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Deficient ganglioside synthesis restores responsiveness to leptin and melanocortin
signaling in obese KKAy mice
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Glycosyl Bunte Salts: A Class of Intermediates for Sugar Chemistry
Organic Letters, 20, 76-79 (2018)

b AR @ EBRSLERRFEE S MR P R e R
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Deficient ganglioside synthesis restores responsiveness to leptin and
melanocortin signaling in obese KKAy mice
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ZHEOZFE L WHEEL R LI, KKAy vV AT, V7T OEENEREIZRT 5
R TE = 22—  OJSEMER RIEIZHES L T2y, KKAy GM3S KO v 7 A
TIZ L 7 F AT DIREVER H R Cnie, ~ o7 ZEER T &R Sk tRein i
MeA V=328 Tl GM3S KEMIIICB W T L 7F U FED ERK VU U ER{EA
TLHEL TV, &5, KKAy GM3S KO ~ 7 R IFEAOE{EZZLTEBY .,
GMBSIZIA T/ anF o7 F b BEE LTS Z BRI, Fx DI
RIZEY . GM3EEST v 7 U A R LT FUBLIORAT ) aLF o7 iz
BWTEEREEZ LSO LRI NEQ),

(1) Inamori K, Ito H, Tamura Y, Nitta T, Yang X, Nihei W, Shishido F, Imazu S, Tsukita S, Yamada T,

Katagiri H, Inokuchi J. Deficient ganglioside synthesis restores responsiveness to leptin and
melanocortin signaling in obese KKAy mice. J Lipid Res 59, 1472-1481 (2018).

[#rE]

SRR T A - UM R ERSA I 2536, Sk 9 4 WU RZER R BRI RHE LR E T, F4E H
AR FeRIAFZE R, SR 18 4 JUN R PR B R e R iR AR T (- B,
A KRIRKRFPRFPEERFER EEFEE, FRk 16 4F @ [ FEBIF (0-v v/ — 2 A0k
FHOAE BRI b 2 BEIRREEE SR OAFTE), Rk 18 4« KE T A AU RFEEZE - NV — b 22—
REZAMFFERT Postdoctoral fellow, % 24 4F : [F] Associate (A ba ' U h o pT I =4k
BRSO A B RUZ BT 2498), TRk 25 4 - HULEERI KT AR 7EET HERENaE ) 7
B WEdR (CFRK 28 4F KP4 M HEALEFRESERRFICSRR) . BIE, BERE T 7 ) v R4k
PREEREIZ BRI D W FEICIE S,
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[ZEORAB L A]

ZOFE, R 3 ORI —ESESEE 2B F L2 & RENKRKITHFL
F9, FMTFHRAFCDFALESIF S O TEREEZB O AETFITHESEHILB L
RFET, BRI D o TLSR, FSFRADERL D TR & BESHAEY
BT DEZRRTZHEEFER L TRBY £ LN, TOMSTFIREOBLAH %5 L
TEZEZWERETELEZZE, EAEHP L ETET L &I, REFOF|XHiE
AR LET,

PESHATFEIZA - TV Z o2 id, RFFERMRISIUN RS - Sk EIREA, I
B —ERe D ZHREO G AT o h 7 N T = O BRIV 7 F o ORSRERRAT T
Lize TDO%H%, KIKY: « RHELZEEDL & CHiBER BT 2 HF5EIC#ED
DE Lz, £ TR TEHFHHROEEEN O-~ > /) —AAFEHO LS RICE S LT
W2 e, M, D2 ha U o OPFEEHEE LY A e 7 o —DOBRIC
DWTHFE ZHE LED TV 27 A 4 T K5 « Prof. Kevin Campbell OHFZEEEIZHE
WIABLFE LI, ZZTIEHEVA IR Z U D O~ ) — ARG FICEREY T
NG YEZHE & AN 2 BEEESE OIEVERIE 21TV E Lz, BIfEIL, #ALER
RRT: - nf—#Fob &, WERET 7 ) A FOARERIZOWT,
FRIZ U T VBRI Th D GM3 SRR ORI~ U A 2 W CHERIHAE 7R &
DRBITE T DA EBIOMAZ BfE L CWET, X X7 BRSNS
PENRE A~ EMAENENRKRELS 7 P L, WHZ2EETHDHOH - 2Hkic R
ERLTRBY £330, FHOAFBEDORALZ B+ Vool Tid—EMZ b
S THIFEICIRD A TEBY £9, SRIOZENRLE RoT-dmXnbii, F7)
F ROHFREMEOER - REBFAEICR T o&%E & &b, PR BROKED
EEAREICBIT ARG REINE Lz, LLRRL, A= XLDET
IIRBARESNE L FIEEE DNV LiENn0 T, 5% O0EHSOESZHE
DL TWNETZNWEEZTEY £7,

WMEIZ, ZOMREITOICHID, H NEREZ LT, ZRE - ZHHvke
PEFELEEEFONRAT « REFEBE, TXELESSEMEED A L3 — 120D
LGB L B ET, SROZEEBAC, FEEHITFO SRR LT
HLEBL CWTET XI5 &mEBHEL TRV VWIIETT, 4% L b THED
WEEDIZE LA LS BBEWVHEL BT ET,

Fifr  FE—RR
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B SCH

Glycosyl Bunte Salts: A Class of Intermediates for Sugar Chemistry
Meguro Y, Noguchi M, Li G, Shoda SI
Organic Letters, 20, 76-79 (2018)

HE HE (RAERZERZREZEMER - BERERE F)

Fox THEE ARSI AR E LT, 2 E TSR OB TF Afif ik % Al
L7ce ZOFBNEFERTH LT AL, TAXNT U THOBAFTH D
19 AL D KA > AMb5#% Hans Bunte IZIKATH Y v v 7 T L4172,
TRbbH, RVLT IV URIBKREE I Z WD Z 2D KR TR
HENE MR T AL T U UL, —EETHRELEMTHL 7Y 2L
T T OE R R LTz AREOS IFKEEIR H 5>2 0°COIRFN 72 54 T CHETT L,
KBEF CORIETH DD MELHEA Y TPFICHLEREHA T, FEEOR
WA A RIETH D, 610, 7Y a7 oI ZhE TRREDILAEY
ThHHI LMD, BREELEHIZ L Hkx 2B AFEE O A HEE L L CORH %
AT, KIEZ, 1ERIETII BB NA VL ETCH -7 av vFF—, ¥
AT 4 RFE, O-Z7'U 3y R, 1.6-7 >k Ralil Skx g ~DEBINRS
ThdHZ b, e THIRMED SO B2 SRS TH 5,

[ZEORE L HEA]

ZOEX, BRI —EE - BHwmSUE AR —FER & LTRENKIC
fEUET, FMTFHREITA TR L B LHE0INEDRRE G A4 TTRROHEM &
B9 % KIRI L OVERBIEESH ORI - FHlIC W THREIF S LUWFERER & £
RLUTWET, RIS Tl FORMRICZ KRR 504 5272 &L T4
BWFSFRADAHI R LT EEZTHELS Z EIFRERMECTIELY TI0n, Z0E %
hAZFLB B RS L FORBICHIRTE A2 X H9BOTVnE-0nWER-TED £
7T
FTIEAE —BR#EIZ O T, 1,27 v b FufioEMaRm+ 280070 a1
EEE DB FE L CTWE Lz, T —~Z2HORE L., FEB. 9.
Z LTS &0 D —#HORRA R T, PFIRORIESZIET D5 L L bz, #f
BRI ESD Z ENVDICREEZRIE L COET, Lo Lenn, R Em
T HLENCHIEL TR TERZBEVR LT TEE L, £DO XD 72if5e4E
HEDOHRTHRIOZENE ThHHAM/IEM A 7Y > NG Z O NS S8
7V a7 T EORRICEY £ L, REGITAHE R BLEA Y THEZ S
e EATE, 7Y avFtd—, VALT 4 K O ) av K
E~DEMERG T D Z &0 BRHMEDOMRD TR EREMKISTH D L&
ZTCWET, ZORAOKRENIMHEE L LT EENDLNR2WHEICR2D TL &

17



IMZDE I BRBNTE =D H O E ZITIEREAO B R ED F CHZEE 1T
21BN THD EESTE £,

BRIV T, ARG B O TRIC KRR O 25 MAF7EIZ B L
THIET2HAENEZLHY £ L, ELWZOYEE FUZIZEERORRIZH Y
FHATLEDN, SBRDOLEWNRGHEZ L TN X 5 ICEBIIIIZE LW &
BUELZ, bL, BONZOX )P EMEAHBEIZEL Z LN TE, K
KB E FIZTHIENTEDHELEL, INETITRWVERREEOND &
(B UE LT, RAEL 2 D X 5 D b A A e b NT A AR T S 4,
BUE CIIRJRE LR R R FEF) O T THEA KRB OEERICHESE L T
F9, REMRICEELCEK - BEOBRIITORRY 2 . ARARARIEN L Fr
DOERNDOEMHE OERERE - BEQ AR & D SR E QKRR 2% CTfTbi
HZENEL, @MY BEMMEE XTENRFETT, 20D, 28 %
ETRNTER © 2RI O IEE ZFE DT DIZ R DIV, & i Ea B 2. R
REMHBITELTEDLLIBDTVEENEEZTEBY 9, AlbEE L LT
DO & EHFRICE X 20T, [FRICIIFEE G R O ST DAL ~DIEITL E
TZEOIET 2 BRI 2RI E LT E B X TEY £,

IR D ZHRE 2 THOW 7 IEHE—BREdR & AP O BARICTR < BV 72 L
F9, TNETOMRIGET & ITERR DR BCER AWM b =B iR CHl
TEIZAEMIEME R DG RITHIR L Tk, ZOH K TH D B R EE
RN N T H A EIOZE & A H T2 72 e R 2 s T & 5 L 9 K —5%
i LE9,

HE FEE
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B SCH

Spontaneous intracranial hypotension is diagnosed by a combination of
lipocalin-type prostaglandin D synthase and brain-type transferrin in cerebrospinal
fluid
Murakami Y, Takahashi K, Hoshi K, Ito H, Kanno M, Saito K, Nollet K, Yamaguchi Y,
Miyajima M, Arai H, Hashimoto Y, Mima T.

Biochim Biophys Acta Gen Subj, 1862:1835-1842 (2018).

E AR (BERIEMKZEFHMBAHARINPFHRE - B EHER)

(R EE]
Fedg PEARBE I e (R BETR IR HE) 13 RETR (BEIR) e Slc kvl
NEVEER D EWEDOARERGER A R THRETH 5, MRL CT 72 & TR S 115 73,
B LD Z LWEFID D D . ZO%RaR2Esimd TIHEEE 725, AR
N—TIIRER T DAL T~ — T — R T DR EAT o 7o, AIRBORERR 7 ]
B e BREENCHART, R F T o272 U RN RB Y LRI T a2 2 75
T4 v DEREREOEMEZ R L, MELZRE~—I—& LIS E IR R MARRETR
JEREMEREDNREE 95%., FBLBE 73% CRolr& s Z L &R L,

Z O ST R MR IR IS B 1T 231 A~ — I — DRI OHETH
Do

50« ESLATEBA R IE N B AR ERAFIEBA SRR (AMED) O 7' LAY J—2R

(https://www.amed.go.jp/news/release 20180416.html)

[EEE]

YRk 23 43 mEBRSLERRZFESE A2

Wk 25 4 4 RS RSLER R E RIS R AR R

P29 9 A RERSIER KPR ZEFLE AFER R T
(RIRFEFEBAAC L AR D b & MRS A A~ — I — Dh%E)
VR 3L AR 1 A & R RSLER R ZZE S e R AR R B
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[XEORMALmA]

ZOREWY, AR EESRCEAHY £ L TRELKIFLET, BT
AT C O RALIESEM i SCE A Z B OSAEFITHLP L LT £,

S EGER L, FADS RFBEIZE CUag e FRRREER) DRI FATHE (F
AREELER) & LFEFFE AT > T D IMEHIK (BEIK) A A ~—T—I1T2W\T
DWFFENEDO—ERTT, FABHFZEIZE D HH TV 72 < BB M ¢, Bk & ik &
DOHEROENE LT, BEET DO FT 27202 (T) &) Z "7 B2,
MIERBESH A2 & DGR TF &I3ANT, B IR A OIS 2 & DI T 73
FETDH, EWVD ZENRANEINTEY £ L, MEMKROAER L LTI,
Z OF A RHRL T ST 72 bulk flow 7 (K EE N O JIikiE 5 CRETR DS E
EINT, ZOBRMIKITE v —FLafm L, FINE, FIVHEZBRD | 0
TL BBEFEENIZIEN Y . < bR 5 RIS ERIRERIRA A~ 5, &
D BEWR D PEACWIUC BT 2R NI FEgR S, BricZ2mRA gz &7z
K CTh o7 &0nh, BERICHRZ RS FFH E LT,

ZEGR UL, R PR IR R O M2 L, & b ICHIREE A OmE
Thd, WHTE, BEO, VAD IV BT aRE 75 07 ¢ 0 DA kESRE O~
AL Lo TEHWEZWIHREE CHIWRE L 70D 2 & & BIRAEFFDELZTT,
R HEARBE IR AR 1S, TR RRETH Y ARELE<H Y FEAN, £
DB ZHRIAT > TV D I EIRBE O mfis— ek & =B EREA & o LR
b IS L, BARO ZERIC LY, EEICHWEEEE L, AKR
RO F, AR B O HE 2 T, BRERSERAT R 21X & L
RAEFT R THIATERWEWDRPUCHEBRT 2 2 L08H 0 3, KRN, BhIK
B B OTRREMEA & 5 W X, BERZK O —BiZ e, T EOEWNEH Y
E VR

BT, FEARZER, TEHEEIR 21X 0, BB EOEATITIXZ OREEY L
TEEHR L B ET, 4%I%, R, & ISHSHICHE B Lo Bt ik
WZHDIRETH LD, S BICFEEROMIEICED > TWETLWEE X TR £,
AElDOZE A EEZ BER TCHWE W EH-oTRBY 4, 4% L THhHED
MEEDIZE LA LI BBANWZLET,

F AR
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GM3 H > 7 VA ROABMEZRDOMEAIZHIT T
MEERRE T3 Hm (o—

W T VFY RT77 IV —HEGROE DX, 77 i tT I Ry 7V
Fesiife L CAERT D GM3 T 7 VA Y RThb, £bE b GMS I, FEIREM
ROHEZTTHLIINRRE LR v RiEk»o~~ F FELTRIEESNT D
DTHDH, HxIZH T VALY RO X >NT &2 5 2 T iedlE, 1998 FiC
GMS3 & kl##% (GM3S, ST3GAL5S) DElnF 7/ n—= BB LIZZ L Th
52018 FEE L. YV g AR T F A KD Ronald L. Schnaar Zi#% O 4k4E T GM3
T T VAY ROEYZEEZRIZOWTDER LD 2 0FEMOWFIEE “Biology
of GM3 ganglioside” & L CLL F D KL 9 (KRR L7zt & iR L72(1),

1. Molecular biology of GM3S/ST3GALb5

2. Insulin resistance in adipocytes and macrophages
3. Leptin signaling and resistance in hypothalamus
4. T-Cell immunity and immune disorders

5. GM3S deficiency and hearing loss

AFERE O E L LT, 4900 FE v ZIZOWTHRNT 5,

1. A apF oo I8BT4y RoBEE

HEf~ 7 A KKAy (2815 GM3 AR (GM3S)D / » 7 7 v F(GM3S
KO)Tix, KKAy ~ U ZDiaf & jEj, MRS L0 2 U AREi o
W7 EN A bz, KKAy 7 ATl

U T U REERN B G 3 A R T

AR = o — 1 DS EME D KR
55 LT\ =28, KKAy GM3S KO ~ 7 &

TV T TF ATHK T DINEEN 0%
=T\, F72, ~ v ARK FEH Sk
MREHIRRRIZ 31T D GM3S KR T

X, VL F UEFED ERK U UL T
LTV, &5ic, KKAy/GM3S KO
~ U AFEAOEN GEaIKE) 252

LTk, GM3 BHET 7Y 4 RiZ

VT AT ) anrF o7l
BWTEEREEZ O LEORBINT(2),
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0. BENSDa VAT a— )VIRIIZBIT DT 7Y Y ROKE

LlalFk~ 1%, GM3 GaERGM3)% / v 77 7 h (KO) LicHr 7 U4y
R23PEAE S22V lI(GM3S KO i) &k L, NPC1L1 #/r L7z L A7 1
—NWWIIZB T D H 7 Ay ROABFERERIZCOWTHNT Lz, 40nb b x
Talb AT —id, MR Eicd S NPCILL IS TH &, 2L AT o —/LK
fFHIIZ NPCIL1 » =2 L A7 v — VEAEROMBANBIT(= Y R A F— )2
20, BN VAT — ARl iAENDS, LA, GM3S KO Mg ix=
L AT v — U E{FH 72 NPC1L1 O RHA b —3 AR S, g = &
T — L EBEOEIMNG A AITHHE STV, HWT, 7 RAZBWTH, M
LAV TOERBFERE —HT 25 X912, GM3S KO v 7 A T= L A7 a— LAff
WCkvBlxE-snAMToOa L AT a— B FFERE L IHE STy,
EHI, BalATe—VJEET LV E L THWLNS ApoE AR~ 7 A2
T, ApoE Z % GM3SKO ~ 7 A ZAERI L= & Z A, ApoE A~ 7 ZA ) Rd =
L A7 10—/ LIfJEIE ApoE Z5 8 GM3SKO ~ 7 A TIRBEE I i S, E» 5
DAL A7 v — VIR L OVMEREIZBIT D NPCIL1 O~ RH¥A h—
A Bl & i, AEIOHFZENS GM3 21X U ETH 07 ) 4y RORE %
ilT 52 & T, NPC1L1 OB F Aol & Z L, m=a L AT 17—/ VIE DI
JERIIHI SN D AREMEN R &N, o7 V) 4y FORIAHENE a2 L AT 0
—/VISEIZ 53 2 0T BBIRAR I & L CRIBEIZ D723 5 2 L B IRF &5 (3),

