDP-Ras might be located in the vicinity of GEMs on
which Gb3 molecules are present. It is therefore important to
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elucidate the mechanism of SAL/Gb3 interaction in the initi-
ation of Ras activation to understand the cellular functions of
lectin-induced, glycan-mediated signal transduction.
Previous reports have indicated that Ras is activated by the
exchange of GTP for GDP, leading to the GTP-dependent
binding of target proteins to Ras [35]. In analogy to the present
findings, the activation of Ras is caused by binding between
galectin-1 and the N-acetyllactosamine of «5f31 integrin,
which is followed by the induction of cell cycle arrest at the
G/ phase [36]. Thus, Ras activation might involve multiple
pathways associated with various glycans and lectins. Several
types of thamnose-binding lectins having distinctive domain
architectures are known [37, 38]. SAL has a unique domain
construction with 9 binding sites based on a trimer of poly-
peptides, each consisting of triple tandem repeat domains [39].
For example, mAb raised against Gb3, which has divalent
high-affinity binding sites, did not cause phosphorylation of
GDP-Ras-MEK-ERK,, or induce Raji cell cycle arrest
(Fig. 2). Binding of inadequate ligands to Gb3 therefore evi-
dently do not cause the transmission of a phosphorylation
signal to GDP-Ras. Studies of the cell regulatory effects of
various Gb3-binding lectins will likely help to elucidate the
novel mechanisms whereby multiple lectins are able to
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transmit different growth-regulatory signals through the same
glycan. This phenomenon is highlighted by our recent discov-
eries regarding MytiLec, which has a completely different
primary sequence than SAL and causes direct apoptosis by
binding to Gb3 [29]. This report raises the possibility that
these lectins lead to different cell-regulatory signals [29].

In the current study, phosphorylated ERK, increased the
expression of the CDK inhibitor p21. This protein contains
CDK-binding domains at its N-terminus and interacts with
CDK to inhibit its activity, resulting in cell cycle arrest at the
Gy phase [40]. In general, the expression of CDK inhibitors is
regulated by the tumor suppressor p53, a transcription factor that
is expressed consequent to DNA damage [41]. The p21 and p27
peptides have differing molecular masses of 21 and 27 kDa,
respectively, and their C-terminal domains also play different
roles. We observed that the time-dependent up-regulation of
p27 occurred simultaneously with the down-regulation of cyclin
D3 during a 24-h period to promote cell cycle arrest at the G,
phase. In contrast, p21 was strongly up-regulated during a 12-h
period following treatment with SAL and then decreased slightly
during the subsequent 24-h period (Fig. 5).

Consistently with the phenomena described above, we
found that SAL treatment is affected by the up-regulation of
p21 (Fig. 5) and that production of p21 interfered with cyclin
D3/CDK4 complex formation. Oligosaccharides containing
«-galactoside are not a common type of glycan in human
cells. Gb3 has been identified as the target of hemorrhagic
toxins (e.g., verotoxin secreted by pathogenic bacteria, O157
strain) and has been proposed as a rejection antigen of pig
organs that carry an «-galactose residue 1-3 linked to
lactosylceramide following xenotransplantation into humans.
The present results, using a lectin isolated from a fish, indicate
a novel role of Gb3 as the trigger for activation of signal
transduction molecules to induce cell cycle arrest of human
lymphoma cells. Notably, x-galactoside-binding lectins (with
diverse primary structures) are isolated more frequently from
lower vertebrates and invertebrates than from higher verte-
brates (mammals and birds) [42—47]. The physiological func-
tions of these “primitive” lectins remain to be clarified in
almost all cases. However, it is becoming increasingly clear
that such knowledge will greatly promote biomedical studies
focused on novel regulatory systems in human cells.
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ABSTRACT: Lissoclibadins, polysulfur aromatic alkaloids, were isolated

from the Indonesian ascidian Lissoclinum cf. badium. Lissoclibadins 1 (1), NMe;  MeoN
3(2),4(3),7(4),8(5), and 14 (6) inhibited the growth of four human

solid cancer cell lines: HCT-15 (colon adenocarcinoma), HeLa-S3 (cervix ~ Mes S—SYC SMe
adenocarcinoma), MCF-7 (breast adenocarcinoma), and NCI-H28 \
(mesothelioma). Lissoclibadin 1 (1) exerted the most potent cytotoxic
effects in vitro and mainly promoted apoptosis through an intrinsic
pathway with the activation of a caspase-dependent pathway in HCT-15
cells. In vivo studies demonstrated that 1 suppressed tumor growth in MeO  SMe  NMe,
nude mice carrying HCT-15 cells without significant secondary adverse Lissoclibadin 1 (1)
effects. In conclusion, the results obtained in the present study

demonstrate that 1 has potential as a chemotherapeutic candidate for

preclinical investigations.
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Marine natural products possess unique structural features exerted suppressive effects on HCT-1S5 cells in antitumor
and various biological activities.' > A number of marine- experiments using xenograft model nude mice.
derived compounds have exhibited potent inhibitory activities
against human tumor cells in in vitro and in vivo experiments. B RESULTS AND DISCUSSION
Some marine substances have entered clinical trials for the
treatment of cancers, and cytarabine, trabectedin (ET743),
eribulin (a synthetic derivative of halichondrin B), and
monomethylauristatin E (MMAE) as the warhead of a
monoclonal antibody (Adcetris) have been approved as
anticancer agents.“_7

In the course of our studies on bioactive metabolites from
marine organisms, we have reported the isolation and structures
of three novel sulfur-containing alkaloids, lissoclibadins 1-3,
together with four known congeners from the Indonesian
ascidian Lissoclinum cf. badium, which have rare polysulfur
aromatic amine structures.” Further studies on this ascidian led
to the discovery of 11 related compounds, lissoclibadins 4—14.”
We previously reported their antimicrobial activities, inhibition st i
of cell proliferation in murine and human cancer cell lines, and 24 h, and cell viabilities were measured using the WST-1

effects on IL-8 production in PMA-stimulated human assay.'" The effects of compounds 1—6 on the viabilities of four
promyelocytic leukemia (HL-60) cells.'© cancer cell lines are summarized in Table 1. Among these

lissoclibadins, compounds 1, 5, and 6 exhibited stronger

Lissoclibadins 1—3 were obtained as cytotoxic components
against HL-60 cells® and exhibited inhibitory activities against
colony formation by Chinese hamster V79 cells and cell
proliferation in nine human solid-tumor cell lines.'” The
effects of lissoclibadins 4—14 have also been investigated
against V79 and murine leukemia L1210 cells.”

Further cytotoxicity studies were performed using lissocliba-
dins 1 (1), 3 (2), 4 (3), 7 (4), 8 (5), and 14 (6). The
cytotoxicities of compounds 1—6 were initially investigated in
four human cancer cell lines: HCT-15 (colon adenocarcinoma),
HeLa-S3 (cervix adenocarcinoma), MCF-7 (breast adenocarci-
noma), and NCI-H28 (mesothelioma). These cancer cells were
treated with each test compound at various concentrations for

We have now further evaluated the antitumor properties of
lissoclibadins in vitro and in vivo, and the findings obtained
indicated that lissoclibadin 1 induced caspase-dependent Received: November 14, 2016
apoptosis in the human colon cancer cell line HCT-15 and Published: February 9, 2017
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Table 1. Cytotoxicities of Compounds 1—6 against Four
Human Cancer Cell Lines: HCT-15, HeLa-S3, MCF-7, and
NCI-H28“

cytotoxicity (ICgo, uM)

compound HCT-15 HeLa-S3 MCE-7 NCI-H28
lissoclibadin 1 40+ 1.8 63+ 14 7.6 + 4.0 71 +23
(1)
lissoclibadin 3 132+14 160+18 nd® nd.
(2)
lissoclibadin 4 172 + 5.2 17.8 + 5.3 n.d. n.d.
(3)
lissoclibadin 7 157 £ 12 142 + 1.3 n.d. n.d.
4)
lissoclibadin 8 49 + 19 63 + 0.5 11.8 + 3.1 7.1 £ 1.0
(8)
lissoclibadin 14 42 +24 59 + 1.6 6.4 + 2.7 64 + 1.6
(6)
etoposide 197 £57 431 %65 n.d. n.d.

“Each value indicates the mean + SD of three different experiments
performed in triplicate. “Not determined.

cytotoxicity against all cancer cell lines and were more potent
than etoposide, an anticancer drug. Moreover, compounds 1, §,
and 6 showed the lowest IC, values of 4.0, 4.9, and 4.2 uM,
respectively, against HCT-15 cells (Table 1). On the other
hand, compounds 2—4 exhibited weaker activities than 1, S,
and 6 (Table 1).

Among the six lissoclibadins tested, lissoclibadins 1 (1) and
14 (6) were roughly equipotent, but compound 1 was selected
for further studies. Thus, morphological changes in cancer cells
treated with 1 (0—10 uM) were examined using light
microscopy. Lissoclibadin 1 (1) influenced cell adhesion and
morphology in a dose-dependent manner in the four cell lines
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(Figure S1). These results suggest that compound 1 possesses
potent cytotoxic effects.

Some anticancer agents are known to eliminate cancer cells
through apoptotic processes.'> Apoptosis is essential for tissue
development and homeostasis and also functions as a defense
system to avoid the effects of many toxic substances.'”
Therefore, nuclear morphological observations by fluorescent
staining and a flow cytometric analysis by double staining were
performed in order to investigate whether the cytotoxicity of
lissoclibadin 1 (1) is triggered by an apoptotic pathway. HCT-
15 cells treated with § M 1 for 24 h were stained with
Hoechst-33258, and nuclear morphological effects were
observed using a fluorescence microscope. Nuclear morpho-
logical observations of S uM 1 revealed the condensation of
chromatin and fragmentation of nuclei in a few cells, as shown
in Figure 1. Moreover, similar nuclear morphological changes
were detected in HeLa-S3, MCF-7, and NCI-H28 cells treated
with 10 uM 1 for 24 h (Figure 1).

Lissoclibadin 1 (uM)

HCT-15

Hela-S3 MCF-7 NCI-H28

Figure 1. Nuclear morphological changes induced by lissoclibadin 1
(1) in HCT-15, HeLa-S3, MCF-7, and NCI-H28 cells. Each cell line
(5 X 10* cells/mL) was precultured for 24 h, and compound 1 was
then added at the indicated concentrations and cultured for 24 h. Cells
were stained with Hoechst-33258 and observed using a fluorescent
microscope.

The occurrence of apoptosis was analyzed using flow
cytometry. HCT-1S cells were treated with S yuM 1 for 3, 6,
12, and 24 h and then stained with fluorescein isothiocyanate
(FITC)-conjugated annexin V (annexin V) and propidium
iodide (PI) in order to confirm the apoptotic actions induced
by compound 1. Annexin V staining (lower right) signified
early apoptotic events, while dual annexin V and PI staining
(upper right) indicated the late phase of apoptosis (Figure 2).
On the other hand, PI staining (upper left) showed necrosis,
and nonstained cells (lower left) were viable cells (Figure 2). As
shown in Figure 2, the proportion of early apoptotic cells
(lower right) significantly increased to 11%, 37%, 43%, and
40% after the incubation with 1 at S uM for 3, 6, 12, and 24 h,
respectively. The late apoptotic cell proportion (upper right)
was also increased after the 24 h incubation with S yM 1 in a
time-dependent manner (Figure 2). These results indicate that
the cytotoxic effects of lissoclibadin 1 are attributable to the
induction of apoptosis.

