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Sphingomyelin Microdomains Negatively Regulate T Cell Receptor-Mediated
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Sphingolipids, including sphingomyelin (SM) and glycosphingolipids (GSLs), associate with cholesterol to form
membrane lipid microdomains in which specific receptors and signaling molecules are localized or recruited to
mediate intracellular signaling. During T-cell activation, T cell antigen receptor (TCR) signaling clusters are
formed in membrane lipid microdomains. In this study, we investigated the role of individual lipid microdomains
constructed from SM and GSLs on TCR signaling. SM synthase 1 (SMS1) is primarily responsible for SM synthesis;
glucosylceramide synthase (GlcCerS) is the enzyme responsible for the synthesis of GlcCer, which is the precursor
for more complex GSLs such as gangliosides. We established SMSI mutant and GlcCerS mutant Jurkat cells using
the CRISPR/Cas9 system. In SMSI mutant cells, SM-microdomain levels on the cell surface were nearly deficient,
although cellular SM levels decreased by half compared with Jurkat cells. GlcCerS mutant cells did not express
any kind of GSLs, while Jurkat cells expressed GlcCer and a-series gangliosides (such as GM3, GM2, GM1 and
GD1la). We then examined the phosphorylation of ZAP-70 (a TCR-proximal kinase), intracellular calcium
mobilization, and the expression of CD69 (an early activation marker of T cells) by TCR stimulation in the mutant
cells; all these TCR-induced signaling events were greatly enhanced in SMSI mutant cells, but not in GlcCerS
mutant cells. The enhanced response to TCR stimulation in SMSI mutant cells were restored by reintroduction of
SMSI gene. These findings indicate that SM-microdomains acts negative regulators of TCR signal transduction.
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Fig. 1. Lys is a probe for SM-enriched membrane microdomains on the cell surface. (A) SM and GSL biosynthetic
pathways. SM is synthesized by SM synthases (SMS1, SMS2), which transfer phosphorylcholine moiety onto ceramide.
GSLs, including gangliosides, are also enzymatically synthesized from ceramide. Gangliosides are subclassified as a- and
b-series gangliosides. Both lysenin (Lys) and equinatoxinIl (Eqtll) target SM but they have differing binding modes,
as described in Methods and Figure 1B. Cholera toxin B subunit (CTx-B) targets a-series GM1. GlcCerS:
glucosylceramide synthase. LacCerS: lactosylceramide synthase. GM3S: GM3 synthase. (B) Schematic representation
of SM recognition modes by Lys and EqtIl (refs 20, 21). Lys specifically binds clusters composed of 5-6 SM molecules,
which are regarded as SM-microdomains present in plasma membrane. EqtIl binds preferentially to single SM molecules,
which are regarded as dispersed in plasma membrane. (C) Effect of lipid raft disruption on the lipid probe binding to
the cell surface. Jurkat cells were untreated (0 mM) or treated with the MBCD (4 mM), and stained with EGFP-NT-
Lys (left panels), EqtII-EGFP (middle panels) and CF640R-conjugated CTx-B (right panels). Each number indicates
the MFI=SD of triplicate assays. Black and red lines: with staining. Light gray lines: without staining.
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NTwWa, £ Erbal 27— VzkEid
% ##| methyl-f-cyclodextrin (MBCD) % T #ifig
IR 5 &, WEBEOIL ZA70— ) LAsNEA L
THRE~A A 2780 FAAL ViddE s, TCR ¥ 7 F
WREIEEN KA ERAENT WS, 20 20
104ER D ORI, BRE~A 70 N A4 UREIRE
(SM, GSL) DA L 2%k B A A ¥ DSEAE
THEVIHADIHENTWS, ERSIE, <7 A
AT 25 A o S NG PR LB S IR L ) o &
VL OB R T 52 8128 ), GML
& GM3 ENENENELR S ZIRE~ A 70 KX A
VEBETALRE LTS, W F, FHERT
& LacCer THEL SN D<A 2710 R A A UAFFAEL
TEORRRICEZE XS 2 R729. 1219 THlifgT
X, TCRAFHIZFEVIE S L5 TCRIGHEAL F 2
A VIESMRIaALATU— Vv EE~ A 70F X
AU ThHhbEVIIERSNZ. W ZD LI,
ML ORI D 5 ITHEHEILIREZ EITE LT,
BDHRFED AT 4 v TRECTHER S NZRE~ A 7
O RAAL DR TH EEZ LN TS,
INFTICERAIE, v AORPT M
M) o5 LBIEIZB VT, SMEHEIZSLIC
o TRE LB L, Z1id SMSI mRNA O 53
EHRET A E R RV LA B & 6|2, SMSIK
H~ 7 2 ORI <1k TCR RIBILE S Mg >
TP OVAREDE TR L, 50\ RRSUKAE Y 72 Ml sE ©
HHLAOERDPTTHEL Tz, L, e bTH
Jo MR AR T 5 Jurkat ML SMSI #{nT D5
Bz/vr &y L2FERTIE, MlzoSMED 2
ERATSM YA 70 KA A ZIEHERT 5 DA
BiL T, TCR ¥ 7 FIVRENHIGT 5 2 L 3
ENTWA, 9 —J  GlcCerS @ T Ml 21 K
HY T ATIZEEO T MRS EDl 2w
EMRENTWS ., 1T F 72 GlcCerS FHEFH] -
threo-1-phenyl-2-decanoylamino-3-morpholino-1-
propanol (D-PDMP) #L¥E |2 X 5 T Jurkat fifg o
GSL &% 0% F &7 Td TCR ¥ 7 izn
FEIWE I R ro. WRHEXD, w470 FX
A VRGO T SM A T Ml o 454b - &AL
BLOTCR V7 IVREICHGTLEEZ LN
HY, TCR ¥ 7 FMEZEIZBITAIRE~ A4 710 F X
1 2 OWRBICITER ORI D 5 .
ZZTRIZETIX, SM~¥A4 278 FX A VP
TCR ¥ 7 F MzEESB L O T MBS LT
PHIR L RER D & B SIZF 5§ 5 0% FHHRGEEY