M. THREMEIZBITEZRAT 4TI o O¥RE

T MRS O LR EIZH S U L SBERO—BETH D . BIRIZEHB VT
ZEEBED LA HEGE « LB R TR L, R~ L TREKIEZH > T s,
AR TIH, WERETAZ7 G332V > (SM) Ea b AT a—/UZ XV
SInafuhElk (lBE~A 27 a KAL) O T/MaOSMEBRICIS T 5 AR
Tr i i BT, Mpiilao SM BB EIT —EO kil TRES LB L, £
Ut 7 I KD SM 248K T D% THDH SM AikliEE 1 (SMS1) O3HL L
NV TEEICHIE SN TWA Z &2 R WE Lz, b OB 6 SM FEHLIX
AT L, EAOBEROFIHE T SM BHNAFHERE ML, SM ~A1 7 1
RAA RBEIX 10 FLLEEIML, EEORIIZKITDL SM~A 72 RAA
DEENRE 2 b, SMS1 /KB~ 7 A H KL TR 2 o L, TCR il
# D TCR N D> T F I+ Tdh 5 ZAP-70 DU U E LN U L ADEIRICH
7203% ERKS @ U U fbe 7 R b — 2 MBS+ Té 5 Bim, ERKS O T i Dis
Sy Nur77 OB LB L TR0 . SMSI1 KRR TIL TCR &~
T FMEENTUET D 2 EVHIBA Lz, SMS1 KEMHHAE TIx TCR #l4 o
ER TRV TCR ¥ 7 FAGRENEBIN TRAORRDTTHE LB LD,
ZDOZLIXTCR v 7 FBEOFEHIC SM ICEATIRE~A 70 KA AL VNE
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BT 52 a2l TEY ., MR bicisw T SM FEEL & 3w | il
HE, EAOEREZRET S TCR HOBMEAEIELL TNDEIHDLEEZL
o, 5%, BOREREBEEO THIRIZEBIT 2 SM BHOBLE2fEird 25 2 &
T, H= 722 Wroia B OB I R S 5 (4),

V. FERFEBEICBIT D AT 4 THEIREOEE
ﬁﬁnfi\@%%Q%Kvax_Sﬁ%ﬁmbﬁﬁfémf%?w%wm
L7c, ZoEEEAN KK ~ U AOBETIL, 7 v RRHEIEE Gb3 ORELNH
LML CWe, 200 TR Z, kiky a~ N7T 7-2 05 NEEGHE
(LC-MS/MS) % FHWTAT o 7=fE . Gb3 D17 I RER DT S /VEHIZAIFI DGR E
$H(C22, C23, C2OH T 557 THEVNFHIHML TWAH Z L Z A L7z, ZOREHE X
0, ZaRRHERE ORERRA~OBEENREIND Z D,  BERFIERIAED
JRRETE BRI EE B 72 RIESONZ BT D, 7 R RHERE OREAEEIEEOF L &
FNHEERSC~ T REHiE Sk~ 0 7 = EHWCEME L7, T ORE, MEH S
7 ARRBEAR'E X, Toll-like receptor 4 (TLR4) Y %> R(LPS, HMGB1) D FA(E T,
TLR4 BIREIRART T 4 7TV 2 L—F — & U CRIEMEENEZFo 2 L VR
ST, o, WBIF VT FUZFIERNER LT db/db ~ 7 A Tlid Gb3 OFRELNK
. VFFUoERERNEE T, Gb3 DFBMNEIETHZ LA RS LTS, &
RERA B ARIZ L 0 AEK L2 IR D Mt S iz L7 F o3, Bigo 7 e
RRFENRE OB 2N S, BinL7z 7 v RaEE 2, TLR4 [Z/EHT 5 2
& TRIESG ZRdE U, BERIFTERIE DR B RKIC %ﬁbfwéiﬁﬁﬁﬁﬁ%
LRI Nz, Zivh OFZEEEIE. BERIGIEBE O F 7o 72 2 Wik C1R iR 36
FIZDIRND Z ENRHIFFIND.
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Chapter in Gangliosides in Health and Diseases). Progress in Molecular
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GM3 in membrane microdomains o/ Lipid Res. 59, 2181-2187, 2018.
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ATEEERICEE L. G ¥ v 7 BRESREOBE & BEHEB L O AEHEE
YERIC X % s
AREESEI 3’ BT

1. GPCRa tH#fi 7 v &A1 O E
T4, GPCR OIEMHRIEED 1oL LCafizmiMfibnd X Hicr- Tz

(1-9, Zhix, KIFED B AT Z 7 v % —F (LacZ)% =2— K35 lacZ DX L&
fAD1OTT 2/ RHTD 11-41 7 2 WBEA 2RI LB H T 7 ho X —F
EMEZEF2 720 1acZAM15 (@ 77 7 A a2 a— KL TW5) OEmE,. £
ML TB AT Mo X —BIEEEE LS YD LacZ # /"7 EDT X K
50 7 3 JEEAFRERRE 2 o — R4 5 lacZa DFEW (a 77 7 A2 ) ORISEFIH
LIRS BET veAf CTh b, Ak, KIGE CTHHINTELZLDOTHDL N, &
FLEOMTHHATE 5, BRI, HEXSRD GPCR © C Kiilla 77 7
Ay b, EHEIZEY GPCR EREET DT VAF U EDZ 37 EHD C K
W20 777 A NeZ s LT SEMRICEI S, Uy NHEIZED
GPCR &£ T VAT U BFEET HEENDLICMAE LIca 7 77 A N 07 T T A
VEPREALTCB AT v —EBIEEERTOT, ZHICHIERERB T T 7
F =P ORE EZEATE, BAENHETED (TH),

Arrestin & Z F51%E & L7= GPCR i&MALOMRIE

TERIETIL G Z o X7 ED T REZ 5 7o IR B FE D> T2 3, Rik
TIEEMDO GPCRIZHFEL TV /TN EE=F—TCEXHHENnNH L, —EBIET v
EAFy FELTHRESNTWDEA, HBREFEZRAIEEEMEE LTo
HANTFARETH D, - T, fEED GPCR & 7 L AF U EDMAA Y THZET
L2800, Fex I, MBI T T A FRY 2 —%ERL L 7=, pAcGFP1-N1 (Clontech)
DAGFP1 2 a 77 7 A b, Eld, @ 777 A MI@EH LI~ 2 —% ]
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WD EWHFERLDOTHH(D, SHiE. BB FREIMILEZ 96 well plate
R LI CY By R T 5 W9 FiExk L o272, fFfEsiEOYHE
H 72 I X 0 MR SFE Y & O ATP BN S, ATP 2 U B2 KET 5 P2Ys
SREKEDT v EANIAMECLTREE LN, F T AT =7 v a v LRIFFC
FERE L C 24 REERRICY FY RIS 2 HiEIC LY ZoREITSEE S 206, K
Ex2 VT, P2Y:R OFREL A ~—BRICEBIT 5V ANV T ¢ RGO THFEZH 5
Nz LT(5),

FMIENICRBE SN B AT 7 b —BEAET 57012, MREEZENL
THEEZMZD2LEND D, MRHEE S KER O T Gal-Screen (Applied
Biosystems) @ X 9 72BN EERMETH -T2, ZOREIIREEMTHDL Z &
L LBz, 96 well plate & DTN H - TRERENARE 12D E W) END -
72. 96 well plate DA —MEiX ELISA S CHRERT 5 Z & ¢, BIEORER
TIEHERIZIFRRTE2WNWEHTZ, ZOMEEZHRET -0, FBIEEEITHZ T
W T 5 4-methylumbelliferone (4MU) O % 3 A 7=, MIafsE % 573
722 SDS IR L7 EEEIR & 327210 T AMU D43 g3 [l E T & 7=,
GalScreen & L E2WHIENAIEETH U .96 well plate & DT LD 7o 7=,
IO LTCEMCARZEREE AT EHT v A MA[REL o7z,

2. GPCR M#MMIC L2757V F = B2 SHEEOIEET 7 F~D VY 7 )L— |k
(6)

GPCR LJEE T 7 FOBMRIZWV S O0E BV TV 553, ATP/UTP 2 &K P2Y,
P2Y2RIFIFET X TRRE 7 7 MIRIET 5(7), 77 ¥ = B2 XK (B2R)
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Abstract

Since the successful molecular cloning in 1998 of GM3 synthase (GM3S, ST3GALS5), the
enzyme responsible for initiating biosynthesis of all complex gangliosides, the efforts
of our research group have been focused on clarifying the physiological and patho-
logical implications of gangliosides, particularly GM3. We have identified isoforms of
GM3S proteins having distinctive lengths of N-terminal cytoplasmic tails, and found
that these cytoplasmic tails define subcellular localization, stability, and in vivo activity
of GM3S isoforms. Our studies of the molecular pathogenesis of type 2 diabetes,
focused on interaction between insulin receptor and GM3 in membrane microdo-
mains, led to a novel concept: type 2 diabetes and certain other lifestyle-related
diseases are membrane microdomain disorders resulting from aberrant expression
of gangliosides. This concept has enhanced our understanding of the pathophysio-
logical roles of GM3 and related gangliosides in various diseases involving chronic
inflammation, such as insulin resistance, leptin resistance, and T-cell function and
immune disorders (e.g., allergic asthma). We also demonstrated an essential role of
GM3 in murine and human auditory systems; a common pathological feature of GM3S
deficiency is deafness. This is the first direct link reported between gangliosides and
auditory functions.

1. INTRODUCTION

The presence of sialic acid at the surface of animal cell membranes
was first demonstrated in 1951 by Tamio Yamakawa.' He isolated a sialic
acid-containing glycolipid, which he called “hematoside,” from 100 g of dried
ghosts obtained from 10 L of packed horse erythrocytes.”> Hematoside
(now termed “GM3 ganglioside”) 1s the first product in the biosynthetic
pathway of ganglio-series gangliosides, and the common precursor of complex
gangliosides, such as a- and b-series gangliosides (Fig. 1). Gangliosides are
expressed in a cell type-specific manner on the outer leaflet of cell membranes,
and interact with various molecules on plasma membranes and certain intra-
cellular membranes based on potentials of noncovalent bondings, for example,
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Fig. 1 Biosynthetic pathway of gangliosides.

hydrogen bonding and electrostatic and hydrophobic interactions. Members
of the various ganglioside families participate in numerous cellular activities by
forming dynamic functional complexes termed “membrane microdomains”
or “lipid rafts.””
various extracellular stimuli, including inflammatory cytokines. The presence

* Expression levels of cellular gangliosides are affected by

of gangliosides in membrane microdomains thus reflects characteristics of
individual cells under various physiological and pathological environments.
Since molecular cloning of GM3S was achieved in 1988,” the activity of our
research group has been focused on elucidating the biological functions
of GM3 and related gangliosides. Here, we review our recent discoveries
and advances regarding the molecular biology of GM3S, and the pathophys-
iological significance of GM3 and related gangliosides.”®

2. MOLECULAR BIOLOGY OF GM3S/ST3GAL5

GM3S is a type Il membrane protein having a catalytic domain in the
luminal side (Fig. 2). Human and mouse GM3Ss initially undergo modifi-
cation with two or three N-glycans, respectively, in the endoplasmic
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Fig. 2 Regulation of intracellular dynamics of GM3S isoforms by R-based and
R/K-based motifs located within cytoplasmic tails. All isoforms have an R/K-based
motif, which functions as an endoplasmic reticulum (ER) export signal by
interacting with Sar1 protein. The R/K-based motif also functions as a Golgi
retention signal in M3 isoform only, leading to stabilization of this isoform in Golgi.
R/K-based motifs of M1 and M2 isoforms are presumably unable to function as Golgi
retention signals because of their long cytoplasmic tails. Only M3 carries highly
matured N-glycans. M1, which has R-based motif in its cytoplasmic tail, is targeted
for ER by interaction with -COP-5-COP complex. The significance of ER targeting of
M1 is unclear.

reticulum (ER).” N-glycans are further modified in the Golgi apparatus,
and glycan structures are converted from high-mannose type (immature
form) to complex type (mature form). The presence of high-mannose
type sugar chains is essential for enzyme activity.” Lactosylceramide
(LacCer), the acceptor substrate for GM3S, is synthesized in the luminal
side of Golgi.'"” CMP-sialic acid, a donor substrate for GM3 synthesis, is
synthesized in cytosol and transported to the luminal side by CMP-sialic
acid transporter localized in Golgi.'' GM3 synthesis occurs subsequently
in the luminal side of trans-Golgi.'> This section describes regulation
of intracellular dynamics of three GM3S isoforms (M1, M2, and M3)
we discovered.
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2.1 Tissue Distribution of GM3S mRNATranscriptional Variants

Human GM3S has five mRNA variants,”'>~"> which are categorized into
a-, b-, and c-type based on differences in transcription start sites (T'SSs).'°
a-Type and b-type are further subdivided into al- (type 1), a2- (type 2),
b1- (type 3), and b2-type (type 4) based on difterences in splicing. a2-Type is
expressed in a variety of tissues. ' c-Type (type 5) is expressed specifically and
exclusively in pancreas.'”

Mouse GM3S has two transcriptional variants: a- and b-type.'>'” The
TSSs of these variants are very close, and their transcriptional regulation is
therefore considered to be similar. Tissue distribution of the two variants is
nearly identical.'® We recently discovered a liver-specific transcriptional
variant, c-type.'® The c-type TSS is located downstream and far away from
the TSSs of a- and b-type. We are currently investigating the liver-specific
expression mechanism of c-type.

2.2 Translation of GM3S Isoforms by Leaky Scanning System

In general, the first AUG codon is recognized by ribosomes as an initiation
codon (first-AUG rule).'” In mammals, the optimal context for recognition
of the AUG start codon is GCCRCCAUGG (underline: initiation codon;
R: A or G). When the first AUG residue is presented in a weak context, in
particular, lacking both R in position -3 and G in position +4, the first AUG
codon is sometimes skipped and a downstream AUG is recognized as an
initiation codon. This process is termed a leaky scanning system.'” By using
this system, GM3S isoforms (M1, M2, M2’, and M3 in human; M1, M2, and
M3 in mice), each having a distinctive length of N-terminal cytoplasmic tail,
are translated from each mRINA variant. The lengths of isoforms M1, M2,
M2’, and M3 are respectively 69, 42, 47, and 14 aa.

Three isoforms (M1, M2, M3) or two isoforms (M2, M3) were detected,
respectively, in cells expressing mouse a- or b-type variant. In contrast, one
isoform (M3) or two isoforms (M1 and M3) were detected respectively in
cells expressing human al- or a2-type variant.'© M2" and M3 isoforms were
detected in cells expressing human c-type variant.”’ Thus, the leaky scanning
system seems to elicit coexistence of various GM3S isoforms in cells.

2.3 Regulation of ER Export of GM3S by R/K-Based Motif

Transport of GM3S from ER to Golgi is the first regulatory step for GM3
synthesis. Glycosyltransferases are loaded efficiently into COPII vesicles
through interaction between [R/K](X)[R /K] motifs in the cytoplasmic tail
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and small GTPase Sarl, a COPII coated-protein.”"** All GM3S isoforms
carry RR sequence just above the transmembrane domain. However, two
lysine residues located downstream of the RR sequence are also involved in
ER export signal ["R’R(X)5’K(X)3'°K] in M3-GM3S.”> We therefore
propose this “R/K-based motif” as a new ER export signal (Fig. 2).

Formation of COPII-coated vesicles begins with conversion from Sar1-
GDP to Sarl-GTP by the guanine nucleotide exchange factor, Sec12.**
Sar1-GTP is anchored to ER membrane and recruits Sec23—Sec24 complex
by interacting with Sec23.”> The Sarl-Sec23-Sec24 complex recruits
many cargo proteins containing ER export signals (DXE and FF sequences)
through interaction with Sec23 or Sec24 to generate a prebudding
complex.” " Sec23 also exhibits GTPase-activating protein activity for
Sar1-GTP. Once Sar1 forms a prebudding complex, Sar1-GTP is hydrolyzed
by Sec23 and is dissociated from prebudding complex.”’ Prebudding com-
plex without Sarl is unstable, but Sar1 is immediately reactivated by Sec12
and incorporated into the complex. When prebudding complex without
Sarl contains unfolded proteins, it breaks before reassembly of Sar1-GTP
because of weak interaction between the proteins and Sec23/Sec24. The
GTP/GDP cycle of Sar1 thus functions as a selective sorting system for cargo
proteins.”’ If R/K-based motif interacts only with Sar1, the cargo proteins
dissociate from prebudding complex when Sar1-GTP is converted to Sarl-
GDP. The interaction by itself is therefore insufticient for glycosyltransferases
to be efficiently concentrated in COPII-coated vesicles. Our current
hypothesis is that R/K-based motif functions as a guide to prebudding
complex through interaction with Sarl.” Glycosyltransferases carrying
R /K-based motif may be transterred to other cargo proteins (receptors) in
prebudding complex.

2.4 Regulation of Retrograde Transport of M1-GM3S Isoform
by R-Based Motif

Among three isoforms, only M1-GM3S has a retrograde transport signal (R -
based motif) in its N-terminal cytoplasmic tail (Fig. 2).'® Accordingly, most
M1-GMB3S is transported from Golgi to ER by R-based motif, and localized
in ER. As R-based motifs interact with an acidic pocket of B-COP-56-COP
complex in COPI subunits, proteins carrying R-based motif are efficiently
concentrated in COPI-coated vesicles involved in retrograde transport.”
R -based motifs must be positioned at a certain distance from the lipid bilayer
to function,” indicating that R /K-based motif (ER export signal) just above

transmembrane domain cannot function as a retrograde transport signal. In
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vivo enzymatic activity of M1-GM3S is lower than those of M2-GM3S and
M3-GM3S. However, GM3 synthesis is not completely eliminated when
GMB3S-KO cells express only M1-GM3S, suggesting that some M1-GM3S
1s sorted to trans-Golgi by escaping retrograde transport.