The apoptotic response in HCT-15 cells to 1 was
significantly decreased by the addition of the pan-caspase
inhibitor z-VAD-fmk (Figure 3). The percentage of apoptotic
cells (upper right and lower right) decreased from 64% to 11%.
Therefore, compound 1 induced apoptotic death in HCT-15
cells through a caspase-dependent pathway.

DOI: 10.1021/acs.jnatprod.6b01051
J. Nat. Prod. 2017, 80, 499—502
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Figure 2. Analysis of apoptosis stages in HCT-15 cells assessed by flow
cytometry with double staining (annexin V and PI). HCT-15 cells (S
X 10* cells/mL) were precultured for 24 h in 1 mL, lissoclibadin 1 in
DMSO (5.0 uM) or DMSO alone (final concentration 0.1%) was then
added, and the cells were incubated for the indicated time. Analyses of
annexin V binding and PI incorporation were performed by
FACSCalibur. The percentages of annexin V-positive cells are
presented in the right panel. Each value is the mean + SD of three
independent experiments.
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Figure 3. Effects of pan-caspase, caspase-8, and caspase-9 inhibitors on
apoptosis induced by lissoclibadin 1 (1). HCT-15 cells (5 X 10* cells/
mL) were precultured for 24 h in 1 mL. Each caspase inhibitor was
added at 50 M, and the cells were incubated for 30 min. Lissoclibadin
1 in DMSO (5.0 uM) or DMSO alone (final concentration 0.1%) was
then added, and the cells were incubated for the indicated time.
Analyses of annexin V binding and PI incorporation were performed
by FACSCalibur. The percentages of annexin V-positive cells are
presented in the right panel. Each value is the mean + SD of three
independent experiments.

The caspase cascade is transmitted through two kinds of
pathways: intrinsic and extrinsic pathways."” Therefore, the
pathway activated by the treatment with 1 was investigated in
the annexin V—PI dual-staining analysis using specific caspase-8
(z-IETD-fmk) and caspase-9 (z-LEHD-fmk) inhibitors. As
shown in Figure 3, the prevention of annexin V-positive
staining by z-LEHD-fmk was more potent than that by z-IETD-
fmk, which indicated that apoptosis induced by 1 was caused by
the intrinsic pathway rather than the extrinsic pathway. z-
LEHD-fmk could not completely prevent the apoptosis in
contrast to z-VAD-fmk, indicating that 1 triggers the apoptotic
signal cascade so strongly that inhibition of caspase-9 alone is
not sufficient for complete prevention of 1-induced apoptosis.
The treatment with caspase inhibitors did not suppress the
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effects of 1 on cell adhesion and morphology (Figure S2). It
may be demonstrated that the treatment with 1 causes an
irreversible lethal stress in cancer cells upstream of caspase
cascade activation or prevention of 1-induced caspase activation
triggers induction of other cell death signaling. Taken together,
we have concluded that compound 1 induces potent
cytotoxicity attributed to strong activation of caspase cascade
originating in caspase-9 activation.

BALB/c nu/nu nude mice were used as a xenograft model to
evaluate the in vivo antitumor effects of lissoclibadin 1 (1) on
the HCT-1S cell line. Tumor growth on day 28 in the group
treated with 1 at 25 mg/kg per day (n = 6) was approximately
60% less than that in the control group, whereas the
administration group at S mg/kg per day (n = 6) showed no
effect (Figure 4A). Neither obvious toxicities nor body weight
changes were observed during the experimental period (Figure
4B). These results show that compound 1 suppressed tumor
growth in nude mice.

The present study revealed that lissoclibadin 1 (1) induced
cell death via apoptosis due to the mitochondrial cytochrome c-
dependent activation (intrinsic pathway) of the caspase-9 and
caspase-3 cascade pathway. Moreover, compound 1 exhibited
antineoplastic activity in HCT-15 cells in vivo at 25 mg/kg per
day with relative safety. This is the first study on the in vivo
antitumor efficacy of 1, and, accordingly, lissoclibadin 1 has
potential as a lead compound for further development as a
cancer chemotherapy agent.

B EXPERIMENTAL SECTION

General Experimental Procedures. Lissoclibadins 1 (1), 3 (2), 4
(3), 7 (4), 8 (5), and 14 (6) were isolated from the ascidian L. cf.
badium collected in Indonesia as described previously.”” A cell
counting kit (WST-assay) was purchased from Dojindo Molecular
Technologies, Inc. Caspase inhibitors (z-VAD-fmk, z-IETD-fmk, and
z-LEHD-fmk) were purchased from Medical & Biological Laboratories
Co,, Ltd. (MBL).

Cell Cultures. HCT-15 (colon adenocarcinoma), HeLa-S3 (cervix
adenocarcinoma), and MCF-7 (breast adenocarcinoma) cell lines were
obtained from the Cell Resource Center for Biomedical Research,
Institute of Development, Aging and Cancer, Tohoku University. The
NCI-H28 cell line (malignant mesothelioma) was purchased from the
American Type Culture Collection. Cells were routinely kept in RPMI
1640 medium (Nissui Pharmaceutical Co. Ltd.) supplemented with
10% fetal calf serum, penicillin (100 U/mL), and streptomycin (100
pug/mL) at 37 °C in a 95% air and 5% CO, atmosphere.

WST Assay. WST-1 assays were performed in accordance with the
manufacturer’s instructions. Briefly, cells were plated at 5 X 10° cells/
well on 96-well plates and grown for 24 h. Various concentrations of
lissoclibadins (0.1—40 M) and etoposide (1.0—100 M) were added
in triplicate to the cultures and incubated for 24 h before adding the
WST-1 solution. The absorbance of the resulting product was
measured 4 h later at a wavelength of 450 nm with background
subtraction at 650 nm. The cytostatic/cytotoxic effects of compounds
were expressed as relative cell viability (% of control). The
experiments were conducted three times, and the ICy, value showing
the compound concentration required for the 50% inhibition of cell
viability was calculated employing GraphPad Prism 3.0 software.

Observation of Nuclear Morphology. Cells (5 x 10* cells/mL)
were cultured in S mL on six-well plates and grown for 24 h. After the
treatment, cells were trypsinized, collected by centrifugation, and
washed with PBS. Cells were then fixed with 100 uL of 1.0%
paraformaldehyde at 4 °C for 15 min and stained with 50 L of 1 mg/
mL Hoechst-33258 at 4 °C for 15 min. After three washes with PBS,
cells were mounted on glass slides using Prolong gold antifade
reagents (Molecular Probes). Fluorescence was visualized with a Zeiss
Axioscope 2 fluorescence microscope (Carl Zeiss).
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Figure 4. Antitumor effects of lissoclibadin 1 (1) in a tumor xenograft model bearing HCT-15 cells. HCT-15 cells (5 X 10° cells) were implanted
into each nude mouse. When the tumor size reached 50—80 mm?, mice were injected intratumorally with S mg/kg of 1, 25 mg/kg of 1, and 25 mg/
kg of irinotecan (as a positive control) six times every second day from day 0 (indicated by arrowhead). Tumor sizes for calculating the volume (A)
and body weight (B) were measured every second day. The body weight was monitored for toxicity.

Annexin V/PI Staining. Annexin V binding and PI incorporation
were detected with a MEBCYTO apoptosis kit (MBL) according to
the manufacturer’s directions. Briefly, cells (5 X 10* cells/mL) were
cultured in 1 mL on 24-well plates. After the treatment with 5 uM
lissoclibadin 1 (1), adherent cells were trypsinized, pooled, and stained
with annexin V-FITC and PI. The fluorescence intensities of FITC-
annexin V and PI were measured using a FACSCalibur flow cytometer
(Becton Dickinson).

The role of caspase activation in this process was examined by the
addition of the pan-caspase inhibitor z-VAD-fmk, caspase-8-specific
inhibitor z-IETD-fmk, and caspase-9-specific inhibitor z-LEHD-fmk.
Each caspase inhibitor (50 uM) was added to cultured cells 30 min
before the addition of 1 (S #M). The analysis of annexin V binding
and PI incorporation was then completed, as described above. The
results from three independent experiments were expressed as the
mean =+ SD. Statistical analyses were conducted using GraphPad Prism
3.0, and comparisons were made using one-way analysis of variance
(ANOVA) followed by Bonferroni’s post hoc tests.

In Vivo Antitumor Experiment. All animal experiments were
performed in accordance with the Guidelines for Animal Experiments
of the Tohoku Medical and Pharmaceutical University (permission
number 08029). HCT-15 cells (1 X 10%/mL) were mixed with an
equal volume of ice-cooled Matrigel (Becton Dickinson Labware), and
an aliquot of the cell suspension (100 yL) was injected subcutaneously
into the lower backs of 6-week-old female athymic nude mice (Balb/c
nu/nu, Charles River Lab. Inc.). One week after the inoculation (day
0), mice bearing tumor volumes from S0 to 100 mm® were randomly
divided into 4 groups with 6 mice in each group. Lissoclibadin 1 (1)
and irinotecan, used as a reference antitumor drug, were dissolved in
sterile PBS containing 5% DMSO and 5% glucose (solvent). Groups 1,
2, and 3 were injected intratumorally with S and 25 mg/kg of 1 and 25
mg/kg of irinotecan, respectively, on days 0, 2, 4, 6, 8, and 10. Group 4
was administered vehicle (solvent only). Body weights and tumor sizes
were measured every other day from day 2 until 28. Solid tumor
volumes were calculated as follows: length (mm) X width (mm) X
depth (mm) X /6. Tumor growth and body weight changes were
evaluated by the ratio of each value against the initial values on day 0.
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ABSTRACT

Malignant mesothelioma is an aggressive cancer with limited therapeutic
options. Sialic acid-binding lectin isolated from Rana catesbeiana oocytes (cSBL)
is a multifunctional protein with anti-cancer activity. The effects of pemetrexed,
cisplatin, and cSBL were evaluated in mesothelioma and normal mesothelial cell
lines. We evaluated cytotoxicity, apoptosis, caspase-3 cleavage and activation, cell
proliferation, cell cycle arrest, and levels of cell cycle proteins in H28 cells treated with
pemetrexed, cisplatin, and cSBL alone or in combination. Treatment with cSBL alone
was cytotoxic to mesothelioma cells. The anti-cancer effect of cSBL was observed
in a broader range of cell lines and exhibited greater cancer cell selectivity than
pemetrexed or cisplatin. Combination treatment with pemetrexed + cSBL resulted
in greater dose-dependent cytotoxicity than pemetrexed + cisplatin, the standard of
care in mesothelioma. The synergistic effect of pemetrexed + cSBL was mediated by
the cytostatic effect of pemetrexed and the cytotoxic effect of cSBL. It thus appears

that cSBL has therapeutic potential for the treatment of mesothelioma.