HlEHIZ, GSLYA 7 AL DB %
1To7z. 2072812, CRISPR/Cas9 ¥ A7 2% H
WC, Jurkat Mg SMSI B X O GleCerS & 1% F
ICERABEALT, ZNENSM B LU GSLs DK
B O/EE 2 3 A7z, ZOREE, RO Jurkat
M & T SMSI A S8 AMNE T, SM &3
PGB TTHo7h, TOEESM~ A 70
FAAL 3T E A EHEL Tz GleCerS % 35
AR TIX GleCer R4 v 7)) ¥ FEHEBIKIEL
T\ 7. SMSIZ S TR TCR RS 1
JMUBEN Y 7 F VB L O T MBS L5 U T
BRENT WD EDHPIL. B~ T A TOR
REEDLET, SMYA 27O RFRXA A VIZTCR VY
FIUREZAICHIET A2 2 812X, BYLRBRSD
VI FIREDFEILHFGTHLDEEZONS.
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Jurkat #ifg (7 00— E61) 1%, WmAZIEE 10%
(v/v) FE@ LI IRIMTE (fetal bovine serum,
FBS), 24V H Fhx% ) —) (50uM), ~=
) > (100 U/mL) BXUPAMLT IS T ¥
(100 ug/mL) % 7N L 72 RPMI 1640 ¥4 (F-71 5
A7 A7H) ZHWT3TC, 5% CO, 5ok T Tl
L7z, W FBSIZIESMA2HEEINLTWwBE D,
Jurkat 2SS 7.5, BibR Jurkat Ml b &0 T
TRTOMNZ SM A& A O8I R: # AIM-V
(Invitrogen 1) % HwWCH#E L 72,
FEE SM Ot&E

TWHEIE .o SM OFFEIREEZ B S 023 5720,
VI IIAHKDOT A =" (lysenin, Lys) B &
PIRARIAVFrFr 7RO FFFF T2
I (equinatoxinIl, Eqtll) o 2 fE¥H o SM #& &1
YRRV W IS 2008 EIT
B o SM % F =g 1Cq8ak L, BEIZSL% 2R
T5 2L THEMEERT D, BT S SM O
BEENENE2L2 S (Fig 1B). 22V Lys 1% 56 51
DSM A7 FAY—{LL T 2IkE (SM~ 1 21
RAAL 2V ERLENDHEE) TOHRSMIZHER
HZENTEL, —J7, Eqtllid 1 55 FHAL O3
L7-SM 2B ICRER L THAT 4. NKImO 7T
3/ 161-297 75 FE 0 Ao EFHVER] Lys (NT-Lys)
kst s >~ 32 B EGFP % gl & & & 72 EGFP-
NT-Lys®a > A NZ 27 FTh A pQE30/Hisb-
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EGFP-NT-Lys (ZBEIC#HE Lz@ ) ICHE L 2. 2
Eqtll @ C £¥i5l2 EGFP # @ia L 72 Eqtll-EGFP @
IV ANT 7 NTHDpET28/Eqtll (8-69)-EGFP-
His6 (X HALEEWIZERT N A A4 ) v — AWfsEt v & —
Ihfithshs., s SMEAE 7T — 71k
B IS X ARG L 72, 2 Eqtll O MG 4 %
&3 57280, Eqtll-EGFP % 05 mM 1,10-7 =
Y huo) CEEETE 01 mM BREESH K T 30T,
1R A Y F 2= PFF22&1285T, Cys8 &
Cysb9 273 FHNY AN T 4 FiEG RIS 7z, 2
FACS IC& 3 ilifakEEE D& H