What 1s the biological significance of ER targeting of M1-GM3S? One
possibility is that M1-GMB3S has functions other than GM3 synthesis in
ER. For instance, protein O-fucosyltransferase (OFUT1) is known as a gly-
cosyltransferase localized in ER, similar to M1-GM3S.>* OFUT1 has an ER
targeting signal (KDEL-like motif) in its C-terminus and is localized in ER.
OFUT1 glycosylates the epidermal growth factor (EGF)-like domain
of Notch in Golgi, but displays Notch chaperone activity in ER.’"
Glycosylation activity of OFUT1 is not necessary for chaperone activity.
The strong protein-protein interaction between OFUT1 and EGF-like
domain of Notch presumably allows the unusual function. In contrast,
GM3S recognizes the glycosphingolipids (GSLs), LacCer and galactosylcer-
amide (GalCer) as substrates. GM3S does not display sialylation activity toward
lactose and N-glycans of glycoproteins,'” so the active site of GM3S presum-
ably recognizes both carbohydrate (hydrophilic) and ceramide (hydrophobic)
portions. The partial hydrophobic pocket may interact with unfolded proteins,
but the folding site is limited within the lipid bilayer. It therefore seems
unlikely that M1-GM3S is involved in protein folding, in contrast to OFUT 1.

Another possibility is that M1-GM3S regulates expression levels of
M2-GM3S and M3-GMB3S in Golgi. As indicated by expression patterns
of mRINA variants in tissues, three GM3S isoforms usually coexist within a
single cell. All GM3S isoforms are capable of interacting with each other
(unpublished data); therefore, M2-GM3S and M3-GM3S may partially
localize in ER by coexpression with M1-GM3S. Total amounts of GM3S
isoforms in Golgi are consequently maintained at low level. We were able to
establish stable clones expressing M2-GM3S or M3-GM3S only at low level,
but easily established stable clones expressing M1-GM3S at high level. These
findings suggest that excessive amounts of GM3S in Golgi are cytotoxic.

M1-GM3S may promote cell survival by suppressing accumulation of
M2-GM3S and M3-GM3S in Golgi.

2.5 Golgi Retention and Maturation of N-Glycans in GM3S

Golgi cisternae (cis, medial, and trans) are characterized by Golgi-resident
enzymes. In the cisternal maturation model, the Golgi apparatus is regarded
as a dynamic structure.”””® According to this model, a new cis cisterna is
continually formed by vesicles supplied from ER, and progressively matures
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to a medial cisterna and then a frans cisterna. Retrograde transport of Golgi-
resident enzymes by COPI-coated vesicles explains their distinctive distri-
bution and Golgi retention. The (F/L)(L/I) XX (R /K) motif of Kre6, which
is involved synthesis of f1-6 glycans synthesis, functions as a Golgi retention
signal in Saccharomycescerevisiae.”” This motif interacts with Vps74 in COPI-
coated protein complex. Golph3 and Golph3L, the mammalian homologs of
Vps47, cannot function complementarily in vps47A strain and (F/L)(L/I)
XX(R/K) motif is not conserved in mammalian glycosyltransferases. Golgi
retention of enzymes in mammals therefore presumably occurs by other
mechanisms.

The half-life of M3-GM3S is longer than that of M2-GM3S, although
both are localized in Golgi.'® We recently found that partial mutations of R/
K-based motif (R2A, R3A, R2A/R3A, K9A/K13A) in M3-GM3S lead to
altered localization from Golgi to endosomes and to rapid degradation,
suggesting that R/K-based motif also functions as a Golgi retention
signal (Fig. 2). The motif 1s presumably involved in retrograde transport
from Golgi. Masking of R/K-based motif by the long cytoplasmic tail of
M2-GM3S may contribute to its low stability.

The difterences of N-glycan structures among GM3S isoforms are note-
worthy. The N-glycan structure of M1-GM3S is high-mannose type (imma-
ture form), as evidenced by the immediate relocation of M1-GM3S from Golgi
to ER by R-based motif. The N-glycan structure of M2-GM3S localized in
Golgi is also high-mannose type, whereas that of M3-GM3S is complex type
(mature form).'® The proportion of mature N-glycans in M3-GM3S is reduced
by mutations (R2A, R3A, R2A/R3A, K9A/K13A) of Golgi retention signal
(R/K-based motif).”> Our findings, taken together, suggest that Golgi-reten-
tion time of glycoprotein determines maturation level of N-glycans. For full
maturation of N-glycans, glycoproteins must undergo modification by several
glycosyltransferases in dynamic Golgi cisternae. A single passage through Golgi
1s not sufficient to convert all glycosyltransferases to mature forms.

2.6 Perspectives

Our studies of GM3S isoforms help clarify the regulatory mechanism of

ganglioside synthesis in dynamic Golgi cisternae. Issues to be addressed in the

tuture studies include:

1. Determination of three-dimensional structure of GM3S by X-ray
crystallography.

2. Identification of molecules involved in ER export and Golgi retention of
GM3S.
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3. Examination of the heterooligomer formation by GM3S isoforms, and
cytotoxic eftects of GM3S by the accumulation in Golgi.

4. Elucidation of N-glycan maturation mechanism through analysis of
N-glycan structures of GM3S isoforms and their mutants, which cannot
be tethered to Golgi.

Elucidation of the posttranslational regulation of GM3S will contribute
to more effective therapeutic strategies for pathological conditions resulting
from abnormal GM3 synthesis.

E 3. INSULIN RESISTANCE IN ADIPOCYTES AND
MACROPHAGES

Visceral adipose tissues are comprised of not only adipocytes; but also
immune cells, including resident macrophages, T lymphocytes, and other
types of cells.”® ™!
and resident macrophages are aftfected by expression of specific GSLs. We

[t remains unclear how interactions between adipocytes

have shown that expression of GSLs and their corresponding synthase
genes in adipocytes is maintained by soluble factors secreted from resident
macrophages under not only inflammatory states, but also steady-state
physiological conditions. Obese GM3S-deficient mice fed a high-fat diet
were resistant to development of proinflammatory states in adipose tissues.
This section focuses on association of GM3 with metabolic syndrome, and
the physiological and pathological implications of GM3 present in adipose
tissues.

3.1 GMS3 is an Inducer of Insulin Resistance

Insulin elicits a wide variety of biological activities, which can be categorized
into metabolic and mitogenic actions. Binding of insulin-to-insulin receptor
(IR) activates IR internal-tyrosine (Tyr) kinase activity. Tyr-phosphorylated
and activated IR is able to recruit and phosphorylate adaptor proteins, such as
IR substrate (IRS). Phosphorylated IRS activates PI3-kinase (PI3K).
Activated PI3K is translocated to lipid rafts and converts PIP, to PIP3, and
PIP; then recruits PDK1 to phosphorylate Akt. Full activation of Akt may
be required for signaling by phosphorylation of the other site by mTOR C2
(mTOR complex 2).** This IR-IRS-PI3K-Akt signaling cascade is a
representative metabolic pathway triggered by insulin, and results in trans-
location of glucose transporter 4 (GLUT-4) to plasma membrane to facilitate
glucose uptake.
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When mouse adipocytes were cultured in low concentrations of TNFa
that did not cause generalized suppression of expression of adipocyte genes
(e.g., IRS-1, GLUT-4), TNFa interfered with insulin action.™ Prolonged
treatment (>72 h) was required for this effect, in contrast to many acute
effects of this cytokine. The slowness of the effect suggests that insulin
resistance in adipocytes treated with 0.1 nM TNFa was associated with
progressive increases in cellular GM3 content, GM3S activity, and GM3S
mRNA content, and that such treatment upregulates GM3 synthesis at the
transcriptional level in cultured adipocytes.*"*> In contrast, ceramide levels
under TNFa treatment increased transiently up to 6 h, and returned to
normal by 24 h. These observations reflect the distinct and independent
roles of GM3 and ceramides in development of insulin resistance in adipo-
cytes.”™ To determine whether elevated GM3 in 3T3-L1 adipocytes
treated with TNFa is involved in insulin resistance, we used D-threo-1-
phenyl-2-decanoylamino-3-morpholino-1propanol (b-PDMP), an inhibi-
tor of glucosylceramide synthase,” to deplete cellular GSLs derived from
GlcCer. D-PDMP treatment counteracted TNFa-induced increase of GM3
content in adipocytes, and reverted to normal the TNFa-induced defect in
Tyr phosphorylation of IRS-1 in response to insulin stimulation.” These
findings are consistent with the observation that insulin signaling was
enhanced in GM3S-knockout mice.”” It has been reported that TNFa
treatment of adipocytes induces an increase in serine phosphorylation of
IRS-1.** Such phosphorylation is important because immunoprecipitated
[RS-1 that has been serine phosphorylated in response to TNFa is a direct
inhibitor of IR Tyr kinase activity. We found that TNFa-induced serine
phosphorylation of IRS-1 in adipocytes was completely suppressed by D-
PDMP inhibition of GM3 biosynthesis, suggesting that TINFa-induced
increase of GM3 synthesis causes upregulation of serine phosphorylation
of IRS-1." An improved PDMP analog and a different type of GlcCer
synthase inhibitor,””" had therapeutic value when orally administered in
diabetic rodent models.

TNFa levels were fairly high in two obese diabetic rodent models
(Zucker fa/fa rats and ob/ob mice),* but much lower in adipose tissues from
lean control animals. We, therefore, examined GM3S mRNA expression in
epididymal fat of the diabetic models. Northern blot analysis showed that
GM3S mRNA content in adipose tissues of the two models was significantly
higher than in lean controls.” TLC comparison of GM3 band mobility
revealed the appearance of GM3 species with lower mobility (i.e., more
hydrophilic) in the models.
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We also examined GM3 expression in diet-induced obese (DIO) mice.”’
Following 10 weeks of feeding, mean body weight of standard diet (SD) and
high-fat diet (HFD) groups were 31.0 £ 0.6 g and 46.0 £ 0.8 g and fasted
blood glucose levels were 137 and 203 mg/dL, respectively.”’ GM3 level in
epididymal fat was threefold higher in HED than in SD group. mRINA level
of GM3S gene was also threefold higher in HED group.”

These findings strongly indicate that increased expression of GM3 in
abdominal adipose tissues tends to induce malfunctions of adipose tissue, for
example, chronic low-grade inflammatory states in obesity. In recent studies
of omental adipose tissues in obese and insulin-resistant women, adipocyte
hypertrophy, and macrophage infiltration were associated with increases of
GM3 content and GM3S gene expression.”” Therefore, drugs that target
GM3 biosynthesis may be useful for treating insulin resistance in obesity.

3.2 Insulin Resistance as a Membrane Microdomain Disorder

In studies of TNFa-induced insulin resistance in adipocytes, we showed
that transformation to a resistant state might result from increased GM3
biosynthesis following upregulation of GM3S gene expression. Increased
GM3 level during chronic exposure to TNFa may therefore suppress insulin
signaling.”” GSLs, including GM3, are important components of lipid rafts. We
considered the possibility that increased GM3 levels in lipid rafts confer insulin
resistance in TNFa-treated adipocytes. We examined GM3-protein interac-
tions within plasma membranes of living cells by performing cross-linking assay
with a photoactivatable, radioactive GM3 derivative. Adipocytes were prein-
cubated with [PHJGM3(N3) and then irradiated to induce crosslinking
of GM3. Target proteins were separated by SDS-PAGE and visualized by
autoradiography. A specific radioactive band corresponding to the 90-kDa
IR B-subunit was immunoprecipitated with anti-IR} antibodies, indicating
direct association of GM3 with IR. We concluded that IR forms complexes
with caveolin-1 and GM3 independently in 3T3-L1 adipocytes.”

Lipids are asymmetrically distributed in the outer and inner leaflets of
plasma membranes. In typical mammalian cells, most acidic phospholipids
are located in the inner leaflet, and acidic GSLs, such as sulfatides and
gangliosides are in the outer leaflet. Binding of proteins to lipid membranes
1s often mediated by electrostatic interactions between protein basic domains
and acidic lipids. Gangliosides, which bear sialic acid residues, are ubiqui-
tously present in the outer leaflet of vertebrate plasma membranes. GM3 is
the most abundant ganglioside, and the primary ganglioside found in
adipocytes.”” Glycan chains of GSLs, including gangliosides are oriented
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at a defined angle to the axis of ceramide.”> GM3s spontaneously form
clusters via hydrophobic interaction between their own saturated acyl chains,
regardless of any repulsion between negatively charged sialic acids in the
glycan chains.”® GM3 clusters, together with other cell surface gangliosides,
thus form GSL-enriched microdomains (GEM) and produce a negatively
charged environment just above the plasma membrane. On the other hand,
IR has a sequence in its transmembrane domain, that is, homologous
(conserved) in mammals and presents the basic amino acid lysine (IR944)
just above the transmembrane domain. During lateral diftusion, electrostatic
interaction may occur between the lysine residue at IR944 and the negative
charge of GM3 cluster, because of their close topological proximity on the
plasma membrane. In a study using FR AP technique in living cells, we found
that the mechanism for dissociation of IR-caveolin-1 complex is based on
interaction of a lysine residue localized just above the transmembrane domain
of IRB-subunit with GM3 clusters at the cell surface.”” Based on these
observations, we proposed a mechanism that determines insulin resistance
state through localization shift of IR from caveolae to GEM in adipocytes.

Insulin signaling in skeletal muscle was shown to be higher in GM3S
knockout (GM3S-null) mice than in wild-type (WT) C57BL/6 mice."’
On the other hand, inhibition of insulin signaling by exogenous addition
of saturated fatty acids into C2C12 myotubes was not eliminated by treat-
ment with a GlcCer synthase inhibitor (b-PDMP analog).”” The involve-
ment of GM3 in pathophysiology of insulin resistance in mammalian skeletal
muscle requires further study.

We explored the role of acyl chain length of ceramides in insulin signaling
using ceramide synthase 2 (CerS2)-null mice that lack the ability to synthe-
size very long acyl chain (C22-C24) ceramides.”® These mice did not display
IR or Akt phosphorylation in liver in response to insulin. The absence of IR
phosphorylation was correlated with its inability to translocate into deter-
gent-resistant membranes (DR Ms). The properties of DRMs in the CerS2-
null mice diftered significantly from those in WT mice, indicating that
altered sphingolipid acyl chain length directly aftects IR translocation to
lipid rafts and subsequent signaling.

3.3 GMS3 Functions as a Physiological Regulator for Insulin
Signaling and Adipogenesis

Visceral adipose tissues, particularly mesenteric adipose tissue, play key

38-40,59-63

roles in the pathogenesis of metabolic syndrome. To investigate

the fundamental characteristics of mesenteric adipocytes, we established a
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physiologically relevant differentiation system in which rat mesenteric-
stromal vascular cells (mSVC) were induced to difterentiate into mesen-

teric-visceral adipocytes (mVAC),M"65

We optimized the concentrations of
insulin and insulin-like growth factor (IGF-1) at levels comparable to those
in vivo: 0.85 and 200 ng/mL. IGF-1 and insulin were shown to function
synergistically; IGF-1 by itself enhanced CCAAT/enhancer binding pro-
tein alpha (C/EBPa) and adipocyte lipid binding protein (aP2) mRNA
expression, but in the absence of insulin at physiological concentration
IGF-1 did not induce lipid droplet accumulation associated with adipocyte
maturation.

We used the same differentiation system to elucidate the role of resident
macrophages in mesenteric adipose tissue in physiological adipogenesis.
Adipogenesis of mSVCs in the system was increased by removal of resident
macrophages, along with enhanced insulin signaling and concomitant
decrease of GSLs, including GlcCer, LacCer, and GM3. Phosphorylation
levels of IR and IRS-1 after insulin stimulation were enhanced by deple-
tion of macrophages, and protein level of IR per se was increased in
mSVCs.”'

Levels of GSLs (particularly GM3) in preadipocytes and mature adipo-
cytes are thus precisely maintained by soluble factors secreted from resident
macrophages to control physiological adipogenesis (Fig. 3). Adipogenesis of
MEFs prepared from GM3S-null mice was accelerated, in combination with
enhanced insulin signaling.”’ GM3 is directly involved in insulin signaling
and adipogenesis.

3.4 Serum GM3 as a New Biomarker of Metabolic Syndrome

GM3 is the major ganglioside in serum and is associated with serum lipo-

.66
proteins.

We examined the relationships of serum GM3 levels with: (1)
adiposity indices, and (i) metabolic risk variables.®® Serum GM3 levels were
significantly elevated in type 2 diabetes patients with severe obesity (visceral
fat area > 200 cm®, BMI > 30). GM3 level was positively correlated with
LDL-c (0.403, P = 0.012) in type 2 diabetes mellitus, but not related to
blood pressure. High levels of small dense LDL (>10 mg/dL) were associated
with increased GM3. Serum GM3 levels were aftected by abnormalities of
glucose and lipid metabolism, and by visceral obesity. Small dense LDL levels
are associated with atherosclerosis development,””*® and GM3 has been
detected in atherosclerotic lesions.®”*® Thus, GM3 is a potentially useful
marker for management of metabolic syndrome, including insulin resistance,

and for early diagnosis of atherosclerosis.



164 Jin-ichi Inokuchi et al

Adipocyte phenotypes regulated by GM3
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B GM3
Y% Insulin resistance — synthesis
¥ Decreased adipogenesis
Y Adipose tissue hypertrophy Soluble factors:
— TNFa, IL-6, IL1-B, etc.
-
Y¢ Homeostatic regulation o
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upregulation of insulin signaling
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Fig. 3 GM3 as homeostatic and pathogenic mediator in adipogenesis and insulin
signaling. Interactions between macrophages and adipose progenitor cells may
influence the number of preadipocytes and/or their differentiation capacity, and
induce adipose tissue dysfunction by inhibiting overall adipogenic capacity. Control
of GM3 levels is a potential therapeutic intervention strategy for restoring healthy
adipose tissue function in obese individuals, distinct from weight-reduction strategies.

The structural diversity of ceramide species arises from several types of
modification in N-acyl chains [chain length (C16-24); alpha hydroxyl-
ation; desaturation] and in sphingoid bases (d18:1, d18:0; hydroxylation at
C4), resulting in a large number of possible molecular species. We per-
formed LC-MS/MS analysis to identify serum GM3 molecular species in
125 Japanese residents.” Individuals were categorized based on presence
versus absence of metabolic disease risk factors, including visceral fat
accumulation, hyperglycemia, and dyslipidemia. A total of 23 GM3
molecular species were identified, of which 8 were significantly elevated
in individuals with visceral fat accumulation and metabolic disease
(defined as the presence of hyperglycemia and dyslipidemia). All of the
GM3 molecular species were composed of sphingenine [d18:1(A4)], and
six of the eight elevated species contained a-hydroxylated acyl chains.
Hydroxylated GM3 species were, in order of decreasing abundance,
d18:1-h24:0 = d18:1-h24:1 > d18:1-h22:0 >> d18:1-h20:0 > d18:1-h21:0
> d18:1-h18:1. We conducted univariate and multiple linear regression
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analyses using numerous clinical health variables associated with obesity,
type 2 diabetes, metabolic disease, atherosclerosis, and hypertension. GM3
(d18:1-h24:1) was selected as the best candidate for metabolic screening. This
molecular species showed significant correlation with intima media thickness
(a criterion for diagnosis of atherosclerotic disease in humans) and other
metabolic disease risk factors, including autotaxin, LDL-¢, and homeostatic

model assessment insulin resistance (HOMA-IR).?”