INTRODUCTION

Malignant mesothelioma is an aggressive cancer
of mesothelial cell origin that results from exposure
to asbestos [1, 2]. Asbestos was extensively used in
industry and construction during the 20th century. It
was first associated with the incidence of mesothelioma
in the 1960s [3-6]. Because mesothelioma develops
20-30 years after asbestos exposure, the number of
mesothelioma patients is expected to increase [7-9]. There
are few therapeutic options for mesothelioma. The folate
antimetabolite pemetrexed is a chemotherapeutic that is
typically used in combination with platinum-containing
drugs such as cisplatin [10, 11]. Compared to cisplatin
monotherapy, combination treatment with pemetrexed +
cisplatin improves response rate, progression-free survival,
overall survival, and quality of life in mesothelioma
patients [10]. However, most patients treated with
pemetrexed and cisplatin experience tumor progression
or relapse within a year [12, 13]. Drug resistance is

also commonly observed [14]. Therefore, alternative
therapeutic agents for mesothelioma are needed.

Sialic acid-binding lectin isolated from Rana
catesbeiana oocytes (cSBL) is a multifunctional protein
with lectin-binding [15, 16], ribonuclease (RNase) [17], and
anti-tumor activity [16]. cSBL is cytotoxic to cancer cells
including leukemia [18-21], breast carcinoma [21-24],
mesothelioma [25], and hepatoma cells [21, 26, 27].
It has little effect on normal cells such as fibroblasts,
melanocytes, keratinocytes, and mesothelial cells
[20, 21, 25, 26, 28]. ¢cSBL-induced cell death involves
at least three steps: (1) binding to the cell surface via
carbohydrate chain containing sialic acid, (2) cell
internalization, and (3) RNA cleavage and activation of
apoptosis. The cytotoxic effects of cSBL are mediated by
the induction of apoptosis in response to mitochondrial
perturbation. RNase activity is essential for cSBL-induced
cytotoxicity [24]. Treatment of tumor-bearing mice
(transplanted with sarcoma 180 cells, Ehrlich, or Mep 2
ascites cells) with ¢cSBL at a non-toxic dose prolonged
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survival [16]. In contrast to commonly used DNA-
targeting agents, the cytotoxic effects of RNases are non-
genotoxic [29]. Thus, cSBL has therapeutic potential as a
novel RNA-targeting anti-cancer agent.

Combination chemotherapy is the standard of care for
many cancers. It allows for the use of doses that maximize
the therapeutic effects while preventing chemoresistance.
cSBL has an anti-cancer effect in mesothelioma cell lines
(e.g. NCI-H28 [H28], ACC-MESO-1 [MESO-1], and ACC-
MESO-4 [MESO-4]), and exhibited synergistic effects with
tumor necrosis factor-related apoptosis-inducing ligand
(TRAIL) in H28 cells [25] and interferon-y in hepatoma
cell lines [27]. We investigated whether cSBL exhibited
greater tumor selectivity than pemetrexed and cisplatin, and
whether combination treatment with cSBL + pemetrexed
was comparable or superior to combination treatment with
pemetrexed + cisplatin.

RESULTS

¢SBL exhibits greater cancer cell selectivity than
pemetrexed and cisplatin

We evaluated the effects of ¢cSBL, pemetrexed, and
cisplatin on the viability of epithelioid mesothelioma cells
(NCI-H2452 [H2452], MESO-1, and MESO-4), biphasic
mesothelioma cells MSTO-211H (MSTO) and sarcomatoid
mesothelioma cells (H28), and non-malignant mesothelial
cells (MeT5A) using WST-8 assays. All three agents
reduced mesothelioma cell viability. However, cSBL had
the least effect on MeT5A cells (Figure 1). Even at the
highest concentration (20 pM), cSBL only inhibited MeT5A
cell viability by 40% (Figure 1C). In contrast, pemetrexed
decreased Met5A cell viability by 50% at 0.01 uM and
cisplatin decreased viability by 70% at 10 uM. We calculated
the half maximal inhibitory concentration (IC,)), defined as
the concentration required to inhibit cell growth by 50%,
from dose-response curves. The relative sensitivity (RS) of
each agent represents the ratio of the IC, value in a cancer
cell line to the IC value in MeTS5A cells (Table 1). H2452,
MESO-1, and MESO-4 cells were resistant to pemetrexed
(RS: 0.37, 0.06, and 0.06, respectively), and H28, H2452,
and MESO-1 cells were resistant to cisplatin (RS: 0.66, 0.24,
and 0.26, respectively). In contrast, cSBL was cytotoxic in
these drug-resistant cell lines. The RS of ¢cSBL was higher
(9.48-247.02) than the RS values of pemetrexed and
cisplatin in mesothelioma cells, indicating that the cytotoxic
effect of cSBL was more selective to cancer cells.

c¢SBL and pemetrexed exert a strong synergistic
effect

We investigated the pharmacological interaction
between the three agents by evaluating the viability of
H28 cells treated with pemetrexed + cisplatin, pemetrexed
+ ¢SBL, or cisplatin + cSBL. H28 cells are moderately

sensitive to pemetrexed (Figure 1 and Table 1). We
previously demonstrated that combination treatment with
c¢SBL + TRAIL has a synergistic effect H28 cells [25].
The concentration of each drug in the combination regimen
was based on the IC, value of each agent as a single
treatment. Pemetrexed + cisplatin and pemetrexed + cSBL
reduced cell viability to a similar extent (Figure 2A). To
evaluate the synergistic effect of each drug combination,
we calculated combination index (CI) values. The
CI curves shown in Figure 2B indicated that pemetrexed +
cSBL had a stronger synergistic effect and broader fraction
affected (Fa) range than the other combinations. Cisplatin
+ c¢SBL exhibited the weakest cytotoxic and synergistic
effects. We also calculated the concentration of each agent
at Fa=0.5 (i.e., the concentration predicted to reduce cell
viability by 50%) (Table 2). Lower concentrations of
each agent were required to inhibit cell viability by 50%
when they were combined rather than administered a
single agents. The concentration of pemetrexed decreased
by nearly 50% when used in combination with cSBL
(0.38 uM) compared to cisplatin (0.65 uM).

Pemetrexed and ¢cSBL induce apoptosis in
mesothelioma cells

We previously demonstrated that c¢cSBL induces
apoptosis in H28 (sarcomatoid histological type) as well
as MESO-1 and MESO-4 (epithelioid type) cells, and that
the synergistic anti-tumor effect of cSBL + TRAIL in H28
cells was mediated by an increase in apoptosis [25]. To
elucidate the mechanism underlying the synergistic effect of
pemetrexed + cSBL in H28 cells, we evaluated markers of
apoptosis. In the initial combination treatment experiments
(Figure 2A), pemetrexed (20 uM), cisplatin (40 uM), and
c¢SBL (1 uM) reduced the viability of H28 cell lines to
similar levels (approximately 30%). Therefore, we used these
concentrations in all subsequent experiments. After 72 h of
treatment, the percentage of annexin V-positive cells was
27.3%, 38.7%, and 44.3% in cells treated with pemetrexed,
cisplatin, and c¢SBL, respectively, and 44.8%, 47.3%,
and 46.0% in cells treated with pemetrexed + cisplatin,
pemetrexed + c¢SBL, and cisplatin + ¢SBL, respectively
(Figure 3). There were no statistically significant differences
between the individual and combination treatments.

The synergistic effect of pemetrexed + cSBL is
not mediated by changes in caspase-3 activity

To investigate whether the synergistic anti-tumor
effect of pemetrexed + ¢cSBL was mediated by apoptosis,
we analyzed activated caspase-3 levels. Western blot
analysis demonstrated that all of the treatments increased
activated caspase-3 levels (Figure 4A). Caspase-Glo™ 3/7
assays indicated pemetrexed and cisplatin did not induce
caspase-3 activation. In contrast, a significant increase
in activated caspase-3 was observed in cells treated
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with ¢cSBL alone or with any of the three combination
treatments (Figure 4B). There were no significant
differences in caspase-3 activity between cells treated with
cSBL alone or the combination treatments.

Pemetrexed and cisplatin inhibit cell
proliferation, but cSBL has a cytotoxic effect in
H28 cells

Because apoptosis was not upregulated with the
addition of pemetrexed to ¢SBL, we investigated the
mechanism by which pemetrexed and cSBL inhibited
mesothelioma cell viability. Previous reports have indicated
that the anti-tumor effect of both pemetrexed and cisplatin
is mediated by the induction of apoptosis in response to
cell cycle arrest [30-35]. Therefore, we analyzed the effect
of pemetrexed and cisplatin on cell proliferation. The total
number of cells decreased by 10.4%, 14.2%, and 32.7%
in cells treated with pemetrexed, cisplatin, and cSBL,
respectively, for 72 h compared to control (PBS-treated)
cells (Figure SA). The ratio of annexin V- and propidium
iodide (PI)-positive cells indicated that the number of
dead cells barely increased in response to pemetrexed-
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or cisplatin treatment, whereas the number of dead cells
significantly increased with cSBL treatment (Figure 5B).

The anti-tumor activity of pemetrexed + ¢SBL is
mediated by cytostatic and cytotoxic effects

Cell viability assays suggested that pemetrexed
and cisplatin inhibited proliferation. Therefore, we
analyzed cell cycle progression in H28 cells treated
with these agents. Flow cytometry analysis revealed that
pemetrexed and cisplatin induced cell cycle arrest in S
phase and the S or G2 phase, respectively. In contrast,
c¢SBL had a minimal effect on cell cycle progression.
However, it promoted a significant increase in the number
of cells in the sub-G1 phase, indicative of apoptosis.
DNA histograms of cells treated with the combination
treatments resembled the histograms of cells treated
with the individual agents (pemetrexed + cisplatin: S
phase arrest, pemetrexed + ¢SBL: S phase arrest and
sub-G1 increment, and cisplatin + ¢SBL: S or G2 phase
arrest and sub-G1 increment) (Figure 6A and 6B). To
investigate the molecular mechanisms underlying these
effects, we assessed the levels of proteins that regulate
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Figure 1: Dose-response curves in the mesothelioma cell lines (H28, H2452, MESO-1, MESO-4, and MSTO), and MeT5A mesothelial
cells treated with pemetrexed (A), cisplatin (B), or cSBL (C). Cells were treated with pemetrexed (0.1 nM—20 mM), cisplatin (1 nM—1 mM),
or cSBL (1 nM-30 uM) for 72 h. The dots and bars represent the mean and SD, respectively. Dose-response curves are depicted as lines or
dotted lines. Each data point represents the mean + SD of at least three independent WST-8 assays. Each sample was plated in triplicate.

www.impactjournals.com/oncotarget

Oncotarget



Table 1: IC, values (uM) and RS of pemetrexed, cisplatin, and ¢SBL in mesothelioma cells

Drugs Drug targets MeT5A H28 H2452 MESO-1 MESO-4 MSTO
TS Ic 129.50 11.27 353.00 2267.00 2077.00 0.28
Pemetrexed DHFR 0 (24.20-693.20) (5.67-22.39) (208.6- 597.3) (1393-3691) (1634-2639) (0.23-0.34)
GRAFT RS 1.00 11.49 0.37 0.06 0.06 465.99
Ic 11.27 17.18 47.62 44.14 4.54 2.23
Cisplatin DNA 0 (8.07-15.73) (15.14-19.50) (41.23-55.00) (38.62-50.46) (3.87-5.33) (1.62-3.06)
RS 1.00 0.66 0.24 0.26 2.48 5.06
Ic 52.22 0.46 0.52 5.51 1.54 0.21
¢SBL RNA 0 (33.94-80.36) (0.35-0.68) (0.41-0.66) (4.67-6.50.) (1.10-2.17) (0.15-0.29)
RS 1.00 113.89 100.00 9.48 3391 247.02

The 95% confidence intervals for each IC; value are shown in parentheses. The RS value was calculated as the IC, value of each agent in MeTSA cells divided by the IC, value

in each cancer cell line.