M I SM O O 72 ik @ EGFP-NT-Lys
¥ 7213 Eqtll-EGFP % fiwv 7z, flifaskm s> 771) +
¥ FGM1 O D720, 7ZVvF Lt g v AV FF
v 7 & — b (fluorescein isothiocyanate, FITC) 1%
ik (Sigma#t) & %\ 1% CF640R 1% (Invitrogen
) oar g bF B 7=y b (cholera
toxin B subunit, CTx-B) % w27z, CTx-B I3 -
TO GM1 OEFEREBITRFE T GMLIZHEAT 5
EEZOLNTWA, D Jurkat Ml 2 V) o BRE A
MoK PBS THE#H L 72, EGFP-NT-Lys,
EqtII-EGFP B & O° FITC % CTx-B % H \» THH
fozgets L7z, Milskifit 7 I FEHIZ, Mz
49%/87 BRIV AT VT e RIS TER T 15 47 B %
L., 0.1%” iy 7 )V 7 3 » (bovine serum
albumin, BSA) & PBSICTERTI50M 70 v ¥
Y7 % L, 10%IEH Y FIiES PBS 12tk 7 I F
Pk (= A IgM, Enzo Life Sciences 1) & % \»
oy ra— )= R IgM ZINA 72z ¢
TCT1EMA »F 2= bL, 10%IEH V¥ F Ik
& PBSIZ7 1 ax1) Z1) » (phycoerythrin, PE)
BERY FPi~ 7 X IgM PRI TEIR T 1R A >~
FaN— |} L7k, FACS [FACS Ariall (BD
Biosciences 1) & % \» it Attune NxT Flow
Cytometer (Thermo Fisher Scientific #£)] (2T
F—& ZA L, Flow]Jo Y 7 b7 =7 (Tree Star
1) & TR L 72
Methyl-f-cyclodextrin (MBCD) #LIE

MACDZa L AFua—V&FL—FLTHELPS
bRETHEHTHY, ¥ 70 XA OWIEDT-
OIZIELS A ENT WA, Jurkat fliE~® MACD
JLER BRI HE - 72, 9 g 2 RPMI 1640 55 40> A
»HBHiE4 mM MBCD (Sigmaft) % & ¢ RPMI
1640 Bz 12T 37TCT40 A v FaxX— L 72
&, EGFP-NT-Lys, EqtIl-EGFP % 7-1% FITC %

CTx-B I THERE L T, FACS T Z4T- 7.
CRISPR/Cas9 ¥ X7 L& AW BIEFER Jurkat
HHBR DR AL

CRISPR/Cas9 ¥ A7 A& w72 SMSI B L O
GlcCerSZE % Jurkat M OFEEUI BERIZHE - 72, 20
CRISPR 74 vV = V& HWT, #7857y M%)
ROMEEEIME AT A ) TEEFEH L2 2 A
FA+) TOERFNIL T oMY . SMSI (&> A4, 5-
CACCGCTTCATTATTCTTCGCAGT3"; 7 »F
v A$H, 5'AAACACTGCGAAGAATAATGAAGC-
3" ), GlcCerS ( & ¥ A g8 , 5
CACCGAAGAGGACGAACCCGAAGA-3'; 77+t
v A$H, 5'"AAACTCTTCGGGTTCGTCCTCTTC-
3"). #'4 K41 T% pSpCas9(BB)-2A-GFP (PX458)
77 A3 FNIZEALZ. Amaxa Human T Cell
Nucleofector Kit & Nucleofector I Device (Lonza
) VT, Jurkat Mifgic 79 A3 REEAL
2. KRTIFZAIFICEGFPAEEINTWAE 72D,
EIEFEAD 2 Hik, GFP Bk Jurkat #f % &1z
T AN L 72l & L€ FACS Ariall % F
Tv—hL7.
SMS1 Z & Jurkat il & £ GlcCerS Z R Jurkat
A DRBaL

—iE1ED GFP ZHPHERTHETY — F L7-M
Moz B H MIBE 28 L 728, ZARMIBOB 2175 7-.
SMSI ZEMBB OB D70, HIEEEZHT 54
o Lys (400 ng/ml, <7 F FWF3EHT) 12 CHllAE
AP HZ LIZEY), SM~YA 7 AL Va5
By Ml x b L7z, Lys UBETR, A XFKo 7
Mk % SMSIZEMEE L7z, ok %, Jurkat
MBS Lys WA AT 9 & T XCIIRT 5 & 2 Hf
BLTWws (7F—%JFKR). GlcCerS % Jurkat
Mo o720, fMilez FITC &# CTx-B T
WL, FITCREMHOMILEM % GlcCerS % £
Jurkat Ml & L C FACS Ariall TH-V — b L 7.
Jurkat Mg 5 & &L FMIZO TCR FEJLL <)
¥Y—ThsrZ L%, PE/Cy7 ¥t TCR a/B PUlk
(BioLegend ff) (2 CHlifgx gt L C FACS f##T12
THERR L 72,
E b SMSIBEFO7O—=>58LU SMSI &
Iz F BBl D&z