3.5 Pathogenic Control of Adipocytes by Increased Expression
of GM3

Adipose tissue macrophages are classified into two major subtypes: M1 and
M2. A concept of M1/M2 polarization has been developed based on expres-
sion patterns of cytokines, surface markers, and metabolic enzymes.”’ M1
macrophages are potent effector cells that produce inflammatory cytokines,
such as TNF-a, IL1-B, and IL-6. M2 macrophages are present as resident
cells in nearly all organs under physiological conditions, and help maintain
tissue homeostasis.”'”’> They exert antiinflammatory effects by producing
[L-10 and arginase I enzyme (Argl). IL-10 potentiates insulin signaling in
adipocytes,”””” and Argl reduces nitric oxide synthesis and inflammation by
metabolizing arginine to ornithine.”’ Consumption of HFD shifts cytokine
expression of murine adipose tissue macrophages from M2- to M1-like
patterns by decreasing expression of IL-10 and Argl and increasing expres-
sion of TNFa and iNOS.””

We analyzed gene expression profiles in epididymal adipose tissue of
GM3S-null mice fed with HFD, but not with SD.”" In comparison with
expression levels in GM3S™ ™ mice, proinflammatory cytokine TNFa was
significantly decreased, whereas antiinflaimmatory cytokine IL-10 was
increased. Levels of adiponectin were increased, while those of atherogenic
genes, such as PAI-1 and iNOS were reduced. M2 signature genes, such as
MGL1 and Argl showed increased expression in the GM3S-null mice.
Glucose tolerance test (GTT) and insulin tolerance test (ITT) both revealed
significant improvement of insulin resistance under HFD condition. Thus,
GM3 plays key roles in development of obesity-induced chronic low-grade

inflammatory states and of insulin resistance (Fig. 4).”'

3.6 Perspectives

Adipocytes are more than inert energy depots; adipose tissue is a biologically
active organ responsible for important physiological processes, including
energy homeostasis and whole-body insulin sensitivity. Dynamic remodeling
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Fig. 4 Regulation of adipose tissue remodeling by GM3 during chronic positive energy
imbalance. Chronic positive energy imbalance [high fat diet (HFD)] leads to obesity.
Macrophage phenotype may affect the mechanism whereby adipose tissue expands. In
the obese state, an adipose tissue mass increase through hyperplasia and hypertrophy,
and the latter is associated with activation of stress signaling. When proinflammatory M1
macrophages are predominant, the preadipocyte reservoir may be inadequate because
of reduced preadipocyte survival, proliferation, and/or adipogenic capacity. Energy
storage occurs via exaggerated adipose hypertrophy, resulting in dysfunctional
adipose tissue and contributing to an inflamed insulin-resistant state. Chronic
increase of GM3 through upregulation of St3gal5 gene by proinflammatory cytokines,
such as TNFa and IL-p may promote development of insulin resistance.”>>* In obese
St3gal5-deficient mice, insulin action was enhanced without any significant impact on
diet-induced obesity.>’ These mice showed anti-inflammatory M2-like phenotypes in
visceral adipose tissue (epididymal fat),”' and significant increases of adiponectin and
interleukin-10 (IL-10) in comparison with obese WT mice. IL-10 and adiponectin play
essential roles in maintaining insulin sensitivity of adipocytes.”*”>

of adipose tissue architecture occurs during its expansion. Under positive
caloric balance, development of metabolic disease is more closely related to
how fat is stored (through adipocyte hypertrophy vs. hyperplasia) than simply
to the amount of stored fat. Inhibitors of adipogenesis were frequently
proposed in the past as potential antiobesity drugs. However, results from a
variety of recent mouse and human experiments indicate that adipogenesis
inhibitors are poor candidates for amelioration of metabolic disease states,
because limitation of fat cell expansion is associated with insulin resistance. It
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was proposed over a decade ago that type 2 diabetes might result from
failure of adipocyte differentiation.”* This hypothesis is now generally
accepted, and has been supported by several independent lines of investiga-
tion in adipocyte biology.

Interactions between macrophages and adipose progenitor cells must be
considered, because macrophages affect numbers of preadipocytes and/or
their differentiation capacity, and induce adipose tissue dysfunction by inhi-
biting overall adipogenic capacity. The existence of resident and infiltrating
macrophages is well documented, and studies during the past decade suggest
that such macrophages are modulated in obesity and type 2 diabetes.
Proinflammatory TNFa’> and IL1-p’® are potent inhibitors of adipocyte
differentiation, and both of these cytokines induce insulin resistance in

77,78 . . . :
"7 TNFa expression is induced in adipose tissue of obese

adipocytes.
diabetic rodents*® and humans.”” TNFa detected in adipose tissue has been
shown to be secreted from macrophages.” These studies, taken together,
indicate that macrophages in adipose tissue produce TNFo and IL1-f3, which
can inhibit differentiation of preadipocytes and induce insulin resistance in
mature adipocytes. Less attention has been paid to the ability of these cyto-
kines to induce insulin resistance by inhibiting adipogenesis. Recent studies
using new model systems demonstrate that limitation of adipose tissue
expansion is associated with insulin resistance. Mice that are very obese
but have unlimited adipose tissue expansion are metabolically healthy and
insulin-sensitive.”" Overall, these studies support the concept that adequate
numbers of differentiation-competent preadipocytes allow for hyperplastic
growth by preserving metabolic function in obesity.

As described earlier, our studies using GM3S gene and GM3S-knockout
mice have shown that GM3 is crucially involved in both homeostatic adi-
pogenesis (by controlling insulin signaling) and development of obesity-
induced chronic low-grade inflammatory states and insulin resistance in
adipose tissue. GM3 expression in adipocytes is controlled by soluble factors
secreted from resident macrophages, to execute physiological adipogenesis.
GM3 expression in adipose tissue is further increased under obesity-induced
proinflammatory conditions, and GM3S-deficient mice fed a high-fat
diet are less likely to develop insulin resistance or chronic low-grade inflam-
matory states (Fig. 4).”' GM3 thus functions as a novel homeostatic and
pathogenic mediator in adipose tissue (Fig. 3).

Our findings provide a rationale for design of novel therapies against
metabolic syndrome (including type 2 diabetes) through inhibition of GM3

biosynthesis to maintain homeostatic insulin signaling. Extensive reduction
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of all complex gangliosides by inhibition of GM3 biosynthesis produces
widespread physical and chemical modifications of all cellular plasma mem-
branes, particularly of lipid microdomains, and is therefore drastic and of little
therapeutic value. Such extensive ganglioside depletion is not necessary
for treatment of metabolic disorders. We have demonstrated the effectiveness
of b-PDMP on impaired insulin signaling in TNFa-treated 3T3-L1 adipo-
cytes, and that normalization of elevated GM3 levels was sufficient to
ameliorate the state of insulin resistance.”

In humans, GM3 is expressed predominantly in insulin-responsive organs
(skeletal muscle, liver, adipose tissue) and lymphocytes. The presence of
GM3-enriched membrane microdomains (lipid rafts) reflects the character-
istics of individual cells. For accumulation of gangliosides in lipid
rafts, critical roles are played by hydrogen donors and acceptors; and the
abundance of (relative to phospholipids) long, saturated acyl chains in the
ceramide backbone of gangliosides. Structural diversity of sphingoid bases
and N-acyl chains in the ceramide moiety is essential in determining
the behavior of gangliosides in cell membranes, and the localization of lipid
rafts. A “sphingolipidomics” approach must be used to precisely characterize
the ceramide structures actually present in cell membranes.

E 4. LEPTIN SIGNALING AND RESISTANCE IN
HYPOTHALAMUS

Leptin is a 16-kDa protein required for maintenance of energy
homeostasis and body weight.” White adipose tissue produces and secretes
leptin into the bloodstream, and circulating levels are correlated with body
fat content.” Leptin signals adiposity status to the brain, particularly to the
mediobasal hypothalamus (MBH), which plays a key role in control of
teeding, body weight, and energy expenditure. Within the MBH, the arcu-
ate nucleus (AR C) is an important site of leptin action. The AR C contains
two interconnected groups of neurons. One group is orexigenic and releases
agouti-related peptide (AgRP) and neuropeptide Y (NPY). The other group
1s anorexigenic and releases a-melanocyte-stimulating hormone (a-MSH),
generated from proopiomelanocortin (POMC) precursors, which binds to
melanocortin receptor 4 (MC4R) in the paraventricular nucleus (PVH) and
other hypothalamic regions, and exerts anorectic effects. NPY binds to its
cognate receptor, thereby stimulating feeding and reducing basal energy
expenditure. AgRP acts as an inverse agonist of MC4R and inhibits
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a-MSH activity.” AgRP/NPY neurons and POMC neurons thereby
regulate melanocortin signaling in a coordinated manner to maintain energy
balance.

Elevated levels of leptin reduce food intake and body weight through the
long form of the leptin receptor, LepRb,” which is highly expressed in
certain hypothalamic nuclei, including the ARC and ventromedial hypo-
thalamus (VMH). LepRb is expressed in both AgRP/NPY neurons and
POMC neurons. Leptin regulates energy balance by inhibiting neuronal
activity and expression of NPY and AgRP in AgRP/NPY neurons, and
promoting synthesis of «-MSH in POMC neurons.” Leptin increase can
generate a strong, beneficial signal to prevent or reduce obesity. However,
leptin activity may be disrupted by development of leptin resistance, a
phenomenon defined by reduced ability to suppress food intake and body
weight gain.”’

Gangliosides play important roles in neural development and func-

: 88
tions.

%7 Recent studies using ganglioside-deficient mouse models have
helped elucidate the functions of specific gangliosides in hypothalamic leptin

signaling.

4.1 Leptin Receptor Signaling

Leptin action is transmitted by long form receptor LepRb, which is highly
expressed in brain regions involved in control of feeding and energy expen-
diture.” LepRb is a transmembrane receptor and a member of the class I
cytokine receptor family.®” Six LepR isoforms (LepRa, b, ¢, d, e, f) have been
identified in mice; they arise from the single Lepr gene by alternative mRINA
splicing,”"”* and have been categorized into three classes: secreted (LepRe),
short (LepRa, LepRec, LepRd, LepRf), and long (LepRb) forms. The six
1soforms share an N-terminal extracellular domain with the ability to bind
leptin, but differ in their C-terminal cytoplasmic domains. Only long-form
LepRb is capable of mediating leptin signaling. LepRb-deficient db/db mice
have an obese phenotype similar to that of leptin-deficient ob/ob mice.”
LepRb has no inherent enzymatic activity, but produces a signal through
binding to a cytoplasmic Tyr kinase, Janus kinase 2 (JAK2).”* Leptin binding
to the extracellular domain of LepRb results in conformational change of the
receptor and JAK?2 activation, and JAK?2 subsequently phosphorylates other
Tyr residues within LepRb and JAK2 itself.”” Three tyrosine residues
in LepRb (Tyr’®, Tyr'"”, Tyr''*®) undergo phosphorylation, and recruit
Src homology 2 (SH2) domain-containing proteins to the LepRb-JAK2

96

complex, thereby enabling JAK2 to phosphorylate these signaling proteins.
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In addition to JAK2, certain members of the Src Tyr kinase family are involved
in control of leptin signaling. Phospho-Tyr''*® binds to the SH2 domain
of signal transducer and activator of transcription 3 (STAT3). STAT3 is sub-
sequently phosphorylated by JAK2, resulting in nuclear translocation and
transcriptional initiation of target genes including POMC and suppressor of
cytokine signaling 3 (SOCS3), a negative-feedback regulator of leptin signal-
ing.”” Numerous studies have demonstrated the essential role of the JAK2/
STAT?3 pathway in antiobesity action of leptin in the brain. STAT5 is similarly
recruited to phospho-Tyr'"”” in response to leptin, and phosphorylated and
activated by JAK2. Phospho-Tyr”® serves as a binding site for the SH2 domain
of protein Tyr phosphatase 2 (SHP2), which mediates leptin-dependent
activation of the extracellular signal-regulated kinase (ERK) pathway. The
SHP2/ERK pathway is also involved in the antiobesity effect of leptin.”>””

4.2 Leptin Resistance

Leptin resistance 1s a key risk factor for obesity. Diet-induced obese (DIO)
mice and obese human patients typically show high circulating leptin levels
and reduced responsiveness to leptin’s antiobesity effects.”” Even after exog-
enous leptin administration, obese subjects do not show reductions of

100 ) .
Various molecular mechanisms have been

food intake or body weight.
proposed to explain leptin resistance; these include impairment of leptin
transport across the blood—brain barrier (BBB), suppressed leptin signaling,

and impaired leptin-targeted neural circuits.”>'"!

4.2.1 The BBB and Leptin Resistance

Circulating leptin, as an energy regulator, must across the BBB to reach the
neurons responsible for suppressing food intake and increasing energy
expenditure. Impaired leptin transport across the BBB has been observed

102,103 : : : : :
7 suggesting a possible cause of leptin resistance in obese

in obese mice,
humans and rodents.'”* The median eminence (ME), located on the floor of
the third ventricle, forms a BBB structure that regulates passage of metabolic
hormones and nutrients from blood to cerebrospinal fluid and energy-
sensing MBH neurons.'”” Tanycytes, which are specialized radial glial cells
that line the walls of the third ventricle, have been identified as gatekeepers
controlling entry of leptin into the hypothalamus.'”® Tanycytes express all six
LepR isoforms, activate STAT3 and ERK in response to leptin, and thereby
take up leptin through clathrin-coated vesicles. Internalized leptin is then
released into the MBH under the control of LepRb-ERK signaling. This

pathway is disrupted in DIO mice.
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4.2.2 Suppression of LepRb Signaling

In obese rodents and humans, chronically elevated levels of circulating leptin
activate an inhibitory negative feedback mechanism, resulting in impairment
of LepRb signaling. SOCS3 is a member of a large family of cytokine-
inducible inhibitors of signaling. Its gene expression is induced by leptin,
and also by cytokines, such as interleukin-6.""""” SOCS3 binds to JAK2 and
inhibits its kinase activity,'”® and also inhibits LepRb signaling through
binding to phospho-Tyr’™® of LepRb.'"” Peripheral leptin administration
rapidly induces SOCS3 mRNA in the hypothalamus of leptin-deficient
ob/ob mice, but not of LepRb-deficient db/db mice."'” In leptin-resistant
obese mouse model Ay/a, SOCS3 expression in the AR C and dorsomedial
hypothalamic nuclei is elevated, suggesting that SOCS3 is a mediator of
leptin resistance in obesity. Mice with heterozygous Socs3 deficiency or
neuron-specific Socs3 knockout showed increased leptin sensitivity and resis-

tance to DIO,H]’112
negative regulator of LepRb signaling.

supporting the concept that SOCS3 is a physiological

LepRb signaling is also suppressed by many other molecules, including
protein Tyr phosphatases (PTPs). PTP1B, a nonreceptor Tyr phosphatase
known to inhibit insulin signaling, suppresses LepRb signaling in vivo by
dephosphorylating and thereby inhibiting JAK2.""” PTP1B-null mice are

113,114 » 4 .
Mice with neuronal

hypersensitive to leptin and resistant to DIO.
deletion or POMC-neuron-specific deletion of PTP1B show increased
leptin sensitivity and energy expenditure, and are less susceptible to
DIO."""° These findings suggest that increased PTP1B expression med-

1ates leptin resistance in obesity.

4.2.3 Impairment of Downstream Signaling of LepRb

Melanocortin receptor 4 (MC4R) plays a central role as a leptin-targeted
neural circuit in energy homeostasis. MC4R gene mutations with associated
loss of function are the most common monogenic form of obesity in
humans.'"” Mc4r-deficient mice develop obesity associated with hyperpha-
gia,"'® and do not respond to the anorectic action of MTII, a synthetic
analogue of a-MSH.""”

disrupted by ectopic expression of agouti signaling protein (ASP), a homo-

In Ay/a mice, melanocortin signaling is systemically

logue of AgRP.'* Constitutive expression of ASP in the Ay/a hypothalamus
blocks the eftect of ®-MSH and inhibits activation of MC4R, resulting in
disruption of hypothalamic control of feeding and energy expenditure, and
in development of leptin resistance.' "’ Downstream of MC4R , expression of

brain-derived neurotrophic factor (BDNF) in the VMH is regulated by the
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leptin-MC4R axis, and inhibition of the BDNF/TrkB pathway results in

: : 121,122
leptin resistance.

4.3 Leptin Signaling in Ganglioside-Deficient Mice

Adult mammalian brain gangliosides consist mainly of a- and b-series gang-
liosides, such as GM1, GD1a, GD1b, and GT1b (Fig. 1).%” GM3S-deficient
mice that lack these ganglioside species have enhanced insulin signaling and
are less susceptible to DIO.*”>" On the other hand, GD1a has an enhancing
effect on EGFR activation. = In a 2013 study of mice with deletion of
inducible neuron-specific Ugcg (the gene encoding GlcCer synthase),

123

Nordstrom et al. reported possible functions of neuronal ganglioside species
in LepR."** These mice lacked gangliosides, as well as GlcCer and LacCer in
distinct populations of forebrain neurons following administration of tamox-
ifen. Loss of GlcCer synthase in hypothalamic neurons inhibited LepR
signaling, and the mice developed progressive obesity. The authors demon-
strated that GM1 and GD1a in hypothalamic neuronal cell line N-41 interact
closely with LepR, suggesting that these a-series gangliosides enhance the
action of leptin in hypothalamic neurons. Ji etal., in 2015 and 2016 studies,
showed that GD3 synthase (GD3S)-null mice, which lack all b-series gang-
liosides, show reduced leptin secretion from adipocytes and increased leptin

L. 125,126
sensitivity. ’

Serum leptin levels in the GD3S-null mice were strongly
reduced and leptin was accumulated in adipose tissues, indicating impaired
leptin secretion. Addition of exogenous b-series gangliosides into medium of

primary adipocyte culture restored leptin secretion.'”