50

cell cycle progression (cyclin, p21%crl " and Akt) by DISCUSSION
western blotting. The levels of cyclin A and p21Wafl/Cir!
were unchanged in cells treated with pemetrexed alone,
while the levels of phosphorylated Akt significantly
increased. Cyclin A and B1 levels significantly decreased
in cisplatin-treated cells, while p21V/CP! Jevels increased.
In contrast, cyclin A, B1, D1, and E levels, and as well
as p21WCrl and phosphorylated Akt levels, significantly
decreased in cSBL-treated cells. The levels of cyclin A
and B1 decreased, whereas p21“/cir! Jevels increased in
cells treated with pemetrexed + cisplatin. Pemetrexed +
¢SBL, and cisplatin + cSBL, significantly decreased cyclin
B1, p21%f/Cirl "and phosphorylated Akt levels, similar to
those observed in cells treated with cSBL alone, whereas
pemetrexed + cSBL had the same effect on cyclin A levels
as treatment with pemetrexed alone (Figure 6C).

Mesothelioma is categorized as one of three
histological subtypes: epithelioid, biphasic, or sarcomatoid
[1, 36]. Previous studies have demonstrated that the
epithelioid subtype is associated with more favorable
survival outcomes compared to non-epithelioid subtypes
[1, 37, 38]. We found that cSBL had strong cytotoxic
effects in a broader range of mesothelioma cell types
including pemetrexed- or cisplatin-resistant cells. We
previously demonstrated that ¢SBL selectively bound
to 20 human and animal cancer cell lines but not to 10
normal cell lines [15]. A comprehensive analysis of
c¢SBL cytotoxicity and cancer selectivity was performed
previously [39, 40]. We found that ¢cSBL preferentially
binds and internalizes into cancer cells compared to
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Figure 2: Pharmacological interactions between pemetrexed, cisplatin, and ¢SBL in H28 cells. (A) The drug concentration
ratios were as follows: pemetrexed + cisplatin (1:2), pemetrexed + cSBL (20:1), cisplatin + ¢cSBL (40:1). Cells were treated with pemetrexed
(2 nM—400 pM), cisplatin (4 nM—800 uM), or cSBL (0.1 nM-20 uM) for 72 h. The horizontal axis indicates the concentration of pemetrexed
in the pemetrexed + cisplatin or pemetrexed + cSBL combination or the concentration of cisplatin in the cisplatin + cSBL combination.
(B) CI-Fa curves for H28 cells treated with pemetrexed + cisplatin, pemetrexed + ¢SBL, or cisplatin + ¢SBL. CI values < 1 indicate a
synergistic effect, and CI values > 1 indicate an antagonistic effect. Each data point represents the mean + SD of three independent WST-8
assays. Each sample was plated in triplicate.
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Table 2: CI values and drug concentrations at Fa = 0.5 in H28 cells

Concentration at Fa = 0.5

Drug/Combo CI value
Pemetrexed (uM) | Cisplatin (uM) | ¢SBL (uM)
Pemetrexed — 20.44 — —
Single Cisplatin — — 15.2
cSBL — — — 0.69
Pemetrexed + Cisplatin 0.12 0.65 1.31 —
Combination Pemetrexed + cSBL 0.05 0.38 — 0.02
Cisplatin + cSBL 0.47 - 4.6 0.12
100
[ Annexin V (+) - PI(-)
80 g Annexin V (+) - P (+)
60 a3 J::: 8% 46.0 %
s w1e o

% of Annexin V positive cells
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Figure 3: Pemetrexed, cisplatin, and ¢SBL, either alone or in combination, induced apoptosis in H28 cells. Cells were
treated with pemetrexed (20 uM), cisplatin (40 pM), or cSBL (1 uM) for 72 h. The y-axis indicates the percentage of annexin V-positive
cells. The percentage of Pl-positive and negative cells is indicated by the different column patterns. The statistical significance of the
percentage of annexin V-positive cells compared to the control is shown. **p <0.01, ***p <0.001; n.s.: not significant.
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Figure 4: Caspase-3 activation is not enhanced by combination treatment. Cells were treated with pemetrexed (20 uM),
cisplatin (40 uM), or ¢SBL (1 uM) for 72 h. (A) Cleaved (activated) caspase-3 was detected using western blot analysis. (B) Caspase-3
activity was analyzed using a Caspase-Glo™ 3/7 assay. *p < 0.05; n.s.: not significant.
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normal cells, and exerts cytotoxic effects through its
RNase activity [16]. Internalization-defective P-388
mutant (RC-150) cells, which are cSBL-resistant, can
bind cSBL but show no cytotoxicity [41]. Therefore, we
hypothesize that the lack of specific internalization of
c¢SBL could make normal cells non-sensitive.

Although the effects of cSBL in combination with
other agents have been investigated in various cancer cell
lines [21, 25, 27], there have been no reports describing
the effects of cSBL in combination with pemetrexed or
cisplatin. We have demonstrated that the synergistic effect
of pemetrexed + cSBL is comparable to that of pemetrexed
+ cisplatin (Figure 2A and 2B). Treatment with pemetrexed
+ cSBL could decrease the risk of dose-dependent adverse
effects associated with pemetrexed and/or the development
of pemetrexed resistance. The synergistic effect of
pemetrexed + cSBL is not mediated by increased apoptosis
(Figures 3, 4). Apoptosis is commonly observed in cancer

cells treated with relatively high concentrations of anti-
cancer agents, whereas a cytostatic effect (i.e. transient
growth arrest) is typically observed with relatively low
concentrations [42]. We found that the percentages of
annexin V/PI double-positive cells (Figure 3) and dead
cells in the Muse™ analysis (Figure 5) of pemetrexed-
or cisplatin-treated cells were comparable and relatively
low (13—17%). Cell cycle analysis (Figure 6) indicated
that pemetrexed and cisplatin exert cytostatic effects,
whereas cSBL exerts cytotoxic effects. These data suggest
that pemetrexed- and cisplatin-treated cells proceed to
an early apoptotic stage, but that cSBL is required for
completion of apoptosis. The differential effects of each
agent on cell cycle proteins suggest that the molecular
mechanisms underlying cell cycle arrest are dependent
on the cell type and the specific treatment. Pemetrexed
reportedly induces S-phase arrest in A549 lung cancer
cells by prolonging Akt activation, thereby sustaining
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Figure 5: Pemetrexed and cisplatin inhibit proliferation, whereas ¢SBL has a cytotoxic effect in H28 cells. Cells were

™

treated with pemetrexed (20 M), cisplatin (40 uM), or cSBL (1 uM) for 0—72 h. The number of cells was estimated using a Muse™ Count &
Viability Kit. (A) Cell growth rates were calculated as the ratio of the cell number at 72 h to the cell number at 0 h and presented as a fraction
of the controls. (B) The number of live and dead cells every 24 h is shown. Statistically significant differences in the live cell number at 72 h
were observed in the treatment groups compared to the control (***). Statistically significant differences in the dead cell number at 72 h
were observed in cSBL-treated cells compared to cisplatin- or pemetrexed-treated cells (). *p <0.05, **p <0.01, ***p <0.001, ¥p <0.01.
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activation of CDK2/cyclin A kinase [31]. In our study,
pemetrexed treatment did not significantly alter the levels
of cyclin A. However, pemetrexed induced an increase
in phosphorylated Akt levels and arrested cells cycle in
S-phase (Figure 6). The levels of the cyclins evaluated as
well as p21™fV/Cirl Jevels significantly decreased in cSBL-

treated cells. Since cSBL inhibits RNA translation through
degradation, short-lived proteins such as cyclins are likely
to be sensitive to cSBL treatment. Interestingly, in cells
treated with pemetrexed + cSBL, although the levels of
cyclin B1, D1, and E, p21™/Cir1 "and phosphorylated Akt
significantly decreased to levels similar to those observed
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Figure 6: Pemetrexed, cisplatin, and ¢SBL, either alone or in combination, alter cell cycle dynamics in H28 cells.
Cells were treated with pemetrexed (20 uM), cisplatin (40 pM), or cSBL (1 uM) for 72 h. (A, B) Flow cytometry analysis of cell cycle
progression in H28 cell lines after 72 h of treatment. (C) Western blot analysis of cyclin (A, B1, DI, and E), p21WCr! | pan-Akt, and

phospho-Akt levels.
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in cells treated with cSBL alone, cyclin A levels did not
significantly change. Although ¢SBL may inhibit cyclin A
translation, pemetrexed might stabilize cyclin A levels and
enhance CDK2/cyclin A kinase activity, thereby inducing
S-phase arrest and/or apoptosis when used in combination
with cSBL [43—45]. The strong synergism of pemetrexed
+ cSBL is mediated by the cytostatic action of pemetrexed
triggered by sustained CDK2/cyclin A activation, and the
proapoptotic effect of cSBL.

The levels of p21™f/Cirl were differentially affected
by each treatment. The tumor suppressor p21Wafl/Cipl
arrests cell cycle progression by inhibiting the function
of cyclin-CDK complexes or DNA polymerase [46—48].
Overexpression of p21WCl induces cell cycle arrest
in G1-, G2- [49], or S-phase [50, 51]. Pemetrexed and
cisplatin induce cell cycle arrest by increasing p21Wefl/Cip!
levels [30, 52]. As a single treatment, pemetrexed did not
change p21™/Crl Jevels. However, cisplatin and ¢cSBL
significantly increased and decreased p21W%/Cir! Jevels,
respectively. Of the combination treatments evaluated, only
pemetrexed + cisplatin substantially increased p21™fl/cipl
levels. Therefore, p21Y/¢P! may be important for cisplatin-
induced cell cycle arrest in H28 cells. Indeed, p21Wal/Cip!
induced apoptosis in MSTO cells treated with a combination
of cisplatin and piroxicam. Silencing p21%/C®! inhibited
this effect [53]. Because cisplatin strongly increased p2 1%/
Cirl in H28 cells (Figure 6), we propose that the decrease
of p21WeflCirl Jevels in cSBL-treated cells might explain
the lack of synergy between cisplatin and ¢cSBL. Lazzarini
et al. reported that shRNA-mediated inhibition of p2 1%/
Cirl enhanced the anti-tumor effects of DNA-damaging
agents such as doxorubicin, etoposide, and CPT11 in H28

_ Pemetrexed+cSBL

and H2052 cells [54]. Inoue ef al. reported that sorafenib
downregulated p21™f/Cr! Jevels and promoted cell death
in renal cell carcinoma and hepatocellular carcinoma when
used in combination with DNA-damaging agents such as
paclitaxel or doxorubicin [55]. Therefore, cSBL + DNA-
damaging agents (with the exception of cisplatin) might
be an effective therapeutic strategy for mesothelioma.
The proposed mechanisms of action of the combination
treatments are shown in Figure 7.