Ly F oA NVASEBANRZ ¥ — OB L UL
YF AN ADFENIBHN Lo 72 P v SMSI
DA—=T ) —=FT4 77 V—2A4% Jurkat Mg D
cDNA X ) HilE L7z, H§IEREY) %2 pGEM-T Easy N
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27 % — (Promega f1) ZHlAAAH pKT1 % EH L
7. pKTl # /8L L, 79514 <v— (5-
CACCATGAAGGAAGTGGTTTATTGGTCACC-
3, 5'TTATGTGTCATTCACCAGCCGGCTG-3")
THNE L 72 W % pENTR/D-TOPO X7 ¥ —
(Life Technologies ) 2l AIAA, pKT2 % /F#HL
L7z, LY F 94 NVAERO -8, Gateway
vector conversion system (Life Technologies #1:)
#HWT, pKT2®D SMSIEEH %L > F 7 1)V A
AT & — CSII-CMV-RfAIZLR 7 04— X
IS & DE AL, pKT4 (SMS1/CSII-CMV-RfA)
= ESL L 72, HEK293T #ifg (2 Lipofectamine 2000
% H T pKT4 & % i3 CSI-CMV-RfA  (mock)
TEMREALZ. 16 KM ER, 7+ VA3
v (10uM) ZFRIML 72827 v 2 — A DMEM %5 #b
(2R L, 37TC T 24 BEfIREE L, 32CITR L
SHIZ 24 MM L2, VA VAZ S0 REE
[\ L 72, Jurkat fife B X OV&Z8 5 Jurkat Mifg %
DMEM/RPMI 1640=1/1 O:#hT 37C, 24 KpREs
B, TANVAGHERMICKH L T32CTLHE
L, % O RPIM 1640 (285 L € 32C T 1
HEAE L7, 37CIZB L7-. Lys, Eqtlefa &
FACS f#HTIZ & - T, SMSI st fz - FA e e oo A
SRR L 72
#EE/Ov hJZ7 4 — (thinlayer chromatography,
TLC) IC&k 2 HEEBET

Jurkat Mg O Ng & AT L SR OE ) TdH
L1829 2 auaR)Va/AY ) —)VEAWTHIBOE
JeZ #Hhi L, DEAE-Sephadex A-25 7 5 4 (GE
Healthcare 1) % H\ > CH PERRE ] 43 & B4 g B 1
U EEL 7. FWiga EREZE L%, 01 M
KERILF M) A& A% ) — VEET &2 T 37C
T2 T VA )MKG I EZ ST HZ L&D, 7Y
oy VIREERIE L. I, Sep-Pak C18
(Waters f1) % H\WCHIEMEE 2 fT o 72, hEB &
OB ORRE W 5% TLCHY U A7 V7L — M
ARy bL7z. PHREESO 7L — ML, 780
RNVL/ AL 7 —=)/K (60:25:4) IZTTL—h
DT ETRAL, EEEIE% SM OO
722 1-7% ) —v/BEBR/K (3:1:1), HPER
T4 Y IREEROBH Oz ONFHY /T LT
T —7)V/FEEE (50:50:1) (S CHERMLZ. B
HRREE >D 7L — Mz aaR)VA/ XY ) —)
/0.2%35AL 71 v 27 HORERE (55145 010) 12 TR
L7z, SMoHOzD) YRk EGIRE TF

% 2§ % Dittmer 3% 7L — MIEZHE L
FTRTOIREDOMIE DT O8) v BRIE % EiE L7
%, 180CTHMOTLETMEL. AT 1 v T
TRE ORI D 7208 2kttt 3 2 4 v ¥ /) — VAR
g L7ofk, 110CTHRET L2 ETMHALL. 5
wBHEOT L — P OWE{GEE AF vy F—TH)IAAT,
Image] # HWCTF v 71 — %Rl L 72

TCR ®BED ZAP-70 U > E&{E

TCRAMHEIZIE TCREGEKOR T T TH %
CD3e 2/ ¥ 2 itk (7 o — ¥ OKTS,
BioLegend #t) # H w7z, #ifia % $t CD3e Hifk
(Bug/ml) IZT37TCTHAMAIMLA. 2Dk,
4%/8F RNV AT IVT R FIZX BE%E, 90% A%
J =X BEESLE, B X TN01%BSA 12X %
Ty XY T e Toltk, TUT 4 AT =Y
(allophycocyanin, APC) kit ~ B{t ZAP-70
(Y319) B X OF FITC £ # L ZAP-70 #t 1k
(BioLegend ) =MW CHilaNgta 21T -7, &
TAERT A V5 A4 Ty bua— ik E AT T 4
Taryitua— Ve LTHWZ, E#LCMEZ
FACS##T L7z, 155 N2 Pt e (MFI)
PHLUTORXE AT, fMigkizsiys ZAP-70 @
U BALD R A 1T o 72,

("APC 15kt ZAP-70 $ifk o MFI" — “APC £
W v bu—viitfko MFTY) / ("FITC £kt
ZAP-70 ik MFI” — “FITCiE#k2 >~ b — v
ko MFT")

TCR RIBEOHMIIA Ca’* & DAE

Fluo-4 Calcium Assay Kit (Molecular Probes )
rH, BECRFo 78 b a3 viiEs TiTo 72
Ca2* 4 ¥V —% — Fluo4 % &L HEWIC TR %
37CT40 M A »F 2_X—F L7, FACS Ariall
HWCEFRED Ca2r L)V % 15 B HHIE L,
TNEHGONRN=Z T4 & LTREL R,
CD3#ufk Bug/mL) %Iz, 5l Z#HE& 360 FH
HEZME L7z, FlowJoV 7 b7 =7 % W<,
FBHZICBIT2MBEAN Ca2ro ¥ — 27 o®EIGE
(Peak) B X" AUC (area under the curve,
DAY T NEEDVIEEXAHEATH — T &
T EON =T LX) TOMGOmER) #EH L.
TCR #I##ED T kAL~ —5H— CD69Y EHIEE