These findings
suggest that b-series gangliosides are involved in leptin secretion from adi-
pocytes, although the mechanism is unknown. GD3S-null mice did not
develop obesity, even though levels of circulating leptin were greatly
reduced. Leptin signaling was altered in the hypothalamus of these mice.
LepRb signaling in the hypothalamus, as measured by phosphorylated
STATS3 levels, was enhanced in the mice, and GD3S overexpression in
N-41 cells reduced responsiveness to leptin.'*° Increased levels of a-series
gangliosides in GD3S-null mice enhance leptin sensitivity, which may
explain the apparently normal energy expenditure observed.

An obese mouse model, KK-Ay, was established by introducing Ay
mutation into KK mice, resulting in more severe and earlier onset of obesity
and diabetic pathology.'”’ Based on our finding that GM3S-null mutation in
C57BL/6 mice resulted in no overt difterence in obesity phenotype relative
to WT,*"" we introduced GM3S-null mutation in KK-Ay mice to evaluate
the pathophysiological roles of GM3 and related gangliosides in obesity.
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Whereas KK-Ay mice were hyperphagic and developed morbid obesity, the
KK-Ay/GM3S-null mice had much lower body weight and food intake,
comparable to values in control KK mice (unpublished data). The KK-Ay/
GM3S-null mice were less susceptible to central leptin resistance, suggesting
that GM3 and/or related ganglioside species negatively regulate hypotha-
lamic leptin signaling.

4.4 Perspectives

Numerous recent studies indicate that GM3 and related gangliosides
play essential roles in hypothalamic control of energy homeostasis. GM1
and GD1a have been implicated as positive regulators of leptin signaling.
KK-Ay/GM3S-null mice, which do not express a- or b-series ganglio-
sides, are less susceptible to leptin resistance. We observed enhancement of
leptin-dependent ERK phosphorylation in GM3S-deficient hypothalamic
neuronal cells (unpublished data), suggesting differential roles of specific
gangliosides in LepR signaling (Fig. 5). Altered expression of gangliosides
may also aftect other signaling pathways (e.g., insulin signaling) involved
in hypothalamic control of feeding and energy balance.

Fig. 5 Leptin receptor-signaling pathway, and alterations in signals observed in
ganglioside-deficient models. Increased or decreased activation of each pathway
component is indicated by an arrow with respective color.
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There is increasing evidence for association of hypothalamic inflamma-
tion with development of leptin resistance and obesity.'*® Activation of
inflammatory pathways in the hypothalamus is increased by DIO, even
without overt weight gain. GM3 levels are elevated in visceral fat of obese

45,64,69 1, - -
7 It is therefore conceivable

model animals and in sera of obese patients.
that inflaimmation resulting from DIO alters ganglioside expression in the
hypothalamus. Such alteration could aftect interactions between neurons and
nonneuronal cell populations and play a pathophysiological role in regulation

of energy homeostasis.

> 5. T-CELL IMMUNITY AND IMMUNE DISORDERS

T cells are lymphocytes that have differentiated under the influence of
the thymus and are responsible for cell-mediated immunity. T-cell activation,
mediated by T cell antigen receptors (TCRs) in combination with costimu-
latory receptors, requires recruitment of both extracellular and intracellular
molecules into specific cell membrane regions termed “lipid rafts.”'*” T cells
are functionally subdivided into T helper (Th) cells and T cytotoxic (Tc)
cells, which typically express specific cell surface molecules CD4 and CDS,
respectively. CD4" Th cells and CD8" Tc cells have distinctive immuno-
logical functions, but are similar in terms of mechanisms of TCR-mediated
signaling. Th and Tc cells have differing ganglioside levels and ganglioside
species composition, providing distinctive intracellular signaling events for
their respective immune functions.”" This section summarizes ganglioside
species-specific functions in activation of the two T cell subsets, and roles of
gangliosides in immune diseases.

5.1 Ganglioside Expression in CD4" and CD8" T-Cell Subsets

Gangliosides are classified into several series based on the absence (o-series)
or presence of one (a-series) or two (b-series) sialic acid residues linked
to the galactose residue in the second position from ceramide backbone
(Fig. 1)."7"'9% GM3, the simplest member of the a-series, is synthesized by
GMB3S. GM3 can be altered by GM2/GD2 synthase (GM2/GD?2S, also
termed B4galnt1) to form GM2 (a downstream a-series ganglioside), or by
GD3S to form GD3 (the simplest b-series ganglioside). GM2/GD2S also
elongates LacCer to form GAZ2, the simplest precursor of the o-series gang-
liosides. At each branching point in the various ganglioside biosynthetic
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pathways, competition among responsible enzymes determines the relative
expression levels of o-, a-, and b-series gangliosides.

T cells interact with and help activate antigen-presenting cells (APCs)
through a unique immunological synapse, and lipid rafts are involved in this
interaction.'”” "*” GM1 (a downstream a-series ganglioside) accumulates at
the site of contact between TCRs and beads coated with TCR -stimulating
antibodies in CD4" T cells, but not in CD8" T cytotoxic cells.>® GM1 and
GM3 define different types of raft membrane domains that segregate respec-
tively to the leading pole or the trailing uropod of polarized human
T cells.”” Expression of GM1 varies depending on cell type and develop-
mental stage, and staining with cholera toxin B subunit (CTx-B) is com-
monly used for visualization of rafts. CTx-B also reacts with an o-series
ganglioside termed extended-GM1b (Fig. 1). Elucidating the ganglioside
compositions of CD4" and CD8" T cells is essential for understanding
the role of rafts in differentiation, maturation, and activation processes of
these two T-cell subsets. Differences have been reported in ganglioside
composition of primary T-cell subsets freshly isolated from lymphoid organs
versus cultured T cells, including cloned cell lines and blasted cells stimulated
by concanavalin A.

Biochemical analyses (TLC, HPLC) of whole T cell populations have
traditionally been used to evaluate ganglioside expression patterns in primary
T cells. However, whole T cell populations (i.e., all cells that express TCRs)
are highly mixed populations, and such results are therefore of limited value
for studies of specific T cell subsets. Flow cytometric techniques allow
multiparameter analysis of target cells at the single-cell level, and therefore
provide a valuable tool for determining levels of specific gangliosides in each
T cell subset. Flow cytometric analyses using mAbs specific for various
gangliosides revealed differential ganglioside expression by mature CD4"
and CD8" T cells."*""" We used LC-MS/MS for structural analysis
of gangliosides in immature thymocytes, and in CD4" and CD8" T cells
isolated from mouse lymphoid organs.'”” The two T cell subsets both express
six ganglioside species (GM1la, GM1b, GD1b, GD1lc, GalNAcGM1b,
extended-GM1b), but differ markedly in their expression levels of these
six species. Expression of o-series gangliosides (GalNAcGM1b, extended-
GM1b) increases greatly following differentiation of thymocytes to CD4"
and CD8" T cells. Most of the gangliosides expressed in CD8" T cells are
o-series. GM1b 1s expressed strongly in both subsets, whereas GM1a is
expressed strongly in thymocytes and CD4" T cells; but at only trace levels
in CD8" T cells.
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GM2/GD2S gene expression is markedly higher in CD4" and CD8" T
cells than in thymocytes. GM3S gene expression is higher in CD4" T cells
and lower in CD8" T cells relative to thymocytes.'” These gene expression
patterns account in part for the difterential ganglioside expression profiles
during the differentiation processes from immature thymocytes to mature
CD4" and CD8" T cells. In regard to GD1c, CD4" T cells can be separated
into GD1c-positive IL-2-producing Thl-like cells and GD1c-negative
IL-4-producing Th2-like cells.'*" Thus, it is possible to classify T cell subsets
into distinctive functional subpopulations based on differences in ganglioside
expression profiles.

5.2 Ganglioside Expression in TCR-Mediated T Cell Activation

T cell activation is initiated and maintained by engagement of TCRs with
major histocompatibility complex (MHC)-peptide complex on APCs, and
by engagement of costimulatory molecules. CD4 and CDS8 are coreceptors
that bind to nonpolymorphic regions of MHC and facilitate signaling by
TCRs during T cell activation. T cell activation requires recruitment of both
extracellular and intracellular molecules into specific cell membrane regions
(lipid rafts).

Cholesterol, a major raft lipid component, plays a key role in maintaining
raft structure. It fills the space between hydrocarbon chains of sphingolipids,
and functions as a “glue” holding the raft assembly together. Treatment with
drugs (e.g., methyl-B-cyclodextrin) that deplete cholesterol from cell mem-
branes typically results in disruption of raft-mediated cellular functions.'* In
spite of some concerns regarding side effects of the drug on signaling
events,' " experimental approaches involving methyl-p-cyclodextrin have
been widely used to document the important functions of cholesterol in rafts.
Many studies have been based on manipulation of cholesterol level in lipid
rafts, but a much smaller number have addressed the role of gangliosides in
raft functions.

We highlighted one important aspect of ganglioside expression in T cells
in our 2012 study of two strains of mice with distinctive genetic character-
istics.” One strain, carrying a defective GM3S enzyme, expressed o-series,
but not a- or b-series gangliosides. The other strain had an altered form of
GM2/GD2S enzyme, and expressed GM3 and GD3; but no other ganglio-
sides (Fig. 1). In WT mice, expression of a-series GM1a is higher in CD4"
than in CD8" T cells. In GM3S-null mice, CD4" T cells show severe
impairment of TCR-mediated proliferation and cytokine production.
These defects are reversed by preincubation of cells with a-series
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(GM3, GM1la), but not with b-series gangliosides. Most gangliosides
expressed in WT CD8" T cells are o-series (GA1, GM1b, GaINAcGM1b,
extended-GM1b). T cells from GM2/GD2S-null mice also show severe
impairment of TCR-mediated proliferation and cytokine production.
These defects are reversed by preincubation of cells with o-series GA1 and
GM1b, but not with a- or b-series gangliosides. These findings indicate that
the two T cell subsets have specific raft microenvironments involving dif-
ferent gangliosides, and that these raft microenvironments are the basis of
distinctive functions following TCR stimulation (Fig. 6). The two T cell
subsets, although they have common mechanisms of TCR -mediated signal-
ing, have differing cellular and molecular modifications. CD4 and CD8 are
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Fig. 6 Distinct expression signatures of ganglioside species during T-cell development.
Lineage commitment from thymocytes (CD4/CD8 double positive) to mature single
positive T cell subsets is accompanied by selective ganglioside expression. CD4" T
helper (Th) cells express predominantly a-series gangliosides because of upregulation
of St3gal5 gene, while CD8" T cytotoxic (Tc) cells carry o-series gangliosides because of
downregulation of St3gal5 and upregulation of B4galnt1 genes. Evidently, each T cell
subset has unique lipid rafts composed of differing ganglioside species, and these rafts
are the basis for distinctive functions in intracellular events following TCR-mediated
stimulation. The ganglioside selection process is thus essential for formation of distinct,
functional lipid rafts in mature T cells.
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localized to lipid rafts by palmitoylation (a process whereby lipids are attached
to other molecules), but raft localization is not determined solely by this
process. """ To ensure movement of CD4 and CDS to specific, correct
locations on the membrane, it may be essential that these molecules interact
with rafts carrying specific ganglioside species. Specific roles of the various
gangliosides in regulation of membrane microenvironments remain to be
elucidated.

5.3 T Cell Gangliosides in Autoimmune and Allergic Diseases

Almost all T cells that recognize self or harmless antigens are killed or
inactivated in normal individuals. Failure of normal self-tolerance mechan-
1sms leads to development of autoimmune and allergic diseases. The four
T helper cell subpopulations (Th1, Th2, Th17, Treg) produce difterent
cytokines and have distinctive eftector functions, presumably based on
differing organization of TCR signaling complexes in lipid rafts.'** Lipid
composition of lipid rafts and TCR signaling ability difter in Th1 versus Th2

147-150 . . Yy
> Studies of clinical cases and mouse models indicate that some of

cells.
these disease processes are related to ganglioside composition of T cells; we
will review three of these diseases in this section.

Allergic asthma, a type 1 hypersensitivity reaction, is a manifestation of
immediate and late-phase reactions in the lung. Innate immune cells, such as
mast cells, basophils, and eosinophils are the eftector cells of airway inflam-
mation.'”""”? Adaptive immunity contributes to initiation of allergic
reactions. CD4" T cells play a crucial role in production of Th2 cytokine
(IL-4 and IL-13), which then help B cells produce IgE antibodies specific for

: 153,154
the “harmless” antigens. >

We examined mechanisms of allergic airway
inflammation and airway hyperresponsiveness triggered by inhalation of
ovalbumin (OVA) antigen in OVA-sensitized mice. GM3S-null mice
showed striking reduction of allergic airway responses normally induced
by OVA inhalation, that is, extensive mucus hypersecretion (characteristic
of asthma), airway infiltration of inflammatory cells, OVA-specitic IgE pro-
duction, and increased Th2 cytokine levels in serum.'”’ CD4" T cells from
these mutant mice lack GMl1a, and self-reactive CD4" T cells display
enhanced GM1a expression resulting in persistence of abnormal cell activa-

155,156 : ‘ : :
Karman etal. demonstrated suppression of airway inflammation

157

tion.
by administration of antisense oligonucleotides against GM3S gene.
These findings indicate that a-series ganglioside GMla 1is essential for

T helper cell function. The novel CD4" T cell subsets Th17 and Treg were
described recently. In allergic airway inflammation, the balance between
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effector Th2 cells and suppressive Treg cells is skewed toward Th2 predom-
inance.”® It has been suggested that Th17 cells contribute to neutrophilic,
steroid-resistant severe asthma and enhance Th2-mediated airway inflam-
mation, although the precise role of Th17 cells in asthma remains unclear.'>”
GM3S-null mice displayed a reduction of Th17 cell number induced by in
vitro culture.'®

Systemic lupus erythematosus (SLE), one of the most common autoim-
mune diseases, presents with multisystem clinical manifestations, including
rashes, arthritis, glomerulonephritis, hemolytic anemia, thrombocytopenia,
and central nervous system involvement.'®""'** A variety of autoantibodies
are typically found in sera of SLE patients, and autoreactive T and B cells are
involved in pathogenesis of this disease. T cells from SLE patients have intrinsic
alterations of lipid components of lipid rafts.'”>'*>'** GM1a expression levels
in CD4" T cells (but not CD8" T cells) from SLE patients, in comparison with
healthy controls, are significantly higher. LacCer, GA2, Gb3, GM1a, and GD1a
are also upregulated in SLE CD4" T cells.'® Increased GM1a expression is
more marked in CD45RO-positive CD4 " T cells (memory T cells) from active
SLE patients than from inactive SLE patients.'>> Activated human T cells show

155,164,166,167

upregulation of GM1a levels. GM1a expression is also enhanced in

selforeactive CD4™ T cells, resulting in persistence of abnormal cell activa-
tion. ””"°° These findings, taken together, clearly indicate that gangliosides are
key factors in SLE pathogenesis and pathology. In a 2014 study by McDonald
etal., SLE CD4" T cells were stimulated for 72 h with a combination of anti-
CD3 mAb, anti-CD28 mAD, and GlcCer synthase inhibitor NB-DNJ. In the
treated cells, expression levels of GM1a and LacCer were similar to those
observed in healthy controls, and defects in TCR signaling were partially
reversed.'®® Expression levels of cellular GSLs are determined by the coordi-
nated effects of de novo synthesis, turnover, and recycling.'®® The increased
GSL expression in SLE CD4 " T cells was associated with accelerated internal-
1zation of GSLs from plasma membrane into intracellular compartments and
rapid recycling of GSLs back to plasma membrane, resulting in a net increase in
plasma membrane expression. SLE T cells display both increased GSL biosyn-
thesis and accelerated trafficking to and from plasma membrane, which
presumably lead to aberrant accumulation of gangliosides in lipid rafts.'®”
Rheumatoid arthritis (RA), another common autoimmune disease, is
characterized by synovial inflammation associated with destruction of joint

cartilage and bone."”" Both cell-mediated and humoral immune responses
evidently contribute to RA development. Fluid around inflamed synovia

and joints contains numerous types of inflammatory cells (Th1 cells, Th17



180 Jin-ichi Inokuchi et al

cells, activated B cells, macrophages) and cytokines (IL-1, IL-8, TNFao IL-6,
IL-17, IENy).""""7> GM3 and GM3S gene expression levels were higher in
synovia of RA patients than in those of patients with osteoarthritis, which is
not an autoimmune disease.'”> Progression of collagen-induced inflamma-
tory arthritis, a mouse model of RA, was accelerated in GM3S-null mice,
and induction of IL-17-producing cells in regional lymph nodes was
enhanced by collagen immunization.'”” In another report, on the other
hand, GM3S-null mice exhibit a decreased number of Th17 cells induced
by in vitro culture.'® Future studies will clarify whether a-series gangliosides
expressed in Th17 cells are involved in RA development. CD4" T cells
can be separated into GD1c-positive IL-2 producing Thi-like cells and
GD1c-nagative IL-4 producing Th2-like cells.'*' It appears likely that each
subpopulation of CD4" T cells has a unique, characteristic ganglioside
expression pattern in its lipid rafts, and these patterns are responsible for
specific functions of Th eftector cells.

5.4 Perspectives

Results of numerous recent studies indicate that pathogenesis of allergic and
autoimmune diseases are controlled in part by a variety of lipid rafts with
differing ganglioside profiles in individual CD4" T cell subsets. Differentiation
events of T cells in thymus are associated with difterential ganglioside expres-
sion patterns in individual T cell subsets. The various subpopulations of
effector CD4" T cells in peripheral lymphoid organs appear to have unique
ganglioside expression patterns in their rafts, which are responsible for specific
Th functions. Thus, the ganglioside selection process is essential for formation
of distinct, functional lipid rafts in mature T cells. Although allergic reactions
share certain common features, they differ greatly in the types of antigens
involved. Reduction of a-series gangliosides by GMB3S inhibition, and
consequent modulation of ganglioside expression in lipid rafts, is potentially
a powerful technique for therapy of immune system disorders.