In conclusion, cSBL exhibits a potent anti-tumor
effect in multiple mesothelioma cell lines due to its
cytotoxic activity and high selectivity for cancer cells
compared to either pemetrexed or cisplatin. Pemetrexed
+ ¢SBL exhibited a strong synergistic effect that was
comparable or even superior to the standard regimen of
pemetrexed + cisplatin. We propose that the synergistic
effect results from the combination of the cytostatic effect
of pemetrexed and the cytotoxic effect of cSBL. Therefore,
cSBL has therapeutic potential for mesothelioma.

MATERIALS AND METHODS

Cell culture

The H28, H2452, and MSTO mesothelioma
cell lines and immortalized, non-malignant MeT-5A
mesothelial cell line were purchased from American
Type Cell Culture Collection (Manassas, VA, USA).
The MESO-1 and MESO-4 mesothelioma cell lines
were obtained from Riken Cell Bank (Tsukuba, Japan).
H28, H2452, MSTO, MESO-1, and MESO-4 cells were
cultured in RPMI-1640 medium supplemented with 10%
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fetal bovine serum (FBS). MeT-5A cells were cultured in
Medium 199 with Earle’s balanced salt solution (75 mM
L-GIn and 1.25 g/L sodium bicarbonate) supplemented
with 3.3 nM epidermal growth factor (EGF), 400 nM
hydrocortisone, 870 nM insulin, 20 mM HEPES, and 10%
FBS. All cells were cultured with 100 U/mL penicillin and
100 pg/mL streptomycin at 37°C in a 95% air and 5% CO,
atmosphere.

Reagents

cSBL was isolated using sequential chromatography
with Sephadex G75, DEAE-cellulose, hydroxyapatite, and
SP-Sepharose as previously described [15]. Pemetrexed
disodium heptahydrate was purchased from LC
Laboratories (Woburn, MA, USA). Cisplatin was purchased
from WAKO Pure Chemical Industries, Ltd. (Osaka, Japan).
The caspase-3 polyclonal antibody and cyclin B1 (D5C10),
cyclin D1 (92G2), p21%fcel (12D1), Akt (pan) (11E7), and
phospho-Akt (Ser473) rabbit monoclonal antibodies were
purchased from Cell Signaling Technology (Beverly, MA,
USA). The cyclin A rabbit polyclonal antibody (H-432)
and cyclin E mouse monoclonal antibody (HE12) were
purchased from Santa Cruz Biotechnology Inc. (CA,
USA). The B-actin antibody from Sigma-Aldrich (Tokyo,
Japan) and horseradish peroxidase (HRP)-conjugated
anti-mouse IgG were purchased from Zymed (South San
Francisco, CA, USA). HRP-conjugated anti-rabbit [gG was
purchased from Cedarlane (Hornby, Ontario, Canada), and
the Caspase-Glo™ 3/7 Assay was purchased from Promega
(Madison, WI, USA).

Cell viability assays

Cell viability was determined using the WST-8
assay. Cells (5 x 10* cells/mL) cultured in 96-well plates
(100 pL/well) were treated with various concentration of
pemetrexed, cisplatin, or cSBL for 72 h. The cells were
incubated with Cell Count Reagent SF (Nacalai Tesque
Inc., Kyoto, Japan) at 37°C in a 5% CO, atmosphere for
1-4 h. The absorbance of the resulting product at 450 nm
was measured and the background absorbance at 650 nm
subtracted. The IC, was calculated using GraphPad Prism
5.0 (San Diego, CA, USA). Experiments were conducted
in triplicate.

Drug combination studies

The effect of combination treatment on cell viability
was assessed using WST-8 assays. The concentration
of the individual components was based on IC, values
obtained in the single treatment experiments. CI values
were calculated using the CompuSyn software (ComboSyn
Inc., Paramus, NJ, USA) as previously described [56]. CI
values < 1 indicated a synergistic effect and CI values > 1
indicated an antagonistic effect.

Annexin V staining and PI incorporation assays

To evaluate apoptosis, we evaluated annexin V
binding and PI incorporation using a MEBCYTO apoptosis
kit (MBL, Nagoya, Japan) according to the manufacturer’s
instructions. Cells (5 x 10* cells/mL) cultured in 12-well
plates (1 mL/well) were treated with pemetrexed (20 uM),
cisplatin (40 uM), or cSBL (1 uM). Fluorescence intensity
was detected using a FACScalibur flow cytometer, and
the data analyzed using the CELLQuest software (BD
Biosciences, Franklin Lakes, NJ, USA).

Detection of caspase-3 activity

The level of activated caspase-3 was analyzed using
western blot assays with an antibody against cleaved
(activated) caspase-3. Cells (5 x 10* cells/mL) cultured in
6-well plates (2 mL/well) were treated with pemetrexed
(20 uM), cisplatin (40 uM), or cSBL (1 uM) for 72 h.
Whole cell lysates were prepared using extraction buffer
(150 mM NaCl, 10 mM Tris-HCI [pH 7.4], 5 mM EDTA,
1% Nonidet P-40, 0.1% sodium deoxycholate, and 0.1%
sodium dodecyl sulfate) supplemented with 1 tablet/10 mL
cOmplete, Mini, EDTA-free Protease Inhibitor Cocktail
(Roche Applied Science, Indianapolis, IN, USA) and 1
tablet/10 mL PhosSTOP phosphatase inhibitor (Roche
Applied Science). Soluble proteins were collected and
protein concentration measured using a BCA Protein
Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA)
according to the manufacturer’s instructions. The proteins
were separated using SDS-PAGE and transferred to
Immobilon-P Transfer Membranes (Merck Millipore,
Billerica, MA, USA). Membranes were sequentially
incubated with primary and secondary antibodies diluted
in Can Get Signal (Toyobo CO., LTD., Osaka, Japan). The
protein bands were detected using ECL Prime Western
Blotting Detection Reagent (GE Healthcare, Little
Chalfont, UK).

Caspase-3 enzymatic activity was measured using
a Caspase-Glo™ Assay. Cells (5 x 10* cells/mL) cultured
in white 96-well plates (25 pL/well) were treated with
pemetrexed (20 pM), cisplatin (40 uM), or cSBL (1 uM)
for 72 h in triplicate. Caspase-Glo™ Reagent (25 uL) was
added to each well and the contents of the wells mixed
using a plate shaker for 30 seconds. The cells were
incubated at 37°C in a 5% CO, atmosphere for 1 h. The
luminescence in each well was measured using GloMax™
Multi Detection System (Promega, Madison, WI, USA).

Cell proliferation assays

Cell proliferation was quantified using a Muse™
Count & Viability Kit (Merck Millipore, Billerica, MA,
USA). Cells (5 x 10* cells/mL) cultured in 24-well plates
(500 pL/well) were treated with pemetrexed (20 uM),
cisplatin (40 pM), or cSBL (1 uM) for 0—72 h. The cells
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were collected at 24 h intervals and combined with Muse™
Count & Viability Reagent in which both viable and
non-viable cells are differentially stained based on their
permeability to the DNA-binding dyes (cells:reagent = 1:9).
The total number of viable or dead cells was counted using
a Muse™ Cell Analyzer (Merck Millipore).

Cell cycle analysis

Changes in cell cycle progression induced by 72 h
of treatment with pemetrexed (20 pM), cisplatin (40 uM),
or ¢SBL (1 uM) were evaluated using a CycleTEST™
Plus DNA Reagent Kit (BD Biosciences) according to
the manufacturer’s instructions. Cells (5 x 10* cells/mL)
were cultured in 12-well plates (1 mL/well). Fluorescence
intensity was detected using a FACScalibur flow cytometer
and the data analyzed using the CELLQuest software
(BD Biosciences). Cell cycle progression was analyzed
using Flowing Software 2 (Perttu Terho, Turku Centre
for Biotechnology, Finland). The levels of cell cycle
regulators (cyclin A, B1, D1, E, and p21%/Cp!) pan-Akt,
and phospho-Akt were evaluated by western blot analysis.

Statistical analysis

The results from at least three independent
experiments performed in triplicate are expressed as the
mean + standard deviation (SD). Statistical analyses were
conducted using GraphPad Prism 5.0 and comparisons
made using one-way analysis of variance (ANOVA)
followed by Bonferroni post-hoc tests.
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ARTICLE INFO ABSTRACT

Keywords: Background: Glioblastoma multiforme is one of the most malignant tumors of the human central nervous system
Sialidase characterized by high degree of invasiveness. Focusing on this invasive nature, we investigated whether gang-
Gliob}astoma lioside-specific sialidase NEU3 might be involved, because gangliosides are major components of brain tissues,
Invasion and cell surface sialic acids, as target residues of sialidase catalysis, are thought to be closely related to cell
Calpain . .
) invasion.
Focal adhesion . . s
Gangliosides Methods: NEU3 mRNA levels of human glioblastoma specimens were evaluated by quantitative RT-PCR. Human

glioblastoma cell lines, U251, A172, and T98G were used for cell invasion and migration by transwell and cell
scratching assay. The molecules involved in the signaling cascade were investigated by western blot and im-
munofluorescent microscopy.

Results: NEU3 expression was down-regulated in human glioblastoma specimens. In the human glioblastoma cell
lines, NEU3 overexpression reduced invasion and migration by promoting the assembly of focal adhesions
through reduced calpain-dependent proteolysis, but NEU3 silencing resulted in accelerating cell invasion via
disassembly of focal adhesions. In NEU3-silenced cells, elevation of calpain activity and GM3 accumulation were
observed, as results of reduced sialidase hydrolysis, localization of calpain and GM3 at the cell lamellipodium
being demonstrated by immunofluorescence microscopy.

Conclusion: Sialidase NEU3 was found to exert a great influence on cell invasion in regulation of calpain activity
and focal adhesion disassembly and consequent invasive potential of glioblastoma cells.

General significance: This first demonstration of sialidase involvement in invasive potential of gliolastoma cells
may point to NEU3 as an attractive treatment target of human gliomas.