PLCD3 itk (1ug/ml) = @EAHAL L 72552 7
L— MIHIfuZ23ERE L 72, F72, TCR Z/NA /%A
LT # BT A2 L TMOENDL RV K-
)V I A 7 )V Phorboll2-myristatel3-acetate (PMA,
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100 ng/ml) 2 X 2R b 47572, wIhd 37CT
18 Wl Rs 2 L7z, Mg # B L, APC fE#HT
CD69 #iifk (BioLegend 1) 12 CHER#E L C FACS fi#
MaiTo7z.
et

FERAGE R T VTG I AR R E TR L.
SHEMOLBIZIE HEr, ZRHEOILEIZIZ
Tukey-Kramer %% H\ 72, fERFESBLLT %2 A&
ZHDELTHEL 7B, fEHRFICEL T,
*p<0.05, *p<001, "™p<0001 T/RL7.

= R

SMSIZRH LV GlcCerSZEREE A Jurkat &I
BF3X7 1 JBEOHR

WERIZBWT, SMRGSLIiZa L A7 00— )b

DT TZOWILFEMME I L0 HEMIZHE
B~A 70N VRERT 5D, FAAL X E
ERTIE 2 ST L il e 24k DR L C
Wb, RSO ZIV—T1%, Lys & Eqtl # T
FA A AL L7 SM & or# L7z SM & A%k B C© &
L2 EERLTWAS (Fig 2A) (CEBME B L 00
B B, 19 413202 & % Jurkat IS
BWTHERT 5720, MPCD 2L )~ A 270 R X
AV RBIEL7-L &0 Lys B LU Eqtll OFE A HER
fMT L 72 (Fig. 1C). Jurkat fifid %= 4 mM MBCD
([T 5 5 & EGFP-NT-Lys O Al RWEE DK
10%F TR T L TWw7z2%, EqtI-EGFP B8 £ U
CTx-BOREG I BENFMERFIN TV,
MBCD MLEEIZ X 1) Lys OfEAHY 90%3T < HI &
72ewv) 2 i, Jurkat MBI BWVTH Lys &
WHIZETSM~A 7 H FAA V& ERGISH

A 35
30 F
<25
220
5 15
SM &
< 10
=
»w 5
0
> & N &
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\ 2004 /°
200
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Fig. 2. SM-microdomain levels were reduced in SMSI mutant Jurkat cells. (A) Total SM expression. Neutral lipids
purified from Jurkat cells and SMSI mutant Jurkat cells were separated on TLC plates, and phosphorus-containing
lipids such as SM was detected by Dittmer reagent. SM contents were determined by densitometric analysis using
Image] software program. Std: standard SM. (B) Cell surface staining with EGFP-NT-Lys (left panels) and EqtIl-
EGFP (right panels). Cell counts are normalized to mode. Each number indicates MFI. Blue and orange lines: with

staining. Light gray lines: without staining.
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T&LZERRLTVS, IV ATO—=)VIEITA
7 RAA Y PSOTEEIZ S FIEL, MBCD 12
FoTalb A7 — A F L — b EINLEEITIEAE
BT L5 A D IR B 2 e sl &
NTWBHIENS, 5 L72SM (Eqtll 2932:#)
2 GM1 (CTx-B »3#ik) (SO LV REPRALD
DEEZHND.
THfEOEHELICBIT A RE~ A 70 x4 »
IR E OB % fEAT 3 5 72912, Jurkat fifg
SM B X GSL 25K L 72 Mg DE# % 5l A4 72,

L OVGSL & O W38 B [ GleCer DA #4H 9
GlcCerS # #E ) & L 72, SMSIZE¥E A Jurkat Al

fa o SM 3Bl 2 i ~7z. Mgtk SM & % TLC
fEFTIZ X DRI E T A, SMSITZEAM T

Jurkat fAE O 40 I T LT/ (Fig. 2A).
EGFP-NT-Lys & EqtIl-EGFP % Hi\>7- FACS f##T
WEWREBEEOSM~ A 70 RA AL ERHL
72 SM O3 ¥ = % J1-x7- (Fig. 2B). SMSI %= £
g Tlx, WEBKEEDOSM~A 270 AL 2DIEH
& (EGFP-NT-Lys |2 & 2 #tili®) (384D Jurkat