> 6. GM3S DEFICIENCY AND HEARING LOSS

6.1 GM3S Deficiency in Humans

GMB3S deficiency is a rare neurological disorder in which mutations
of this enzyme result in a complete lack of GM3 and its downstream
biosynthetic derivatives. The clinical manifestations of GMB3S
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deficiency include infantile-onset epilepsy, severe intellectual disability,
irritability, failure to thrive, blindness, choreoathetosis, and cutaneous
dyspigmentation. The disorder was first reported in Old Order
Amish' """ and more recently in French and Korean families or
individuals.' """’

Infants with GM3S deficiency display feeding difficulties and vomiting
within the first few weeks after birth, which prevent normal growth and
weight gain. Seizures begin to occur within the first year and worsen over
time. Multiple types of seizures have been reported, and include symptoms,
such as muscle rigidity, convulsions, and loss of consciousness. Aftected
children typically have severe intellectual disability and do not develop skills,
such as speaking, unsupported sitting, walking, and reaching for objects.
Vision and hearing abilities decline over time, although they are present
at birth.174_182

arms, legs, and face (e.g., dark freckle-like spots or light patches)

In some cases, there are alterations of skin coloring on the
178 op
respiratory chain dysfunction.

Two homozygous mutations have been reported: ¢.862C>T
(p-Arg288*) and ¢.994G>A (p.Glu332Lys). The nonsense mutation
c.862C>T in Old Order Amish patients results in protein truncation
between sialyl motift L and S. The ¢.994G>A mutation in an
African—American family, within sialyl motif S, results in disruption of
sialyl motif S function (interaction with LacCer acceptor and a sugar
donor). The reported Korean patients had compound heterozygous
and missense mutations in sialyl motif L (c.584G>C/p.Cys195Ser, and
c.601G>A/p.Gly201Arg). These patients displayed various Rett-like phe-
notypes, but not epilepsy or blindness. These differences in symptoms may
reflect difterences in the mutation region of ST3GAL5. Humans who lack
all a- and b-series gangliosides because of ST3GALS ¢.694C>T mutations
display major disruptions of auditory function, neonatal-onset hearing
impairment, weak or absent middle ear muscle reflexes (MEMRSs) and
distortion product otoacoustic emissions (DPOAEs), abnormal auditory
brainstem response (ABR) morphology and thresholds, absent cochlear
microphonics (CMs), and delayed cortical auditory evoked potentials
(CAEPs). Absent DPOAEs and CMs indicate severe outer hair cell
(OHC) impairment. The presence of ABRs in seven of eight patients in
our 2015 study suggested at least partial inner hair cell (IHC) function.
However, numerous abnormalities revealed by MEMR and ABR testing
indicated significant dysfunction of IHCs and/or central auditory

pathways.'®’



182 Jin-ichi Inokuchi et al

6.2 Significant Increase of GSLs During Postnatal Maturation of
Murine Cochlea
We investigated GSL expression in W'T murine cochlea during the postnatal
period of auditory system maturation. Mice began to recognize sound by
postnatal day 12 (P12), designated the “onset of hearing.” On P1, GM3 was
the dominant cochlear GSL. After P3, there were marked increases of
cochlear GM3 GlcCer, complex gangliosides (GM1, GD1a, GD3, GD1b,
GT1b), and sulfatides (SM3, SM4). In contrast, cerebral gangliosides
achieved stable, mature expression as early as P3.""'

Significant alterations of ganglioside expression in murine cochlea after
P3 reflect their essential role in hearing onset.'®' Following auditory matu-
ration, GM3 and GM1 are distributed discretely among ITHCs, OHCs,
Deiters cells, and pillar cells of the organ of Corti (Table 1). Both IHCs
and OHCs express GM3, which is localized on the apical surface, cuticular
plate, and stereocilia. GM1 1is the primary IHC ganglioside. It is also the
predominant ganglioside on the apical surface of supporting cells, but is
largely absent from OHCs.'"

6.3 Glycocalyx Integrity and Membrane Cycling in
GM3S-Deficient Mice
Apical membranes of stereocilia are covered with a glycocalyx composed of
sialic acid-containing glycoproteins and glycolipids (including ganglio-
sides),'®” creating a dense negative charge field that normally prevents fusion
of adjacent stereocilia. In animal models, aminoglycoside administration
reduced expression of sialoglycoconjugates in the OHC glycocalyx and
enhanced fusion of stereocili.'**'®

To elucidate the roles of various ganglioside species in hearing, we
compared auditory function in GM3S-null versus GM2/GDZ2S-null mice,
which have distinctive GSL expression patterns within the organ of Corti.

GM2/GD2S-null cochlea had high GM3 content and was associated with

Table 1 Comparison of GM3 and GM1 Expression of Specific Regions in the Organ
of Corti at P14.

OHC IHC DC PC

Stereocilia Cuticular Cell Stereocilia Cuticular Cell Cell Cell Cell

Plate Body Plate Body Surface Body Body
GM3 ++ + - ++ + - - - =
GM1 — — - 4+ + + 4+ + 4+

DC, Deiters cell; IHC, inner hair cell; OHC, outer hair cell; PC, pillar cell.
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intact hair bundles and normal auditory function; whereas GM3S-null
cochlea had no GM3 and was associated with deatness. Confocal
laser microscopy with phalloidin staining revealed normal IHC and OHC
morphology in 4-week-old GM2/GD2S-null mice. In contrast, OHCs in
GM3S-null mice had blebs and intracellular vesicles composed of membra-
nous structures, indicative of lack of balance between endocytosis and
exocytosis.'*' GM3 is expressed in IHCs and OHCs of WT mice, whereas
only IHCs express GM1. This may account for the observation that OHCs
in GM3S-null mice degenerate prior to [HCs.

6.4 GM3-Enriched Membrane Organization, PTPRQ-Myosin
VI Complex Localization and Hair Cell Morphology

Cochlear hair cells are specialized for auditory and vestibular transduction.
Projecting from their apical surface are filopodial processes (stereocilia) that
contain hundreds of cross-linked actin filaments. Proteins, such as uncon-
ventional myosins, Usher proteins, and deafness-related gene products
[protein Tyr phosphatase receptor Q (PTPRQ), cadherin23, protocad-
herin15, usherin, VLGR 1] are expressed predominantly or exclusively in
stereocilia, forming a structured interactive network for mechanoelectrical
transduction. '

In the normal organ of Corti, functional PTPR Q-myosin VI complexes
are essential to maintain integrity of this network.'®” PTPRQ, a shaft
connector at the tapered base of stereocilia, consists of an extracellular
domain with 18 fibronectin III (FNIII) repeats, a membrane spanning
domain, and a cytoplasmic domain having phosphatidylinositol and Tyr
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phosphatase activities. "

Myosin VI is an actin-based motor protein
whose complex with PTPR QQ mediates interactions between plasma mem-
brane and cytoskeleton.'®” PTPR Q-deficient mice are deaf and have fused
stereocilia that do not taper at the base.'”’ Myosin VI-deficient mice are
also deaf and have comparable structural changes of hair cells, accompanied
by maldistribution of PTPRQ along the stereocilia.' """

In bullfrogs (Rana catesbeiana), PTPRQ 1is colocalized with ganglioside-
rich membrane domains in basal stereocilia.'”> We examined the relationship
between gangliosides and basal PTPR Q-myosin VI complex by immunos-
taining (Fig. 7). PTPRQ i1s localized exclusively in bases of stereocilia in
WT murine IHCs. In contrast, in GM3S-null mice PTPRQ is maldistrib-
uted along shafts of fused stereocilia (Fig. 7B), and myosin VI is present from
base to midshaft but absent from distal regions (Fig. 7A). These structural
disruptions presumably result in loss of normal ciliary motor action. In
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Myosin VI Merge Myosin VI Merge
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Myosin VI
PTPRQ

Fig. 7 Maldistribution of protein Tyr phosphatase receptor Q (PTPRQ) and myosin VI in
stereocilia of GM3S-null mice. (A) Confocal images show stereocilia of inner hair cells
(IHCs) and outer hair cells (OHCs) from WT and GM3S-null mice stained for myosin VI,
(B) PTPRQ (green), and F-actin (phalloidin; magenta). (C) Schematic depiction of
maldistributed PTPRQ and myosin VI in GM3S-null IHC stereocilia.'®’

OHCs of GM3S-null mice, myosin VI is expressed mostly at the cuticular

plate surface, close to vestigial kinocilia.
These findings, taken together, indicate that GM3-enriched membrane
microdomains are essential for formation and proper localization of
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PTPRQ-myosin VI complexes in hair cells. Aberrant expression
of PTPRQ-myosin VI complexes resulting from absence of GM3 alters
the structure of stereocilia and impairs their ability to transduce auditory
signals (Fig. 7C).

6.5 Perspectives

GM3 plays a specific and essential role in development, function, and
viability of cochlear hair cells. In humans with GM3S deficiency, hearing
is already impaired at birth. However, studies of auditory phenotype in
GM3S-null mice suggest that ganglioside addition may partially restore
auditory function during a critical postnatal “window.” These findings are
relevant to our understanding of hearing loss in humans with GM3S defi-
ciency, but do not explain the broader neurological phenotype associated
with this condition. Further studies are needed to more precisely character-
ize the role of lipid rafts generally, and GM3 specifically, in development and
function of the central nervous system.

New concepts and techniques are giving rise to novel strategies to reverse
hearing impairment. Oshima et al. generated functional hair cell-like cells

% Such strategies will

from embryonic and induced pluripotent stem cells.
help promote research on the auditory functions of GSL-enriched micro-
domains, and lead to new, more eftective therapies to overcome hearing loss

in humans.

> 7. CONCLUSIONS AND FUTURE DIRECTIONS

Functional roles of GM3 have been investigated indirectly based on
addition of exogenous GM3 to culture medium, or on depletion of precursor
GSLs by GlcCer synthase inhibitors.'”” Results of these studies suggested
that GM3 is involved in transmembrane signaling through regulation of
growth factor receptor activities, and in cell adhesion and motility through
interaction with integrins and/or integrin-related molecule(s). However, it
was not possible to definitively conclude that the effects of exogenously
added or pharmacologically depleted gangliosides reflected the physiological
functions of endogenous GM3.

Our studies during the past decade using GM3S-null mice have
helped demonstrate the crucial roles of GM3 in diabetes, insulin resis-
tance, leptin resistance, helper T cell function, and hearing function. Our
findings provide a foundation for novel therapies against metabolic
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syndrome, type 2 diabetes, and immunological disorders (e.g., allergies),
based on inhibition of GM3 biosynthesis. Extensive depletion of all
gangliosides by GM3 biosynthesis inhibition results in excessive physical
and chemical modifications of all plasma membranes, and particularly
of lipid microdomains in membranes. However, effective treatment
of metabolic disorders will not require such extensive ganglioside deple-
tion. In our study of b-PDMP effect on impaired insulin signaling in
TNFa-treated 3T3-L1 adipocytes, normalization of elevated GM3 levels
was sufficient to restore proper insulin resistance status.'”’ We expect
that comprehensive studies of functional suprabiomolecular complexes
consisting of gangliosides and functional proteins in microdomains
will lead to a novel concept and strategy of “membrane microdomain
orthosignaling therapy.”

Our studies have shown that GM3 functions as a physiological regulatory
factor to maintain homeostasis in adipocytes by modulating insulin signal-
ing,*”"%"°Y and that serum GM3 concentration is elevated in patients with
metabolic syndrome.®” Further analysis of these sera by LC-MS/MS revealed
increased levels of GM3 containing very long acyl chains with or without
a-hydroxy modification (C24:0, xOH-C24:0), and reduced levels of GM3
carrying long acyl chains (C16:0, C18:0).°” Inflammatory cytokines, hypoxic
conditions, and ER stress increase the biosynthesis of GM3 in the adipocytes,
and inflammatory reactions in GM3S null mice are suppressed when these
mice are fed with high fat diets.”’ Our ongoing studies are focused on
the molecular mechanisms underlying these responses. We have observed
that C24:0-GM3 and aOH-C24:0-GM3 induce secretion of inflammatory
cytokines when monocytes or macrophages are stimulated by TLR 4 ligand,
LPS, or HMGB1; whereas C16:0-GM3, 18:0-GM3, and 24:1-GM3 suppress
secretion of inflammatory cytokines. The eftects are triggered by induction
of TLR4/MD2 supramolecular complex formation and upregulation of
signal transduction. Based on these findings, we propose a novel inflammation
loop triggered by specific GM3 molecular species (MS submitted).
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Abstract GM3, a precursor for synthesis of a- and b-series
gangliosides, is elevated in adipocytes of obese model ani-
mals and in sera of obese human patients with type 2 diabetes
and/or dyslipidemia. GM3 synthase (GM3S)-KO C57BL/6
mice display enhanced insulin sensitivity and reduced devel-
opment of high-fat diet-induced insulin resistance. However,
the pathophysiological roles of GM3 and related ganglio-
sides in the central control of feeding and metabolism re-
main unclear. We found that a mouse model (KKAy GM3S
KO) generated by KO of the GM3S gene in the yellow obese
strain, KKAy, displayed significant amelioration of obese
phenotype. Whereas KKAy mice were hyperphagic and de-
veloped severe obesity, KKAy GM3S KO mice had signifi-
cantly lower body weight and food intake, and greater glucose
and insulin tolerance. The hypothalamic response to intra-
peritoneal administration of leptin was greatly reduced in
KKAy mice, but was retained in KKAy GM3S KO mice. In
studies of a cultured mouse hypothalamic neuronal cell line,
enhanced leptin-dependent phosphorylation of ERK was ob-
served in GM3S-deficient cells. Furthermore, KKAy GM3S
KO mice did show altered coat color, suggesting that GM3S
is also involved in melanocortin signaling.ll Our findings,
taken together, indicate that GM3-related gangliosides play
key roles in leptin and melanocortin signaling.—Inamori,
K-i., H. Ito, Y. Tamura, T. Nitta, X. Yang, W. Nihei, F. Shishido,
S. Imazu, S. Tsukita, T. Yamada, H. Katagiri, and J-i. Inokuchi.
Deficient ganglioside synthesis restores responsiveness to
leptin and melanocortin signaling in obese KKAy mice.
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Gangliosides [glycosphingolipids (GSLs) that contain
sialic acid] are key components of membrane microdo-
mains, where they participate in a variety of biological
processes, including cell growth, adhesion, and signal
transduction (1). GM3, a precursor molecule in synthesis
of a- and b-series gangliosides, shows increased levels in as-
sociation with obesity, inflammation, and certain metabolic
diseases (2—4). GM3 synthase (GM3S)-null mice display en-
hanced insulin sensitivity and reduced development of
high-fat diet (HFD)-induced insulin resistance and chronic
low-grade inflammatory states (4, 5). Our group observed
associations between numerous metabolic disease risk fac-
tors and GM3 molecular species in human serum (6).

The mediobasal hypothalamus, which includes the arcu-
ate nucleus (ARC) and paraventricular nucleus (PVH),
plays essential roles in control of feeding, body weight, and
energy expenditure. ARC contains two interconnected
groups of neurons; one is orexigenic (appetite-stimulating)
and releases agouti-related peptide (AgRP) and neuropep-
tide Y (NPY), while the other is anorexigenic (appetite-sup-
pressing) and releases a-melanocyte-stimulating hormone
(a-MSH) produced from proopiomelanocortin (POMC)
precursors. a-MSH binds to melanocortin receptor 4
(MC4R) in PVH and other hypothalamic areas, and exerts
anorectic effects. NPY binds to its cognate receptor, stimu-
lates feeding, and reduces basal energy expenditure. AgRP
acts on MC4R as an inverse agonist and inhibits «-MSH (7).
AgRP/NPY neurons and POMC neurons thus regulate

Abbreviations:  AgRP, agouti-related peptide; ARC, arcuate nucleus;
ASP, agouti signaling protein; a-MSH, a-melanocyte-stimulating hor-
mone; GM3S, GM3 synthase; GSL, glycosphingolipid; HFD, high-fat
diet; JAK2-STAT3, Janus-activated kinase 2/signal transducers and acti-
vators of transcription 3; LepRb, leptin receptor long form; MCIR,
melanocortin receptor 1; MC4R, melanocortin receptor 4; NPY, neuro-
peptide Y; POMC, proopiomelanocortin; PVH, paraventricular nucleus;
TG triglyceride.
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melanocortin signaling in a coordinated manner to main-
tain energy balance.

Leptin, an adipocyte-derived circulating hormone whose
expression is correlated with adipose mass, is essential for
maintenance of energy homeostasis and body weight. In-
creased levels of leptin lead to reduction of food intake and
body weight through the long form of its receptor, LepRb
(8), which is highly expressed in ARC, ventromedial hypo-
thalamic nucleus, and other hypothalamic nuclei. LepRb is
expressed in both AgRP/NPY neurons and POMC neurons.
Leptin inhibits AgRP neuronal activity and NPY and AgRP
expression in AgRP/NPY neurons, and stimulates POMC
synthesis in POMC neurons (9).

Diet-induced obesity leads to a state of low-grade inflam-
mation in peripheral insulin target tissues that is associated
with development of insulin resistance and type 2 diabetes
(10). Diet-induced activation of inflammatory pathways in
the mediobasal hypothalamus has been reported (11).
There is increasing evidence for an association between hy-
pothalamic inflammation and development of leptin resis-
tance and obesity (12), but the detailed molecular basis for
such an association is unclear.