1. Introduction

Glioblastoma multiforme is the commonest and most malignant
tumor of the human central nervous system, and characterized by
massive and diffuse infiltration into surrounding normal brain tissues.
Even with intensive treatment, median survival of affected patients is
only in the order of 14 months after diagnosis [1,2]. Local invasion and

distant migration are considered leading causes of tumor recurrence
and treatment failure, but the underlying mechanisms in glioblastomas
are not fully understood, despite reports of potential targets [3]. With
the aim of providing pointers to novel effective treatments, we have
focused on the highly invasive nature of this tumor by investigating
sialidase (EC 3.2.1.18), a key enzyme for the control of cellular sialic
acid contents through the removal of sialic acid residues from
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glycoproteins and glycolipids [4,5], aberrant sialylation being im-
plicated in invasion and metastasis of cancer cells. Sialidases regulate
cell surface sialylation in collaboration with sialyltransferases that
transfer sialic acid residues to glycoconjugates. With the context of
sialylation of glycoproteins, there is evidence that sialyltransferases
may thereby participate in glioma malignancy [6,7]. Understanding of
the roles of sialic acid-containing glycosphingolipids is clearly im-
portant given their involvement in neuronal function.

Gangliosides are ubiquitously expressed in mammalian cells and are
particularly abundant in the nervous system. Accumulating evidence
indicates that they play specific functional roles essential for cell sur-
vival, proliferation, and differentiation during brain development under
desialylation control by sialidase catalytic reactions. In very early
stages of brain development, the pattern of ganglioside expression is
limited to simple gangliosides, predominantly GM3 and GD3, but these
are soon lost after birth, becoming replaced by more complex forms,
particularly GM1, GD1a, GD1b, and GT1b, as major components [8,9].
In human gliomas, however, re-expression of simple gangliosides has
been reported [10,11]. While functional roles have yet to be fully
clarified, it was recently reported that GD3 enhances invasiveness by
complex formation with PDGF receptor and Yes kinase [12], and
playing an important role in tumorigenicity [13].

Among the four types of human sialidases so far identified (NEU1-
NEU4), differing in major subcellular localization and enzymatic
properties, as well as position of the encoding genes [4], NEU3 and
NEU4 appear to be involved in neuronal differentiation, neuritogenesis,
and axonal growth in opposing ways. The level of NEU3 expression
increases during the development of the mouse brain and during re-
tinoic acid-induced neuronal differentiation whereas NEU4 decreases
and is known to suppress differentiation [14,15]. Additionally, in a
recent study, involvement of NEU4 in stem cell survival of some glio-
blastoma cells was indicated [16]. NEU3 would be mostly expected to
participate in cell invasion and motility, because it hydrolyzes almost
specifically gangliosides and is up-regulated in various carcinomas [5].
In fact, it has been observed to participate in promotion of cell invasion
and motility in renal cell carcinoma [17] and head and neck squamous
cell carcinoma [18]. In the present study, we focused on NEU3 by ob-
serving whether and how it is involved in invasiveness and motility of
glioblastoma cells, and obtained evidence that it modulates invasion
and migration through regulation of calpain-dependent disassembly of
focal adhesion proteins.

2. Material and methods
2.1. Patient samples

Surgical specimens of human glioblastoma, classified as grade IV
using the criteria of the World Health Organization, were obtained at
the time of surgical removal at the Division of Neurosurgery, Miyagi
Cancer Center. Informed consent was obtained from each patient to
allow the use of portions of tissue for research purposes, and the study
was approved by the Committee on Human Rights in Research at
Miyagi Cancer Center. Histological diagnoses were based on WHO
(World Health Organization) criteria by a neuropathologist.

2.2. Antibodies and reagents

Antibodies for integrin a3 (ASC-1), a5 (P1D6), 1 (6S6) and 4
(ASC-8) were obtained from Millipore, for transferrin receptor (H-300),
paxillin (H-114), and FAK (A17) from Santa Cruz Biotechnology, and
for Talin (8d4) from Sigma. Fibronectin was from BD Bioscienses, and
Suc-LLVY-AMC and calpeptin were from Sigma.

2.3. Cell culture and transfection

Human glioblastoma cell lines, U251, A172 and T98G (Japan
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Collection Research Bioresources) were maintained in Dulbecco's
modified Eagle's medium with 10% heat-inactivated fetal bovine serum
at 37 °C in a 5% CO, atmosphere. For astrocyte culture, Gibco Human
Astrocytes (Life Technologies, N7805-100) were cultured in Gibco
Astrocyte Medium (A1261301), and Geltrex matrix-coated plates
(A1413202) with 25,000 cells per well in 6-well plates were used ac-
cording to the manufacturer's instructions. For NEU3 gene transfection,
the entire open reading frame (1.2 kb) of the human NEU3 gene was
inserted into a retrovirus vector pMXs-neo and the plasmid was in-
troduced into PlatA, and targeted cells were then incubated with cul-
ture media containing infectious viruses for two days and selected by
cultivation in the presence of 300 ug/ml G418 for 10-14 days, as de-
scribed previously [19]. Several experiments were performed with
transient transfection of the pCAGGS-NEU3 expression plasmid [20] by
Fugene HD (Promega). GFP-PLCdelta-PH was obtained from Addgene
(Plasmid 21,179). For silencing, siRNAs targeting NEU3 was synthe-
sized by Dharmacon Inc. (Thermo Fisher Scientific) as described [20],
and transfected using Lipofectamine RNAIMAX reagent (Invitrogen).
One sample was 5-AAGGGAGTGTGGTAAGTTT-3’ beginning at nu-
cleotide 839 of the NEU3 open reading frame sequence, and the
scrambled control was 5-GCGATTAATGTAGGTT CGA-3’. Another
siRNA targeting NEU3 synthesized by iGENE Therapeutics (Tsukuba,
Japan) featured 5-GGTTACAGTAGAATGTGAAGTGGCA-3’. These two
siRNAs targeting NEU3 caused 75-95% NEU3 reduction and almost the
same results in various experiments, and therefore, the former was
routinely utilized for the present study. The efficiency of NEU3 silen-
cing was evaluated by real time PCR as described [21]. Transiently
transfected cells were used for experimentation at 48-72 h.

2.4. Sialidase activity assays

Crude extracts were used for sialidase assays with bovine brain GM3
(Alexis Biochemicals, Lansen, Switzerland) as the substrate in the pre-
sence of Triton X-100. After incubation at 37 °C for 10-30 min, the
amount of sialic acid released was determined by a modified thio-
barbituric acid method or by fluorometric high-performance liquid
chromatography with malononitrile as previously described [20]. One
unit of activity was defined as the amount of enzyme that cleaved
1 nmol sialic acid from the substrates. Protein concentrations were
determined by dye-binding assay (Bio-Rad Laboratories, Hercules, CA,
USA).

2.5. Cell adhesion, migration and invasion assays

For cell adhesion assays, extracellular matrix-coated 96-well plates
(BD Biosciences) were blocked with 1% bovine serum albumin in PBS.
Cell suspensions in serum-free medium were then applied to these
coated 96-well plates. After incubation for 30 min and fixation, at-
tached cells were stained with 0.5% crystal violet, and incorporated dye
was eluted with 2% deoxycholate, and measured spectro-
photometrically at Asso. In cell-adhesion-inhibition assays, suspended
cells were incubated with 1 pg/ml neutralizing anti-f1 integrin anti-
body at 37 °C for 30 min before plating. Migration and invasion assays
were carried out using fibronectin-coated cell culture inserts (Falcon)
and BD Biocoat Matrigel invasion chambers (BD Bioscience), respec-
tively. Gells were seeded at 2 x 10* cells/well with serum-free medium
onto the upper chamber, and lower chamber was filled with medium
containing 10% fetal bovine serum. After 24 h, cells were fixed and
stained with 0.1% crystal violet and the invading or migrating cells on
the lower membrane surface were counted under a microscope. For
wound healing assay, cells were grown on 24-well plate. Once con-
fluence was reached, wound was made by using a pipette tip. Wound
scratches were imaged immediately after scratching and overnight
migration. The area covered by the cell sheets during migration was
measured. At least three experiments per conditions were performed.
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Fig. 1. Down-regulation of sialidase NEU3 expression in human
glioblastoma specimens. Sialidase NEU3 mRNA levels were
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evaluated in human glioma tissues and non-neoplastic brain
tissues (A) by quantitative real-time PCR according to the
methods described previously [21], and statistical significance
of the differences in levels was determined (B).
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2.6. Cell surface biotinylation assay

Cells were washed three times with chilled PBS containing 1 mM
MgCl, and 0.1 mM CaCl,, and then incubated with sulfo-NHS-biotin
(Piece) (0.5 mg/ml) in the same buffer at 4 °C for 30 min. Reactions
were terminated by incubation of the cells with 100 mM glycine in PBS.
Cells were lysed in modified RIPA buffer (50 mM Hepes, pH?7.5,
150 mM NaCl. 1% Nonidet P-40. 2 mM EDTA, 7.5 pug/ml of aprotinin,
10 pg/ml of leupeptin, 10 mM NaF, 2 mM PMSF), and the biotinylated
proteins were precipitated with streptavidin-conjugated agarose
(Sigma) for analysis by immunoblotting.

2.7. Immunoblotting

Cells were lysed with modified RIPA buffer. Lysates were clarified
by centrifugation at 12000 x g for 10 min and then resolved on SDS-
PAGE. After transfer to PVDF membranes, specific proteins were de-
tected using appropriate primary antibodies, and peroxidase-coupled
secondary antibodies with ECL Plus Western blotting reagent (GE
Healthcare). For the immunoprecipitation assay with anti-FAK anti-
bodies, cells were allowed to adhere for 1 h to cell-culture dishes coated
with fibronectin, and then lysed with modified RIPA buffer. The lysates
were incubated with anti-FAK antibody at 4 °C for overnight, and then
incubated with protein G-Sepharose at 4°C for 2h. The im-
munoprecipitates were analyzed by immunoblotting as described
above.

2.8. Immunofluorescence microscopy

Cells grown on fibronectin-coated coverslip were fixed with 4%
paraformaldehyde for 15 min and then incubated with 0.1% Triton X-
100. After blocking with 1% BSA, cells were incubated with anti-pax-
illin antibody for 1 h, followed by incubation with Alexa 488 anti-rabbit
IgG. The cells were then washed and mounted under Fluoromount/Plus
(Diagnostic BioSystems) as an anti-fading reagent. Fluorescence images
were obtained using a confocal laser-scanning microscope (FluoView
FV1000, Olympus). To visualize F-actin and nucleus, phalloidin-tetra-
methylrhodamine B isothiocyanate (phalloidin-TRITC, Sigma) and
DRAQS were used. To assess localization of calpain and GM3, cells were
seeded at 0.5 x 10 cells/well onto fibronectin-coated cover slips, after
24 h transfected with siRNA targeting NEU3 by RNAIMAX, and on the
following day treated with EGCase (EGCase II ACT RE, TAKARA 4463)
at the concentration of 20 min/ml in 5% FBS containing DMEM at 37 °C
overnight. Cells were fixed with 4% PFA for 20 min, permeabilized and
blocked by 0.2% saponin and 0.2% gelatin in PBS, each for 30 min,
respectively, at room temperature, and then stained using anti-GM3
(M2590) 1/100 or anti-Calpain (CST) 1/25 antibodies. Lamellipodia
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were defined as having an arc shape and size of the F-actin structure,
and cells bearing lamellipodia with a greater than 20 pm width from
one end of a lamellipodia to another were counted as lamellipodia-
bearing cells. At least 200 cells per coverslip were analyzed and values
are means * SD from three independent experiments.