4], Jurkat 12 BW T SM A&k %40 ) SMSL B Mg 12% 2 F THALTBY, Z1id MBCD
160 i
~ 140 —I—
[V
S 120
= - GM3 —
2 100 -
3 s | Cer| G2
2 w0 GM1
E GlcCer
s 40 i GD1a
O 20 acter
0 Std. S G Std. J S G
J S G
C " CTx-B TCRa/B
%1738 ~ 2289 |'®T 40, \ 2760
804 ) \ 804 N 7\
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0ty s B e me i Orpey ™7 T ™
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Fig. 3. Sphingolipid expression patterns were altered in mutant Jurkat cells. (A) Surface ceramide expression levels in
Jurkat cells (J), SMSI mutant cells (S), and GlcCerS mutant cells (G) analyzed by FACS. Values presented are
MFT+SD of triplicate assays. *p<<0.01. (B) Neutral sphingolipid fractions (left) or acidic GSL fractions (right) purified
from Jurkat and the mutant cells were analyzed by TLC. All lipids were detected using cupric phosphate reagent (left)
or sugar-containing lipids such as GSLs were detected using orcinol-sulfuric acid (right). The arrow head is an unknown
band. Std: standard lipids. Cer: ceramide. GlcCer: glucosylceramide. LacCer: lactosylceramide. (C) Cell surface staining
with FITC-conjugated CTx-B (left panels) and PE-conjugated TCR a/f (right panels). Cell counts are normalized to
mode. Each number indicates MFIL. Green and red lines: with staining. Light gray lines: without staining.
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WCEATA 70 AL VD & X L EBREDE
LW THo7 (Fig 1C, Fig 2B). —F, 4k
L7- SM o388 & (Eqtll-EGFP |2 X 2 H#t) KT
R EECH -7z LEX Y, SMSIZ AN
TIESMIZEEHTALIOD, /70 FNAf V%
T 2R SR LNV THDL I EHHPL
72. GlcCerS 722 ¥438 A Jurkat Ml TI1&, HEME E
DSM<TA 270 AL BLOG#HLEZSMOE
Lo OB ES SMSI ZEMITROZZ LD 2k
XIS N o7,

+ 5 3 FIZSM % GSL %2 E ORI EATH %
(Fig. 1A). FACSHATICX WIEERE Lot T I F
BHBEZMT L7225, W OZEEE AN
T Jurkat MIALICHERTHB WML T iz
(Fig. 3A). Jurkat #fig Tix GSL @ H1 T GlcCer 3
XWaRyy >y 7)) 4+ F (GM3, GM2, GDla) @
BHEPEMTHL I EPAENTWS, B SMS]
ZTEMBETIE, TLCE*HW/IEEMBT LD
GlcCer, GM3 3 X OF GM2 O BalNAsz8.& & 7228,
GDla =232 b % o 72 (Fig. 3B). & 512,
CTx-B ® FACS fi##T X 1) GM1 D Z B2 AL I 72
5N 0o 7z (Fig. 3C). GlcCerS % 2Mifg T
1%, GlcCer LT 4T GSL OFEHAKIE L T
7> (Fig. 3B, C).

Dl XY, SMSIZRMIETIE, SM OFiic &
D, RECHTEEE (93 F) BXUGSL @
WA > Twbr I ERHBELE, —F
GleCerSZRAMATIZ LT I Fo EH TR Z 575,
SM~YA 270 RALyBLOGEL7: SM OFEH =
W22 biE T B AR L 72,

SMS1Z R Jurkat #il2 Tld TCR ¥ J FIVEZEH
HRT S

T Mg O &M LI TCR % v L 728 4 ORI >
TFFEMEEIZEVET S, TCREIEIZHEW TCR
BRE~A A 70 x4 VIZRELL, £2I1CfA
DY T FIVEEGFTFHRER SINT, 5%
MEFR I NG, 3 SMSI ZEMNE & GleCerS 22 Fel
fax T, TCR ¥ 7 FIVEEICBITAIRE~ A
JU R ORBEZHT L. 1ZLOIIC, »wi
NOZEAMIETOIER Eo TCR #BBEICIZE A
EEALE W L 2R L7 (Fig 3C).

ZAP-70 X SykMFuo > v ¥ F—¥O—FT,
TCR AIHUZ V) U Rfb % %21 T TCRE AR
SELTEMILL, 7875 —5 X ELAT O
) UL ERIST I ETTRD Y 7P VnEs T

12

10

8
L O-
M anti-CD3
4.
au Nl Bl
0

Jurkat SMS1 GlcCerS
mutant mutant

pZAP-70/ZAP-70
(2]

Fig. 4. ZAP-70 phosphorylation was increased in SMSI
mutant Jurkat cells. Cells were unstimulated (-) or
stimulated with anti-CD3 mAb for 5 min, and analyzed
as described in Methods. Relative phosphorylation of
ZAP-70 in stimulated cells was normalized relative to
total ZAP-70 protein for each group. *p<<0.05.

# TCRETICEIET A, 32 L CD3IFMKIZL
TCR Hli 2 47 - 7= M2 BT % 1) ¥ ER{L ZAP-70
(pZAP-70) &3 X U ZAP-70 6B & % FACS /i
WL, 22 THESN2 MFL 2 HiWT, “EEAE B
L OEBRFE TRTHET ZAPI0 ©Y) Y ER{LD
FERE % el L7z, SMSI 2 B4 Tl Jurkat fiAZ
EHART ZAP70 ) Y EBALDYEEIZHE ML Tz
A%, GlcCerSZE BN TIX ) Y MBILDORERE A Bz
ZALIZFED SN o7z (Fig. 4).