An obese diabetic mouse model, KKAy, was established
by introducing A’ mutation into strain KK, resulting in ec-
topic expression of agouti signaling protein (ASP), which
is homologous to AgRP. ASP acts as an antagonist at the
melanocortin 1 receptor (MCIR) on hair follicular mela-
nocytes to block a-MSH-induced eumelanin production,
resulting in the subterminal band of pheomelanin (13). In
the KKAy mouse, it is believed that the ectopic expression
of ASP causes obesity due to disruption of melanocortin
signaling outside the hair follicle. Onset of obesity and dia-
betic pathology appear earlier and are more severe in
KKAy mice than in KK mice (14, 15). We and Proia’s group
observed previously that body weight following a HFD feed-
ing regime did not differ significantly between GM3S-null
C57BL/6 mice and WT mice (4, 5). In the present study,
we generated GM3Smull mice in a KKAy genetic back-
ground (KKAy GM3S KO) to evaluate the pathophysiologi-
cal roles of GM3 and related gangliosides in obesity. KKAy
mice are hyperphagic and typically develop leptin resis-
tance and morbid obesity. In contrast, KKAy GM3S KO
mice were less likely to develop leptin resistance and had
significantly lower body weight and food intake, compara-
ble to values in control KK mice. The coat color was grayish
in homozygous KKAy GM3S KO mice, but yellow in hetero-
zygotes (similar to KKAy mice), suggesting that GM3 is
involved in melanin synthesis, possibly through MCIR sig-
naling. Our findings indicate that GM3 and/or related
ganglioside species play an essential role in leptin and mel-
anocortin signaling.

MATERIALS AND METHODS

Reagents

Phospho-STAT3 (Tyr705, D3A7), STAT3 (79D7), ERK1/2,
and c-fos antibodies were from Cell Signaling Technology (Beverly,

MA). Phospho-ERK (E-4) antibody was from Santa Cruz Biotech-
nology (Santa Cruz, CA). Recombinant mouse leptin was from
R&D Systems (Minneapolis, MN).

Generation of GM3S-deficient mice in KK/KKAy
background

KK (a/a) and KKAy (A’/a) mice were from CLEA Japan. GM3S
(St3gal5)-deficient mice were generated from C57BL/6 mice as
described previously (16). These mice were backcrossed over
eight times into the KK background, and KK/GMSS”* or KK/
GM3S ™/~ females were crossed with KKAy males to obtain KKAy/
GM3S"” ™ mice. Genotyping for the a/A’ alleles was performed by
PCR of ear DNA using primers 5-GGCCACACTTAGGGAGTTCA-3
(forward primer for a ‘nonagouti’ and A’ ‘lethal yellow' alleles),
5-TGCCTTATTCTGTTTTTGTTCC-3" (reverse primer for a
allele), and 5-GGTTGGCCACCATGTCTAGT-3’ (reverse primer
for A’ allele), according to the Jackson Laboratory website (KK.
Cg-A'/] 002468). Genotyping PCR for the GM3S gene was per-
formed using the following primers: 5-GGAATCCATCCCTTTTCT-
CACAGAG-3" and 5" TGAACTCACTTGGCATTGCTGG-3’ for WT
allele, and 5-ACTGGGCACAACAGACAATCGG-3" and 5-TG-
GATACTTTCTCGGCAGGAGC-3’ for the KO allele (17). KK and
KKAy mice with WT' GM3S alleles were used as control for each
experiment. Body weight and food consumption were measured
once per week.

GSL analysis

Lyophilized brain tissue was extracted with chloroform/metha-
nol 2:1, 1:1, 1:2 (v/v), in succession. Total lipids were purified,
separated into acidic and neutral fractions, deesterified by metha-
nolysis, and analyzed by HPTLC as described previously (18).

RNA isolation, reverse transcription, and quantitative PCR

Total RNA was extracted using the RNeasy Lipid Tissue Mini
kit (Qiagen). cDNA was generated from 500 ng of RNA, and
quantitative PCR was performed on a StepOnePlus real-time PCR
system (Applied Biosystems) using SYBR Premix Ex Taq II
(TaKaRa Shuzo, Kyoto, Japan). Relative mRNA levels were calcu-
lated either by a standard curve and normalized to peptidylprolyl
isomerase B (Ppib) expression or as 2744 yith glyceraldehyde-
3-phosphate dehydrogenase.

Glucose and insulin tolerance tests

Mice were either fasted for 16 h and administered glucose solu-
tion (1.5 g/kg body weight) orally or fasted for 6 h and injected
intraperitoneally with insulin solution (0.75 U/kg body weight).
Glucose levels in blood (from tail vein) at various time points be-
fore and after these treatments were measured with an Accu-Chek
Aviva glucometer (Roche Applied Science).

Plasma parameters

Plasma levels of triglycerides (T'Gs), NEFAs, total cholesterol,
and HDL cholesterol were determined using (respectively) the
Triglyceride E-test kit, the NEFA C-test kit, the Cholesterol E-test
kit, and the HDL-Cholesterol E-test kit (Wako Pure Chemical,
Japan). Serum insulin and leptin levels were determined using
ELISA kits (Morinaga Institute of Biological Science, Yokohama,

Japan).

Generation of GM3S-deficient N41 cells

Exon 5 of the mouse St3gal5 (GM3S) gene, which contains the
coding sequence for sialyl motif L, was chosen to design targeting
guide RNAs using the online CRISPR Design Tool (19). A primer
pair (5-CACCGCAGGTACGCGAAGACGGCTA-3" and 5-AAAC-
TAGCCGTCTTCGCGTACCTGC-3") was cloned into plasmid
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pSpCas9 (BB)-2A-GFP (Addgene; #48138). The plasmid was intro-
duced into embryonic mouse hypothalamic N41 cells (CELLutions
Biosystems, Ontario, Canada) using a Nucleofector device with
Cell Line Nucleofector Kit V (Amaxa), as per the manufacturer’s
protocol. The above plasmid without targeting sequence served as
control. GFP+ cells were isolated using a FACSAria II flow cytometer
(BD Biosciences); clonal cell lines were obtained by limiting dilu-
tion; and expression levels of gangliosides were evaluated by TLC.

Leptin administration and immunohistochemistry

Intraperitoneal injection of leptin and immunohistochemical
detection of c-fos protein were performed as described previously
(20, 21). In brief, mice were fasted for 24 h, intraperitoneally in-
jected with either leptin (4 mg/kg body weight) or saline, anes-
thetized 2 h later with pentobarbital, and perfused transcardially
with saline followed by 4% paraformaldehyde in PBS. Brains were
removed, postfixed in the same fixative overnight, embedded
in OCT compound (Sakura Finetek, Tokyo, Japan), frozen, and
sectioned coronally (thickness 40 wm). Floating sections were
pretreated for 10 min with 3% hydrogen peroxide, blocked with
3% BSA for 1 h, incubated in c-fos antibody (dilution 1:2,000) for
72 h at 4°C, washed, incubated with Simple Stain MAX-PO (Nichirei
Biosciences, Tokyo, Japan) for 1 h, washed, incubated in 0.05%
DAB solution for 10 min (for visualization of c-fos protein),
stained with hematoxylin, dehydrated, and mounted on cover-
slips. The c-fos-positive cells in ARC were counted at regular inter-
vals in three sections for each animal.

Lentiviral construct and establishment of stably
LepRb-expressing cells

To generate a lentiviral construct for stable expression of full-
length mouse leptin receptor (mLepRb), a 3.5 kb mLepRb cDNA
fragment was subcloned into CSII-EF-RfA vector (developed by
Dr. H. Miyoshi, Keio University, Tokyo, Japan and provided by
RIKEN BioResource Research Center, Tsukuba, Japan). HEK293T
cells cultured in DMEM supplemented with 10% FBS were trans-
fected with mLepRb/CSII-EF-RfA, pCAG-HIVgp, and pCMV-VSV-
G-RSV-Rev plasmids using Lipofectamine 2000 (Invitrogen), and
incubated for 24 h at 37°C. Medium was replaced by fresh medium
containing 10 uM forskolin, and cells were cultured for another
24 h at 32°C. Lentivirus-containing supernatant was harvested by
centrifugation at 200 g for 3 min. For lentiviral transduction of
cultured N41 cells, the supernatant was added; the cells were incu-
bated for 24 h at 32°C; the temperature was increased to 37°C; the
incubation was continued for 48 h; the medium was replaced; and
the culture was continued for 1 week prior to experiments. Cells
established by this procedure were designated as N41-LepRb cells.

Leptin treatment of N41 cells and immunoblotting

Phosphorylation assays of ERK and STAT3 were performed using
N41 and N41-LepRb cells, respectively. Near-confluent cells were
washed twice with DMEM, incubated for 2 h with DMEM containing
0.5% FBS, stimulated for various durations with 0.5 wg/ml leptin,
washed twice with ice-cold PBS, lysed, and analyzed by Western
blotting with appropriate antibodies, as described previously (2).

Statistical analysis

Data were analyzed by Student’s #test and ANOVA followed by
Tukey’s post hoc test, using the GraphPad Prism software program.

RESULTS

Mouse strain KKAy was established in 1969 by A’ muta-
tion of strain KK, resulting in ectopic expression of ASP
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and associated hyperphagia, obesity, and hyperglycemia
(22). To investigate the roles of GM3 and/or related gan-
gliosides in the pathogenesis of obesity, we knocked out
the GM3S gene in KKAy to generate strain KKAy GM3S
KO. These mice showed notable amelioration of obese
phenotype in terms of reduced body weight, daily food in-
take, and blood glucose level (Fig. 1A-C). mRNA expres-
sion levels of ASP, Pomc, and Mc¢4rdid not differ significantly
in the hypothalami of KKAy versus KKAy GM3S KO mice
(Fig. 1D). The coat color was grayish for KKAy GM3S KO
homozygotes, but yellow (similar to KKAy) for heterozy-
gotes (Fig. 1E). The a/A’ genotype was confirmed by geno-
typing PCR (Fig. 1F) and it was found that whereas all the
KKAy GM3S”" or GM3S” ™ mice had yellow coat color, only
6.1% of KKAy GM3S™’~ mice had yellow and all of the rest
had gray coat color. Brain ganglioside expression patterns
for KKAy GM3S KO were similar to those reported previ-
ously for GM3S-deficient mice in a C57BL/6 background
(5, 17). Brains of KKAy GM3S KO animals lacked a- and
b-series gangliosides (GM1, GD1a, GD1b, and GT1b), the
major ganglioside species in WT brain; rather, they ex-
pressed predominantly o-series gangliosides, such as GM1b
and GD1la (Fig. 1H, I).

At age 14 weeks, the glucose tolerance of KKAy GM3S
KO mice was significantly greater than that of KKAy mice
(Fig. 2A). Even in the KK background, GM3S KO mice
showed a slight improvement of glucose tolerance at age
24 weeks (Fig. 2B), similarly to our previous findings for
HFD-fed C57BL/6 GM3S KO mice (4). KKAy GM3S KO
mice also showed greatly increased insulin tolerance at age
24 weeks (Fig. 2C), and reduced expression levels of the
gluconeogenesis genes, G6pc and Pepck, in liver (Fig. 2D).
Plasma insulin levels at ages 16 and 24 weeks were low in
KKAy mice, but significantly higher in KKAy GM3S KO
mice, probably due to preserved insulin secretion (Fig. 3A).
Plasma TG and non-HDL cholesterol levels at ages 10 and
16 weeks in KKAy mice were higher than in KK mice, while
these levels in KKAy GM3S KO mice were lower than in
KKAy mice (similar to those in KK) (Fig. 3B, D). Plasma
leptin levels at age 8 weeks in KKAy GM3S KO mice were
significantly higher than in KKAy mice (Fig. 3E). HDL cho-
lesterol and NEFA levels did not differ notably between
KKAy and KKAy GM3S KO mice (Fig. 3C, F).

KKAy mice develop obesity (associated with hyperglyce-
mia and hyperinsulinemia), hyperleptinemia, and leptin
resistance (23). We examined possible changes in central
responsiveness to leptin in KKAy GM3S KO mice. In KKAy
mice, intraperitoneal injection of leptin had only a slight
effect on neuron activation, as assayed by c-fos expression
in ARC (Fig. 4A), supporting the concept that develop-
ment of obesity in these mice induces increased leptin re-
sistance. In contrast, injection of leptin in KKAy GM3S KO
mice caused a notable increase of c-fos expression (Fig. 4A, B),
indicating that responsiveness to leptin is maintained in
these mice.

To examine the possible effects of loss of GM3S activ-
ity on leptin receptor signaling, we established a GM3S-
deficient mutant of mouse hypothalamic neuronal N41
cells. We used the CRISPR/Cas9 system to target exon b5,
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Fig. 1. GM3S KO prevented development of hyperphagia and obesity in KKAy mice. A—C: Body weight (A), food intake (B), and nonfast-
ing blood glucose levels (C) of KKAy and KK mice with or without deletion of the GM3S gene (GM3S KO) (n = 5 for each group). *P< 0.05,
*##P < 0.01 versus KKAy GM3S KO. D: Quantitative RT-PCR analysis of mRNA for ASP, Pomc, and Mc4r in KKAy and KKAy GM3S KO hypo-
thalami. White bar, KKAy; black bar, KKAy GM3S KO (n = 3 for each group). *P < 0.05, **P < 0.01 versus KKAy GM3S KO. E: Coat color
phenotype of GM3S KO (GM3S™'7) observed in the KKAy (a/A’) background. F: Representative genotyping PCR results for KKAy GM3S KO
mice. Top panel: Genotyping results for the a/A’ allele. The a and A’ alleles generate PCR products of 839 bp and 163 bp, respectively. Coat
color: B, black; Y, yellow; G, gray. Bottom panel: Genotyping results for GM3SKO. The WT and mutant alleles generate PCR products of 276
bp and 120 bp, respectively. G: The percentage of yellow- or gray-coat-colored offspring compared with the total number of A’/a offspring
born with each GM3S genotype. The number of each group is indicated on the top of each bar. Because of the infertility of KKAy females,
KKAy males (A’/a, GM3S” " or 7/7) and KK females (a/a, GM3S” " or 7/7) were used for breeding. Data of the a/a offspring (black coat
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Fig. 2. GM3S KO-enhanced glucose and insulin tolerance in KKAy mice. A, B: Glucose tolerance tests at age 14 weeks (A) and 24 weeks
(B). C: Insulin tolerance tests at age 24 weeks. D: Quantitative analysis of mRNA for G6pc and Pepck in liver at age 24 week (n = 4 for

each group). ¥*P< 0.05, ¥*¥P< 0.01 vs. KKAy GM3S KO.

which contains sialyl motif L, a conserved sequence motif
essential for catalytic activity of mammalian sialyltransfer-
ases (24). GSL analysis showed that several obtained clones
lacked GM3 and related gangliosides (Fig. 5A, left), but
contained LacCer (Fig. bA, right). A major GM1-like band
(Fig. bA, left) was found to be GM1 by LC/MS/MS multi-
ple reaction monitoring (supplemental data), and most
likely GM1b, an o-series ganglioside also observed in KKAy
GM3S KO brain (Fig. 1D). LepRb is highly expressed in the
mediobasal hypothalamus and mediates anti-obesity sig-
naling by leptin via the Janus-activated kinase 2/signal
transducers and activators of transcription 3 (JAK2-STAT3)
pathway. The hypothalamic ERK pathway plays a key role
in mediating control of food intake and thermogenesis by
leptin (25). Leptin, at a concentration 0.5 wg/ml, greatly
enhanced ERK phosphorylation in GM3S-deficient N41

cells (Fig. 5B). In contrast, we could not detect STAT3
phosphorylation by leptin, even at 1 pg/ml, in either pa-
rental or GM3S-deficient N41 cells (data not shown). To
evaluate leptin-induced phosphorylation of STAT3, we es-
tablished stable expression of LepRb by lentiviral transfer
of the mouse LepRb gene. LepRb-expressing cells responded
to leptin at 0.5 pwg/ml, and STAT3 phosphorylation was
slightly reduced in GM3S-deficient cells (Fig. 5C). These
findings indicate that the leptin-dependent ERK pathway
was enhanced by deficient ganglioside synthesis in KKAy
GM3S KO.

The observed coat color change and reduction of food
intake and body weight in KKAy GM3S KO mice suggested
that GM3 and related gangliosides play an important role
in melanocortin receptor signaling. We examined possible
effects of GM3 deficiency on MC4R signaling in HEK293T

color) were excluded. H: TLC of acidic (left) and neutral (right) GSLs from KKAy (+/+) and KKAy GM3S KO (—/—) brains. GSLs were
detected using orcinol-sulfuric acid reagent. The asterisks indicate o-series gangliosides whose biosynthesis is independent of GM3S [see text
and references (5) and (17) for details]. (I): Biosynthetic pathway of ganglio-series gangliosides. GM3S is a sialyltransferase required for

initiation of synthesis of a- and b-series gangliosides.
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Fig. 3. Blood parameters in KKAy GM3S KO and control mice. Blood plasma or serum samples were collected from mice fed ad libitum at
the indicated times.Insulin (A), TG (B), HDL cholesterol (HDL Chol) (C), non-HDL Chol (D), leptin (E), and NEFAs (F) (n = 4 for each

group). *P<0.05, *P< 0.01.

cells. Parental and GM3-deficient cells were transfected
with the mouse Mc4r gene; intracellular cAMP production
was evaluated; and G protein-coupled receptor activa-
tion was assayed by TGF-a shedding assay, as described
previously (26), using a-MSH with or without synthetic
mouse AgRP or ASP. No clear difference was observed be-
tween parental and GM3-deficient cells (data not shown;
see Discussion).