2.9. Intracellular calcium release

U251 cells were seeded in 96-well-plate at a density of 20,000 per
well and cultured for 24 h. The cells were rinsed three times with assay
buffer (130 mM NaCl, 5mM KCl, 10 mM HEPES, 8 mM b-glucose,
1.2 mM MgCl, and 1.5 mM CacCl,, pH 7.4), and then incubated with this
buffer supplemented with the organic anion transport inhibitor probe-
necid (2.5 mM), 1 uM Fluo 4-AM and 0.1% Pluronic F-127 for 60 min at
37 °C. Before measurement fluorescence emission at 525 nm following
excitation at 480 nm, cells were rinsed a further three times with assay
buffer.

2.10. Calpain activity

Cells from confluent dishes were harvested with 0.1% trypsin-EDTA
solution, neutralized with 10% fetal bovine serum containing media,
and washed twice with HEPES-buffered Hank's balanced salt solution,
pH 7.4, without phenol red. Equal numbers of cells were resuspended in
100 pl of HEPES-buffered Hank's balanced salt solution at 5 x 10* cells
in 96-well plate at 37 °C in a 5% CO, incubator for 10 min. To assay
calpain activity, calpain specific hydrolysis of the peptidyl 7-amino
bond of the cell-permeable fluorogenic calpain substrate, Suc-LLVY-
AMC fluorescence emission at 525 nm following excitation at 480 nm
was added at 20 pM to cell suspensions, followed by incubation at 37 °C
for 15-30 min. AMC fluorescence was measured by fluorometer
(GloMax-Multi detection system; Promega) with excitation/emission
wave lengths of 365 nm/410 to 460 nm.

2.11. Calpain translocation

GMB3 dissolved in sterile water was sonicated in serum-free medium,
kept on ice for 10 min and added to the cells in serum-free medium at
concentration of 50 M. After incubation at 37 °C for 24 h, cells were
lysed in the buffer (20 mM HEPES, pH 7.4, 20 mM NacCl, 1.5 mM MgCl,,
250 mM sucrose, 1 mM EDTA, 2 mM PMSF, 7.5 ug/ml aprotinin and
10 pg/ml leupeptin) by passing through 27G needle for 10 times and
left on ice for 20 min. After homogenization, the lysates were cen-
trifuged at 4 °C 1000 X g for 5 min and supernatants were collected as
total protein fractions. The supernatants were then centrifuged at
150,000 x g for 30 min at 4 °C in an Optima MAX-XP ultracentrifuge
(Beckman coulter). The resulting supernatants were collected as
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A Fig. 2. Sialidase expression of human glioblastoma cell lines and
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cytosolic fractions, and the pellets containing the membrane fractions
were resuspended in the lysis buffer with 1% Nondet P-40 and homo-
genized for 10 min. The amount of calpain was determined by im-
munotting as described above using anti-calpain antibody.

2.12. Thin-layer chromatography

Glycolipids were extracted from cells (1 x 107) in sequence with
2 ml of isopropanol/hexane/water (55:25:20, v/v/v) and hydrolyzed
with 0.1 M NaOH/methanol. After desalting with a Sep-Pak C;s car-
tridge, total lipid extracts were applied to DEAE-Sephadex A-25 mini-
columns, fractionated into neutral and acidic glycolipids, and analyzed
by thin-layer chromatography on high-performance thin-layer chro-
matography plates (Merck) with orcinol-H»SO, reagent for detection, as
described elsewhere [17]. Densitometric analyses were performed with
VarsaDoc and Quantity One software (Bio-Rad).
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2.13. Statistical analysis

+

Results are expressed as mean SD. All values were compared
using the Student's t-test or the Welch's t-test.

3. Results
3.1. Sialidase expression in human glioma tissues and glioblastoma cell lines

Fig. 1 shows the results of NEU3 expression in human glioblastoma
and non-neoplastic brain tissues as assessed by quantitative RT-PCR.
Significant decrease in NEU3 mRNA levels in tumor compared with
non-tumor tissues was detected (relative levels were 0.55 = 0.27 and
1.04 + 0.48, respectively). To determine whether decrease of NEU3
expression might be involved in cell invasion, we employed three
glioma cell lines, U251, A172 and T98G. The expression levels of four
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Fig. 3. Sialidase NEU3 stabilizes cell adhesion and suppresses cell invasion in glioblastoma cells. Enhanced adhesion to collagen IV and fibronectin (A), and suppression of cell migration
on fibronectin (B). Changes in cell surface expression of integrin 31 and B4 by cell surface biotinylation assay followed by immunoblotting (C) and its quantification (n = 3) (D).
Attenuation of the NEU3-mediated enhanced adhesion to fibronectin by treatment with a blocking antibody for integrin $1 binding (E).

human sialidases were firstly evaluated in these cell lines (Fig. 2A).
When compared to those of astrocytes derived from normal human
brain, U251 and A172 cells clearly showed reduced levels of NEU3 and
NEU4, but no significant change in the NEU1 level, whereas T98G cells
possessed the relatively similar levels of the three forms as to astrocytes.
In line with our previous report that NEU2 expression is hardly de-
tectable in human cells [22], these cells also exhibited undetectable
NEU2. To clarify the influence of NEU3 on glioma cell invasiveness, we
examined invasion by three glioma cell lines, U251, A172 and T98G,
using Transwell Matrigel invasion assays. Transfection of NEU3 resulted
in marked decrease in the number of invaded cells (Fig. 2B), and on the
other hand, NEU3 siRNA-mediated silencing increased invasiveness
(Fig. 2C). NEUS3 transient expression in these cells yielded approxi-
mately 25-60-fold increase in the sialidase activity with ganglioside
GMS3 as substrate as compared with control cells, and silencing yielded
35-15% mRNA level of the controls. Stable U251 cell NEU3 transfec-
tants showed 31-fold increase in the activity, and the gene-silencing
efficiency was about 80% relative to control cells.

3.2. NEUS stabilizes cell adhesion to collagen IV and fibronectin and
suppresses invasion of glioma cells

Cellular invasiveness is generally dependent on multi-processes in-
cluding adhesion, movement, and penetration involving the extra-
cellular matrix (ECM). To understand the molecular basis of NEU3-
mediated suppression of invasion, we then examined the effect of al-
teration of NEU3 expression using stably transfected U251 cells. When
cell adhesion to ECM, as an initial step of invasion, was analyzed, NEU3
overexpression was found to enhance the adhesion to collagen IV and
fibronectin (Fig. 3A), while cell migration on fibronectin was
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significantly suppressed (Fig. 3B). As integrins have been implicated in
glioma invasion [23], cell surface integrin expression was then ex-
amined by cell surface biotinylation analysis. In agreement with in-
creased cell adhesion, NEU3 transfection yielded a slight but significant
increase of integrin 31, a receptor for collagen IV and fibronectin,
whereas integrin (34 showed reduction, although the levels in whole cell
lysates were unaffected (Fig. 3C, D). NEU3 did not give an influence on
the cell surface expression of other integrins, and there was no change
in the level of biotin-labeled transferrin receptors. Since several pre-
vious observations [24,25] suggested integrin (34 to not actually parti-
cipate in invasion of glioma cells, we next focused on integrin 1 in
glioma U251 cells. On treatment with an antibody blocking binding of
integrin 1 to the ECM, NEU3-mediated enhanced adhesion to fi-
bronectin was almost fully abrogated (Fig. 3E), indicating stabilization
of cell surface integrin B1. It should be noted here that similar results
were also obtained with NEU3-transiently expressed U251 cells.

3.3. NEUS stabilizes focal adhesion and suppresses cell spreading

Attachment of cells to ECM components induces clustering of in-
tegrins on cell surface, triggers formation of focal adhesion (FA) com-
plexes, and then is followed by rapid turnover of the FA assembly and
disassembly, essential for cell spreading and migration. The change in
the level of integrin (1 localized at surface membranes, therefore,
might influence on the FA assembly and disassembly. To verify the
possibility, we analyzed FAs of the cells by immunocytochemistry using
antibodies for FA-resident protein, paxillin. NEU3 overexpressing cells
showed prominent increase in the number of FAs and in formation of
actin stress fibers on a fibronectin matrix (Fig. 4A, B). Formation of cell
lamellipodia was also significantly suppressed compared with control
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SD values from three independent experiments are graphically illustrated in (B). Cell

spreading and lamellipodium formation in the NEU3 overexpressing and its silenced cells, and the representative images are shown in (C). The number of spreading cells was normalized
to the total number of cells (D). Values are means * SD from three independent experiments.

cells (Fig. 4C, D). Furthermore, NEU3 silencing markedly enhanced the
lamellipodia formation on leading edges (Fig. 4C, D). NEU3 thus ap-
peared to down-regulate glioma cell migration and invasion by FA
stabilization and suppression of turnover, whereas NEU3 silencing
causes the opposite.

3.4. NEUS3 suppresses calpain activity and FA protein degradation

To elucidate how NEU3 regulates FAs turnover, we focused on
calpain, catalyzing degradation of FAs proteins. The amount of cleaved
form of Talin and FAK, major substrates of calpain, was firstly observed.
When U251 cells were attached on fibronectin-coated tissue culture for
1h, and then the level of Talin and FAK were quantified by western
blotting with anti-Talin and anti-FAK antibodies. Cleaved forms ob-
served at 190 and 80 kDa respectively, were reduced by NEU3 over-
expression (Fig. 5A). Diminution of the cleaved products in the pre-
sence of the calpain inhibitor, calpeptin, confirmed their origin through
proteolytic cleavage by calpain (Fig. 5A). In contrast, NEU3 silencing
promoted degradation of FAK and Talin, which was inhibited by cal-
peptin treatment (Fig. 5B). With a cell permeable fluorogenic calpain
substrate, Suc-LLVY-AMC, NEU3 was found to suppress calpain activity
(Fig. 5C) whereas NEUS3 silencing exerted the opposite effects (Fig. 5D).
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3.5. Regulation of calpain activity by NEU3-mediated glycolipid alteration

To elucidate the mechanism of calpain regulation by NEU3, we
analyzed intracellular calcium ion, an activator of calpain, but no in-
fluence was evident (data not shown). Since calpain might be activated
by interaction with phosphatidylinositides such as phosphatidylinositol
4, 5-bisphosphate (PIP,) at inner leaflets of plasma membrane [26,27],
we then examined if NEU3-mediated glycolipid alteration might affect
PIP, localization and subsequent calpain activation at plasma mem-
branes. To observe what glycolipids are expressed in glioblastoma cells
and how they are altered by NEU3 expression, the glycolipid pattern of
U251 cells was analyzed by thin-layer chromatography (TLC). The
profile of neutral glycolipids revealed clearly detectable glycolipids,
with TLC bands having the similar mobility to lactosyl-ceramide (Lac-
Cer), globotriaosylceramide (Gb3), and globoside (Gb4) (Fig. 6A, left).
The acidic glycolipid profile exhibited a very pronounced band showing
similar TLC mobility to GM2, others distinctly recognized with similar
mobility to GM3 and GM1, and more hydrophilic gangliosides modestly
detectable (Fig. 6A, middle). Consistent with the recent reports by
Fabris et al. [28] describing glioblastoma gangliosides compared to
those of healthy brain tissues to be characterized by diverse ceramide
composition with fatty acyl chains, the doublets of glycolipids observed
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Fig. 5. Sialidase NEU3 suppresses calpain activity and de-
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in this glioblastoma cells are likely due to the heterogeneity on the
ceramide moiety. In comparison of the glycolipids in NEU3-over-
expressing and -silenced cells with those of respective control cells,
changes in Lac-cer and Gb4 in neutral glycolipids and in GM3 and GM1
in gangliosides were recognizable. Interestingly, modifications induced
by NEUS3 silencing were a decrease in both Lac-cer and Gb4, and on the
other hand, an increase in GM3 and GM1, whereas NEU3 over-
expression mostly caused the opposite changes. Decreased Gb4 has
been suggested to reduce cell proliferation via suppressing EGFR -in-
duced ERK pathway but less effects on cell motility of cancer cells as
presented by Park et al. [29], and in neuroblastoma cells, switching
from cell proliferation to migratory signaling has been proposed
through phosphorylation of PDGF receptors mainly in GM1-rich lipid
microdomains [30]. Although the mechanism of the metabolic changes
in Gb4 and GM1 in U251 cells remains to be elucidated, they may be
closely related to exert effect on a cell motility and invasiveness rather
than on cell proliferation, which is not contradictory to the phenomena
induced concomitantly by GM3 resulting in promotion of cell motility
and invasion described below.