ZAPT0 2L 5 LAT D) YEALIZ L ) R AR
S—¥ PLCyl BB &, ZoEMEIC L b /Mak
7= 6O Ca2 U ASFHE S AUHIIEA Ca2 i
BEATH, CaEFEEHIE, AV =a—1)
DAL, EERT NF-AT ONBITE2 AL CTT
MG EILICEE 2 A MO A v EORGICH
5.9%. 3 Fig. 5A ® £ 912, TCR fl# A Ml
W Ca> D FA TR E B TRO b, o
MR TAZEDbhroTW5D. ¥ 20 Ca2t il i
DIEEEALT — & 2T L7 & 25, SMSI Z: 54
faClx Ca*InE D ¥ — 7l (Fig. 5B) 8 & UF Ca?*
A& (Fig. 5C) oM @Bo oz, —7h,
GlcCerS 78 % Jurkat Mg Tl Ca?* EH = ITAZIZ
BINL CTwWieds, E—J7HICEEREZTRBOLN
7 h o7z (Fig 5B, C).

Ca?* ¥ 7 VIR o L LT, ZAP70 &k
fLO T TIE MAP ¥+ —EROEMELLERI D,
ZOfERE LTCD69 (T #lifgo R WNE L~ —
=) OFEBPFEINL. TCRIKFM 2
CD69 Z8 B _EH12 B\ T Jurkat Mg & %725 B A0
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Time (s)

Jurkat SMS1 GlcCerS
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Fig. 5. SMSI mutant Jurkat cells exhibited increased Ca?* influx. Cells were loaded with the calcium indicators Fluo-4,
and intracellular Ca?* levels were analyzed by FACS. (A) Ca?* influx, represented by Fluo-4 intensity. Anti-CD3 mAb
was added 15s after baseline acquisition (arrows). Plots shown are representative of three experiments with similar
results. (B, C) Summary of experiments as peak increase of intracellular Ca?* levels with respect to baseline (B) or
as area under the curve (AUC) of the calcium response induced by anti-CD3 treatment (C).n =3. *p<0.05.

EDOMITEND D L0 E % N L7z, Jurkat M
fo b ZRME 1A 1 CIRML T L — MIEME
T5 2 L&) MR — o4& T TCR fild %
fTo7z. FEBOMALIZ CD69 & Lys & 5 ik
CD69 & CTx-B o Hgeft #4175 T FACS 12L& o C
fEAT L 72, Jurkat Ml & SMSI 25 20 B o 1R A
FEDIENTIZ & 72 > TIE, Lys OFfush i 12 o
Tkt & etk ~ggbtt e o r—5v1 7L, %
NZN % Jurkat Mg & ZEZMAE & & 7% LT CD69
DB EE T F72, Jurkat HiiE & GleCerS
28 B O IR A T, CTx-B O 3ettiifiE 12 3
DV L EH LI =T 4 v 7 L CTRERIS
FEAT L7z, ZOfER, SMSI 2 Rl Tix TCR
BUZPE D CDE9 FEH DA 7% R0 S 727,
GlcCerSZEEMP TR AR LR THRBDO LN
(Fig. 6). Zm»& &, TCR%/N{ /%A L TPKC-
MAP ¥ F — B 2 HEE LT 28K TH 5
PMA #I#TlE, W oZEHMIE L CD69 DFEB
w3 Jurkat Mg & FRIFEETH > 72,

LED TCR ¥ 7 F VR ED TR LD,
Jurkat Mg TCR ¥ 7 F W n#EIZIZSM ~ 1 7 1
FAAL s BG5-LCBY), GSLAEKT A~ A
77U RAL Y OFHIINEWEEZLNL. ET2,
SMSI ZEHM TIX TCR ¥ 7 F IVIREDTLET 5

2 r J- Manti-CD3 M PMA

ok

20 t *

15
10
5 L
0 — I—1 —c

CD69 MFI (103)

Lyshi Lyslow CTxhi CTxlow
Jurkat + SMS17 Jurkat + GlcCerS
mutant mutant

Fig. 6. TCR-induced CD69 expression was upregulated
in SMSI mutant Jurkat cells. Jurkat cells were mixed
with SMSI mutant cells or GlcCerS mutant cells in
ratio 1 : 1, and cultured without (=) or with anti-CD3
mAb (1xg/ml) or PMA (100 ng/ml) for 18 h. Cells
were harvested, stained with APC-conjugated anti-
CD69 mAb and lipid probes (EGFP-NT-Lys and
CF640R-conjugated CTx-B), and analyzed by FACS. To
distinguish mutant cells from Jurkat cells for
quantification of CD69 MFI, cells were gated according
to the staining intensity of lipid probes: Lys® and CTx"
cells are Jurkat cells identified by the strong intensity
of Lys and CTx staining, respectively, Lys¥ cells are
SMSI1 mutant cells with the weak intensity of Lys
staining, and CTx*¥ cells are GlcCerS mutant cells with
the weak intensity of CTx-B staining. Results were
expressed as mean = SD of triplicate assays. “p<<0.01.
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e, SMYA 70 FXA A VIZIETCR Y 7 )
Ve BIZHHETS 278D H 2 EATRIRENS. % %=