DISCUSSION

Previous reports by our group and others have demon-
strated the increased insulin sensitivity of GM3S KO mice
in a C57BL/6 background relative to WT mice. KO mice
developed HFD-induced obesity (as did WT mice), but
exhibited reduced development of insulin resistance
and chronic low-grade inflammatory states (4, 5). In the
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Fig. 4. KKAy GM3S KO mice retained leptin responsiveness in ARC. A: Representative images of basal (saline) and leptin-induced c-fos
immunoreactivity in ARC of KKAy and KKAy GM3S KO mice (male, age 10 weeks). Fasted mice were injected intraperitoneally with either
saline or leptin. ARC sections were stained with c-fos antibody. Scale bars: 300 wm. B: The c-fos positive cells in ARC were counted (n = 3 for

each group). ¥*P< 0.05.

present study, we used a GM3S KO strain of obese mouse
model KKAy to evaluate the pathophysiological effects of
GM3 or related gangliosides in hyperphagic and obese phe-
notypes. The coat color was grayish in KKAy GM3S KO ho-
mozygotes, but yellow (similar to KKAy) in heterozygotes.
The yellow A’ mutation (in the agouti gene) causes ectopic
expression of the gene product, ASP, resulting in a switch of
follicular melanocytes from synthesis of eumelanin (black)
to phaecomelanin (yellow) through inhibition of MCIR sig-
naling as an endogenous antagonist, by blocking o-MSH
(13). The observed coat color change of KKAy GM3S KO
mice may suggest involvement of GM3/related ganglio-
sides in MCIR signaling in melanocytes, possibly through
direct effect on MCIR function (e.g., cell surface expres-
sion or a-MSH binding) or direct or indirect modulation
of ASP binding to MCIR, although functional analysis will
be required to establish this point. Mutations of the GM3S
(ST3GALS5) gene were identified in patients with salt-and-
pepper syndrome, an autosomal recessive neurocutaneous
disorder characterized by altered skin pigmentation (27).
In contrast to the previous results from GM3S KO
C57BL/6 mice, the obese model KKAy mice that have per-
turbed melanocortin signaling that thereby cause defects
in the central control of feeding behavior, showed remark-
able reductions of body weight and food intake by GM3S
KO, suggesting that the anti-obese effects observed in the
present study are mediated at least in part by the central
defects in the synthesis of GM3/ related gangliosides.
Given that the reduced body weight and food intake in the
KKAy GM3S KO mice were observed as early as 6 weeks of
age, we believe that the food intake effects are central in
origin. The observed food intake effects suggest that hypo-
thalamic MC4R function may also be modulated by GM3/
related gangliosides (Fig. 6, a schematic illustration of our
current model). We used GM3-deficient HEK293T cells to
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examine o-MSH-dependent MC4R activation in the pres-
ence/absence of ASP and AgRP. For this assay, we used
commercially available synthetic mouse ASP(93-132)-NH,
and AgRP(82-131)-NH,, which are conserved Cys-rich C-ter-
minal domains sufficient for melanocortin receptor antag-
onism (28). The synthetic ASP and AgRP both strongly
inhibited MC4R activation, but the inhibitory effect did not
differ notably in parental versus GM3S-deficient cells.
(data not shown). However, we cannot exclude a possibility
that the cell system may not reflect the conditions in neu-
rons (e.g., intrinsic properties and ganglioside expression
pattern) and thus, further investigation will be needed to
conclude whether gangliosides are involved in the MC4R
function.

Body weight and food intake were notably lower in KKAy
GM3S KO mice than in KKAy mice, but no striking differ-
ence was observed between KK GM3S KO and KK mice
(Fig. 1A, B). These findings suggest a function of GM3/
related gangliosides in hyperphagia and obesity develop-
ment, perhaps through altered ASP expression or function
in KKAy mice. No significant changes were observed in Asp,
Pome, or Mc4r gene expression in KKAy GM3S KO hypo-
thalamus at age 6 weeks (Fig. 1D).

In the leptin administration experiments, KKAy GM3S
KO mice were less susceptible to central leptin resistance
than were KKAy mice. In GM3S-deficient hypothalamic
neuronal cells, leptin-dependent STAT3 phosphorylation
was slightly reduced, whereas leptin-dependent ERK phos-
phorylation was greatly enhanced, suggesting differential
roles of specific ganglioside (s) in LepRb signaling. Numer-
ous studies have demonstrated an essential role of the
JAK2-STAT3 pathway in the anorectic and metabolic ef-
fects of leptin. Leptin binding to LepRb activates JAK2, and
JAK2 subsequently phosphorylates other Tyr residues within
LepRb and JAK? itself (29, 30). Phospho-Tyr'"* serves as a
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Fig. 5. Leptin-induced ERK phosphorylation was greatly enhanced in GM3S-deficient N41 cells. A: TLC of acidic (left) and neutral (right)
GSLs from control and GM3S-deficient cell clones generated from N41 cells. Std, standard; Pa, parental cells; Cnt, control cells transfected
with vector without targeting sequence. An asterisk indicates a GM1-like band, which is most likely GM1b, an o-series ganglioside. B, C: WT
and GM3S-deficient cells were treated with leptin and then lysed at the indicated times. For pSTAT3 assay (C), the LepRb gene was introduced
for stable expression (see text). The blots are representative of three independent experiments. Bottom: quantification of immunoblots
(n = 3). *P<0.05, ¥P < 0.01. D: Leptin receptor signaling pathway. Thick arrows: increased and decreased phosphorylation of ERK and
STAT3 (respectively) observed in GM3S-deficient cells.
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Fig. 6. A working hypothesis of the involvement of GM3/ related
gangliosides in leptin and melanocortin receptor signaling. Elimi-
nation of GM3/related gangliosides ameliorated the obese pheno-
type of KKAy mice. Ectopic expression of ASP caused alteration of
MCA4R signaling and leptin resistance in hypothalamic neurons, re-
sulting in dysregulated feeding and energy expenditure. Elimina-
tion of GM3/related gangliosides restored leptin sensitivity. These
findings and the observed coat color change suggest that GM3/
related gangliosides are involved in MCIR/MC4R signaling (see
Discussion).

binding site for STAT3, and STAT?3 is subsequently phos-
phorylated by JAK2 and translocated to the nucleus to
modulate expression of its target genes, which include
POMC and suppressor of cytokine signaling 3 (SOCS3) (31).
Protein tyrosine phosphatase 2 (SHP2) is recruited to
phospho-Tyr985 in response to leptin, and phosphorylated
by JAK2. Phosphorylated SHP2 can bind the adaptor pro-
tein, growth factor receptor-bound protein 2 (Grb2),
which facilitates ERK activation. The SHP2/ERK pathway is
involved in the anti-obesity effect of leptin (25, 32).
Nordstrom et al. (33) reported that loss of GlcCer syn-
thase in hypothalamic neurons inhibited LepRb signaling,
using mice with deletion of inducible neuron-specific Ugeg,
the gene encoding GlcCer synthase. These mice developed
progressive obesity, and the obese phenotype was signifi-
cantly ameliorated by adeno-associated virus-mediated Ugcg
delivery to ARC. GM1 and GDla in N41 cells interacted
with LepRb, suggesting that these a-series gangliosides en-
hance leptin signaling in hypothalamic neurons. In a study
of GD3S-null mice, which lack all b-series gangliosides, Ji
etal. (34) observed enhanced LepRb signaling in the hypo-
thalamus, as indicated by phosphorylated STAT3 levels.
Overexpression of GD3S in N41 cells reduced responsive-
ness to leptin, supporting the concept that certain a-series
gangliosides positively regulate LepRb signaling. The
GM3S KO mice used in the present study lacked all a-series
gangliosides (Fig. 1F, G), but still retained hypothalamic
responsiveness to leptin. Our findings in GM3S-deficient
N41 cells (Fig. 5B, D) suggest that GM3S KO mice may be
protected from central leptin resistance by enhancement
of leptin-dependent ERK phosphorylation. We speculate
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that there are at least two possibilities; that ¢) loss of GM3,
GMla, or GDla or i) increased GM1b, enhanced the
ERK signaling. Future studies will address the detailed
mechanism of this effect.

Increasing evidence indicates that hypothalamic inflam-
mation contributes to the development of leptin resistance
and obesity (11, 12). A HFD may result in activation of in-
flammatory pathways in the hypothalamus even in the ab-
sence of notable weight gain. In animal obesity models,
GM3 and GM3S gene expression is upregulated in adipose
tissues (2, 4). In obese human patients, serum GM3 levels
are elevated and associated with metabolic risk factors (3, 6).
It is conceivable that ganglioside expression in the hypo-
thalamus is altered by HFD- and/or obesity-induced in-
flammation. Such alteration may play a pathophysiological
role in the regulation of energy homeostasis through ef-
fects on receptor signaling involved in feeding behavior
and energy expenditure B
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NPC1L1-dependent intestinal cholesterol absorption
requires ganglioside GM3 in membrane microdomains
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Abstract Intestinal cholesterol absorption is a key regulator
of systemic cholesterol homeostasis. Excessive dietary cho-
lesterol and its intestinal uptake lead to hypercholesterol-
emia, amajor risk factor for cardiovascular disease. Intestinal
cholesterol uptake is mediated by Niemann-Pick Cl-like 1
(NPC1L1), a transmembrane protein localized in membrane
microdomains (lipid rafts) enriched in gangliosides and cho-
lesterol. The roles of gangliosides, such as monosialodihexo-
sylganglioside (GM3) and its synthesizing enzyme GM3
synthase (GM3S), in NPC1L1-dependent cholesterol uptake
have not been examined previously. Here, we examined
NPCI1L1-dependent cholesterol uptake in a cell model as
well as in wild-type and apoE-deficient mice fed normal or
high-cholesterol diets. We showed that NPC1L1-dependent
cholesterol uptake was impaired in GM3S-deficient cells and
that GM3S deficiency promoted resistance to hypercholes-
terolemia in both wild-type and apoE-deficient mice fed the
high-cholesterol but not the normal diet.Blf Our findings sug-
gest that GM3 and related gangliosides are essential for
NPCI1L1-mediated intestinal cholesterol absorption and are
potential targets for hypercholesterolemia therapy.—Nihei,
W., M. Nagafuku, H. Hayamizu, Y. Odagiri, Y. Tamura, Y.
Kikuchi, L. Veillon, H. Kanoh, K-i. Inamori, K. Arai, K.
Kabayama, K. Fukase, and J-i. Inokuchi. NPC1L1-dependent
intestinal cholesterol absorption requires ganglioside
GM3 in membrane microdomains. J. Lipid Res. 2018. 59:
2181-2187.
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Cholesterol is an important component of cell mem-
branes. It is a precursor for biosynthesis of steroid hor-
mones and bile acids and is present in the circulatory
system. Lowering cholesterol levels in plasma reduces the
risk of coronary heart disease, a major cause of death in
developed countries (1, 2). The transmembrane protein
Niemann-Pick Cl-like 1 (NPCILI) plays an essential role
in dietary cholesterol absorption and biliary cholesterol re-
absorption (3-5). NPCIL1 mediates cellular cholesterol
uptake through vesicular endocytosis and is a target of the
cholesterol absorption inhibitor ezetimibe (6-10). NPCIL1
is localized in ganglioside-enriched membrane domains
and requires lipid raft proteins flotillin-1 and -2 to create
cholesterol-enriched membrane microdomains for effi-
cient cholesterol uptake (11, 12).

Gangliosides (glycosphingolipids [GSLs] that contain at
least one sialic acid) are enriched in the outer leaflet of
plasma membranes and concentrated in specialized mem-
brane microdomains, termed lipid rafts, that function as
platforms for cell-cell interaction and cell signaling (13,
14). The ganglioside monosialodihexosylganglioside (GM3),
synthesized by GM3 synthase (GM3S), is a precursor of a-, b-,
and c-series gangliosides, interacts with transmembrane
receptors such as the epidermal growth factor and insulin
receptors, and regulates receptor functions by creating a
specialized lipid environment (15, 16). There is often a
close functional relationship between gangliosides and
flotillins in membrane microdomain organization (17, 18);
however, no study to date has addressed the role of gangli-
osides in NPCILI-mediated cholesterol absorption. We
demonstrate in the present study that 7) NPC1L1-dependent
cellular cholesterol uptake is inhibited in GM3S-deficient
cells and ) genetic hypercholesterolemia, dietinduced

Abbreviations:  GM3, monosialodihexosylganglioside; GM3S, GM3
synthase; GSL, glycosphingolipid; NPC1L1, Niemann-Pick Cl-like 1;
MBCD, methyl-B-cyclodextrin.
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hypercholesterolemia, and the intestinal cholesterol ab-
sorption rate are reduced in GM3S-deficient mice. Our
findings suggest that gangliosides, particularly GM3, are
potential targets for hypercholesterolemia therapy.

MATERIALS AND METHODS

Animals

C57BL/6 mice and apoE-deficient mice (B6.KOR/stm Slc-A[)oeShl)
were from Japan SLC, Inc. (Hamamatsu, Japan). GM3S (St3gal5)-
deficient mice were generated in our lab as described previously
(19). To generate A[)oEW/ GM3S” ™ mice, ApoE’ " mice were crossed
with GM3S™/" mice.

A[mE‘M/ GM3S~™ mice and littermate controls were generated
by heterozygous mating. Mice were analyzed for the GM3S geno-
type by PCR and for apoE protein expression by immunoblotting
as described previously (20, 21). Mice were fed a regular chow
diet (CE-2; CLEA Japan, Tokyo, Japan) or high-cholesterol diet
(Research Diets; New Brunswick, NJ) ad libitum. All animal ex-
periments were approved by appropriate institutional review board
committees at Tohoku Medical and Pharmaceutical University.

Materials, antibodies, and plasmid

Cholesterol and lipoprotein-deficient serum were from Sigma-
Aldrich (St. Louis, MO), methyl-B-cyclodextrin (MBCD) and
compactin were from Tokyo Chemical Industry (Tokyo, Japan),
and ezetimibe was from AdooQ Bioscience (Irvine, CA). Rabbit
anti-NPC1L1 antibody was from Novus Biologicals (Littleton,
CO). Alexa 594-conjugated goat anti-rabbit IgG was from Thermo
Fisher Scientific (Waltham, MA). pCMV6-hNPCI1LI1-turboGFP
plasmid vector was from OriGene (Rockville, MD).

Cell culture

HEK293T cells were cultured in DMEM (Nacalai Tesque,
Kyoto, Japan) supplemented with 10% FBS, 100 U/ml penicillin,
and 100 pg/ml streptomycin at 37°C in a 5% CO, atmosphere.
Cholesterol-depleting medium was DMEM containing 5% lipo-
protein-deficient serum, 2 pM compactin, and 25 mM HEPES.
Cholesterol-MBCD complex was prepared as described previously
(22).

Generation of GM3S-deficient HEK293T cells

Assingle exon of the human ST3GAL5 (GM3S) gene containing
the coding sequence for sialyl motif L was selected for the design
of targeting guide RNAs using an online CRISPR design tool (23).
Guide oligos (5-CACCGCAAGACCTGTCGGCGCTGTG-3" and
5-AAACCACAGCGCCGACAGGTCTTGG-8’) were annealed and
inserted into plasmid pSpCas9(BB) (Addgene, Cambridge, MA).
The plasmid was introduced into HEK293T cells using Lipo-
fectamine 2000 (Thermo Fisher) per the manufacturer’s instruc-
tions, clonal cell lines were obtained by single-cell cloning, and
expression levels of gangliosides were evaluated by TLC.

Measurement of cellular cholesterol

Cells were seeded in DMEM in 60-mm dishes at a density of 8 x
10° cells/dish and transfected at 24 h with the indicated plasmid
using Lipofectamine LTX (Thermo Fisher) per the manufacturer’s
instructions. The medium was replaced by cholesterol-depleting
medium at 48 h, cells were cultured overnight, and cholesterol-
MBCD complex was added to the medium the next day. For ezeti-
mibe treatment, cells were preincubated with 30 pM ezetimibe for
30 min, incubated with cholesterol-MBCD complex for 60 min,
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and washed with PBS, and total cellular lipids were extracted as
described by Bligh and Dyer (24). Lipid extracts were dried by an
N, stream and resuspended in 1 ml 1% Triton X-100 in chloro-
form, chloroform was evaporated by an Ny stream, and detergent-
solubilized lipids were resuspended in 1 ml distilled water. Total
cholesterol and lv})hospholipid concentrations were determined
using LabAssay™ cholesterol and phospholipid test kits (Wako
Pure Chemical Industries, Osaka, Japan).

Visualization of living cells and fluorescence
quantification

For time-lapse fluorescence imaging, cells were seeded onto
35-mm glass-bottom dishes (Greiner Bio-One, Frickenhausen,
Germany) coated with poly-L-lysine (Sigma-Aldrich) and trans-
fected at 24 h. The medium was replaced by cholesterol-depleting
medium at 48 h, and cells were cultured overnight. Cholesterol-
MBCD complex was added to the medium the next day with or
without 30 pM ezetimibe. Living cells were visualized by confocal
laser scanning microscopy (FluoView FV1000; Olympus, Tokyo,
Japan) for 60 min. The relative intensity of plasma membrane-
localized NPC1L1-GFP""™™ was quantified as described previously
(6). The intensity at various time points was normalized relative
to the intensity at time zero (defined as 100%). Fluorescence inten-
sity was calculated using the FluoView software program (Olympus).

Blood cholesterol and lipoprotein analyses

Plasma total cholesterol was analyzed using the Cholesterol
E-Test kit (Wako Pure Chemical Industries) per the manufacturer’s
instructions. Serum lipoproteins were analyzed by an HPLC sys-
tem at Skylight Biotech (Akita, Japan) according to the procedure
described by Usui et al. (25).

Lipid and LC/MS/MS analyses

Lipids were analyzed as described previously (26). Intestinal
samples were obtained by perfusing mice with saline and scraping
oft small-intestinal mucosa with a plastic spatula. LC/MS/MS
analysis was performed as described previously (27).

Intestinal cholesterol absorption rate

The fecal dual-isotope ratio method (28) was used to deter-
mine the intestinal cholesterol absorption rate in 6- to 8-week-old
ApoE™ mice and ApoE™/GM3S /™ mice. Animals were orally ga-
vaged with 100 pL corn oil containing ["C]cholesterol (1 pCi)
and [*H]sitostanol (2 uCi), feces were collected once per day
for 3 days, and [14C]cholesterol and [SH]Sitostanol levels were
determined.

Cholesterol feeding and immunohistochemical
analysis of NPC1L1

The mice were fasted for 16 h and then gavaged with 200 pL
corn oil containing 40 mg/ml cholesterol, anesthetized after
30 min, and perfused with saline. Intestinal tissues were removed,
fixed in 4% paraformaldehyde in PBS, dehydrated in 30% sucrose
overnight at 4°C, embedded in OCT compound (Sakura Finetek,
Sendai, Japan), and frozen at —80°C. Sections (thickness: 8 pm)
were prepared by cryostat, blocked with 3% BSA for 1 h, incu-
bated with anti-NPC1L1 primary antibody (1:200) for 24 h at 4°C,
washed twice with PBS, incubated with Alexa 594-conjugated
secondary antibody (1:500) for 30 min at room temperature,
and viewed by fluorescence microscopy (Axioskop2; Carl Zeiss,
Gottingen, Germany).

Statistical analysis
Data were expressed as mean + SD, and means were compared
by Student’s ttest or ANOVA followed by Tukey’s post hoc test.
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