As shown in our previous studies with various cells [4], the changes
in Lac-Cer and GM3, a product and a substrate of NEU3, respectively,
were confirmed here in the neuroblastoma cells (Fig. 6A, left and
middle), as quantified in the graph (right). Since Morford et al. and
Nuzzi et al. have suggested in Jurkat T-cells and in neutrophils, re-
spectively [31,32], that calpain might exist in the raft fraction together
with GM3 and get activated, we examined whether the amount of
calpain in the lipid raft fraction is affected by NEU3 silencing, and
found that any significant change in calpain distribution was not de-
tectable in U251 cells as assessed by raft fractionation followed by
immunoblotting (data not shown). Then we performed immunostaining
analysis by immunofluorescence microscopy. Interestingly, in NEU3
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silenced cells, strongly polarized GM3 and calpain on the lamellipo-
dium were observed, and the lamellipodia and polarization were ab-
rogated after treatment of EGCase, which hydrolyses the linkage be-
tween the oligosaccharide and ceramide (Fig. 6B, C). Furthermore, we
detected PIP, production in the cells using the PH-green fluorescent
protein (GFP) probe, which contains the PH domain from PLCdelta
[33]. By NEU3 silencing, GFP-PLCdelta-PH and calpain also strongly co-
localized at lammelipodia and it diminished by EGCase treatment for
overnight, (Fig. 6D). The treatment for 6-7 h hardly showed any effect,
as GM3 observed to be almost hydrolyzed for 12-16 h. Because PIP, is
one of the activator for calpain, polarized GM3 and lamellipodia for-
mation may support PIP, production at and/or localization to plasma
membrane and subsequent activation of calpain at the membranes.
Cellular calpain activity was, in fact, increased by exogenous addition
of GM3 (Fig. 6E). To verify that calpain translocates to plasma mem-
brane and is activated by GM3, the effect of GM3 exogenously added to
the cell culture was observed. As shown in Fig. 6F, a larger amount of
calpain was indeed detected in the membrane fractions by NEU3 si-
lencing or GM3 addition. These results suggest that NEU3 down-reg-
ulation leads to accumulation of GM3, which may be important for
NEU3-mediated lamellipodia formation and calpain regulation re-
sulting promotion of cell motility and invasion.

3.6. Calpain inhibitor abrogates invasion by NEU3 silencing

As shown in Fig. 2, in contrast to reduction of cell invasion in NEU3
overexpressing glioblastoma cells, silencing exerted an enhancing ef-
fect. To verify the effect of calpain activity on the cell invasion, wound
healing assay and invasion assay were carried out in NEU3-silenced
U251 cells. As shown in Fig. 7A and B, wound healing assays revealed
that NEU3 down-regulation resulted in promotion of cell migration as
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Fig. 6. Regulation of calpain activity by NEU3-mediated glycolipid modulation

(A) Alteration of glycolipid pattern in NEU3 overexpressing or NEU3-silenced U251 cells (1 x 10”) analyzed by thin-layer chromatography (TLC). Neutral glycolipids were separated in a
solvent system of chloroform/methanol/0.02% aqueous CaCl, (60:40:9, v/v/v), and acidic glycolipids in chloroform/methanol/0.02% aqueous CaCl, (60:35:8, v/v/v). The doublets are
due to the heterogeneity of the ceramide moiety. The values in the graph (right panel) indicate changes in the amounts of Lac-cer and GM3 in NEU3 overexpressing and silenced cells,
relative to vector and siRNA controls, respectively, of four independent experiments, as analyzed with Quantity One software (Bio-Rad).

(B) Polarized GM3 and calpain at lamellipodia in NEU3-silenced cells as assessed by immunofluorescent microscopy. Note abrogation of the polarization of GM3 and calpain (right in B)
and lamellipodia formation (C) after EGCase treatment for overnight. (D) GFP-PLCdelta-PH, PIP, probe, was transiently expressed in U251 cells, and its co-localization with calpain was
analyzed. Scale bar, 20 um. (E) Stimulation of cellular calpain activity by GM3 (50 uM) exogenously added and incubated for 16 h. (F) Translocation of calpain to membranes by NEU3
silencing or addition of GM3, as assessed by immunoblotting.
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Fig. 7. Calpain inhibitor abrogation of enhanced cell invasion by NEU3 down-regulation.

(A) Promotion of cell migration in NEU3-silenced cells as assessed by wound healing assays and abrogation of the effects by treatment with the calpain inhibitor, calpeptin. (B) The values
in the graph indicate changes in the wounded area in NEU3-silenced cells, obtained from three independent experiments. (C) Promotion of cell invasion in NEU3-silenced cells assessed
using Biocoat Matrigel invasion chambers, and inhibition of the effects by calpeptin.

compared to control cells, but the augmentation was abrogated by the (Fig. 1) would contribute to the invasiveness, a characteristic feature of
calpain inhibitor, calpeptin. Similarly, invasion assays using Biocoat this malignancy, probably by causing calpain activation and accelera-
Matrigel invasion chambers demonstrated promotion of cell invasion, tion of focal adhesion turnover through ganglioside modulation in-

which was also inhibited by calpeptin (Fig. 7C). These results suggest cluding GM3 accumulation as outlined in Fig. 8.
that NEU3 down-regulation observed in human glioblastoma tissues
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Fig. 8. A possible pathway of sialidase NEU3 contributions to
invasiveness of human glioblastoma. NEU3 down-regulation in
human glioblastoma tissues and glioblastoma cells could con-
tribute to the increased invasiveness, by causing calpain acti-
vation and acceleration of FAs turnover through ganglioside
modulation, including GM3 accumulation.
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4. Discussion

In the present study, we examined whether sialidase is involved in
the invasiveness of human glioblastoma cells, because a ganglioside-
hydrolyzing sialidase, NEU3, is known to be associated with invasion
and migration of carcinoma cells. As expected, but opposite to various
carcinomas, human glioblastoma tissues showed down-regulation of
NEU3, and siRNA-mediated NEU3 silencing of glioblastoma cells ac-
tually caused enhancement of invasiveness as compared with control
cells. In this context, it is especially interest that NEU3 silencing re-
sulted in decreased cell motility of renal cell carcinoma through in-
hibition of IL6-mediated Akt /Rho signaling pathway [17], and also
through blocking of B1 integrin recycling and FAK/AKT pathway [34].
The mechanism here for the increased cell invasion on down-regulation
of the sialidase was found to involve promotion of degradation of focal
adhesion proteins subsequent to calpain activation, with GM3 accu-
mulation. It is uncertain at present what factors are responsible for the
NEU3 effects different from those in other epithelial cancers, but may
be attributed to the origin of most gliomas. According to current con-
sensus [35], neural stem cells located in the subventricular zone of the
brain are thought to be the source of glioma. They accumulate enough
genomic mutations leading to diverse forms of glioma and undergo
epithelial to mesenchymal transition, which is required for migratory
phenotype and characterized by loss of epithelial morphology. This
feature is likely to be the one of the factors for the differential effects of
NEUS3.

Previous studies have generally reported [10,11] that increase of
GD3 and GM3 and decrease of gangliosides normally present in adult
brain (GM1, GDla, GD1b and GT1b) are characteristic features of
human glioblastomas, correlating with a higher grade of malignancy. It
is feasible that proportions of simple gangliosides such as GD3 and GM3
in glioma tissues would increase, because these are good substrates for
NEU3 and would be expected to accumulate on its down-regulation.
GD3 has recently been proposed as a key molecule contributing to
glioblastoma invasiveness [12] and tumorigenicity [13]. In addition to
causing calpain activation through GM3 accumulation, the NEU3
down-regulation observed in human gliomas might influence malignant
properties through GD3 accumulation with GD3 synthase up-regula-
tion.

Calpains are known to play roles in numerous physiological and
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q increased invasiveness

pathological phenomena. Calpain activity is altered during carcino-
genesis and may be involved in processes contributing to cancer de-
velopment and progression [36,37] by proteolysis of various substrates
including focal adhesion proteins and proto-oncogene products. Inter-
estingly, in our U251 cells, NEU3 down-regulation was found to acti-
vate calpain activity and cause accelerated degradation of focal adhe-
sion proteins, such as Talin and FAK, leading to enhanced cell migration
and invasion. This calpain activation was likely induced by increased
GMS3, as a result of decreased sialidase reactions. Previous work by Jan
et al. also pointed to a requirement of calpain for glioblastoma cell
invasion in calpain 2-silenced cells, calpain maintaining the level of
extracellular metalloprotease 2 [38]. Our present study indicated that
NEU3 gives rise to glioblastoma invasion by regulating the activity and
cellular distribution of calpain through ganglioside modulation. Al-
though the detailed mechanisms remains unclear at present, ganglio-
side changes including GM3 accumulation as the result of altered NEU3
expression might cause translocation of calpain to the cell surface and
bring about potentiation of its activity. Consistent with our results,
Chakrabarti et al. have described a ganglioside mixture to stimulate
calpain activity [39], and Nuzzi et al. also have suggested in neutrophils
that GM3-containing lipid rafts at the leading edge recruit phosphoi-
nositides, such as PIP3;, and translocate calpain to membrane and lead
to its activation [32]. It has also been reported that formation of
sphingolipid-rich domain in the outer leaflet is required for accumu-
lation of PIP, in the inner leaflet of the plasma membrane [40,41]. Our
present findings that GM3 accumulation on NEU3 down-regulation can
contribute to enhanced glioblastoma cell invasion by calpain activation
point to a new mechanism of NEU3 for cell invasion and may provide a
basis for the development of novel therapeutics targeting NEU3 in
glioma patients.
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