SMS1EBIZFEER SMSIZRE Jurkat #i8 T3
TCR ¥ T FIUEEHFEIET 3
CRISPR/Cas9 & i\ 7zt fnF A RS A4+ 7
7=y MR STV A, 39 SMST 28 EHif
DEFRBMOFERE LT, TCRYZFNVICHEEGT5
M5 F OBILTFIERPEASINTL VW) T L
bEZID., FIT, TOWRERMEEKREST L7720
2, TCR ¥ 7 FVIZ BT % SMSI % Biifa 221t
A SMSI #in T OFE AN L > THAET 2 07855
AT L7282 A, SMSI i#Efn T35 A SMSI % S4iiE
Tl Lys BX O EqtI# A RED 24 ICmIAE L 72
(Fig. 7). 22T, TCRAIZHES Cat InE % fi#
MriL7z& 25, mock#EA SMSIZ RAML T,
Fig. 6 [Ak, Ca2tin&hHnm L 72012k L, SMSI
R A SMSI % FAE Tl mock 3 A Jurkat
Mg & FAREEIC E IR T L7z (Fig 8A, B). &I,
TCR A% D CD69 5B AT AT L2 & 2 5,
mock & A SMSI ZEMgCTld, Fig. 7 [AAk, CD69
FEH EAHEINHER L TV B DK L, SMSI &
{Z43E A SMSI 725 F4 4 T 1% mock 3 A Jurkat #i
i & AR F IR L7z (Fig 8C). PLEofEE
X0, SMSIZEMIIZHBITSLSM~A 70 FAA
YD TCR ¥ 7 F L O35 1L SMSI D752
SoTHELTWAEZ LML o7,

Lk L1E, SM~A4 270 FA4 > F7213EGSL
YA 70 RNAA R /RIBLER Jurkat Mg % 1
B LI LIZL - T, TCRAKAMED T M AL
BT A< A 270 N AL UHEBIRE O%E & BE
L72. CRISPR/Cas9 ¥ A 7 4 % Fi\vC Jurkat iz
|2 SMSI B & O GlcCerS DZEF %3 A L 725 %
8 L 72, GlcCerS % FEMid Tl GleCer LT D4
To GSL OFHAKIE L Tz (Fig. 3B, C). —
75, SMSI 75 BAiH Tl SM S8 3 = (B0 5
HOBETFTHo2db b5, BEEEDOSM <
£ 270 AL YOFEBIEIMBCD I IZL L~ A2
O RAA R EFELNVOFERRFAEZRL
(Fig.2). MBCD LB IZ L), ¥~fZ7u XA 2D
WA Z ), TCRAEGIIPEY) v~ 4 70 KA A
ST OERBIRI SRV E W) Z &AL
B hHWVITIREBZENIZREINTWDSE I ENDG,
SMSI ZEMABIZBNTSM <A 710 F A4 Vi3
EAEHELIZEEZ NS, FEE B SMSI
7w o8y JHIEIZBWTY, SMO2EHOKTT
W LD Lys D SM~ A 70 K X 4 2 IdiH
KTHZEDPHEENTHS, ©IREBEIZBIT S
SM # R MR E RO EITES L ONRE O
WHEEEEHDO LD T, HEMHESM~ A 70 K

EGFP-NT-Lys Eqtll-EGFP CTx-B
. 143 9928 143 3933 =10 3730
MOfC i 60 60 604
transfected w0 w0l ol
Jurkat 20+ 20+ 204
mn ’ 0 10% 10¢ 105 108 ’ 010° 10t 105 108 ° 0 10° 10t 105 108
O
[}
Mock- 2 ET136 2322 136 2229 17 4325
transfected 83 607 601
= N 404 404 404
SMS1 mutant @ S =) 2O_A o
é ° 0 10° 1'04 1'05 108 ° 010° 1'0" 105 106 0 010° 104 105 108
SMS1 129 11660 129 3695 "7 2989
604 60 604 / \\
transfected w0l w0l ol | '
SMS1 mutant 50 204 201 N\
0 0 0

T T
0 10° 104 10° 108

0 10°

T T v T T
104 10° 108 0 10° 104 10% 108

Fluorescence intensity

Fig. 7. SMSI mutant Jurkat cells reconstituted with SMSI gene completely restored SM-microdomain levels. Mock-
transfected Jurkat cells and mock- or SMSI-transfected SMSI mutant cells were stained with EGFP-NT-Lys (left
panels), EqtI-EGFP (middle panels) and CF640R-conjugated CTx-B (right panels), and analyzed by FACS. Cell counts
are normalized to mode. Each number indicates MFI. Blue, orange and green lines: with staining. Light gray lines:
without staining.
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[J- MOKT3 M PMA

(=}
1

e
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CD69 MFI (103)
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-
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Mock- Mock- SMS1-
transfected transfected transfected
Jurkat SMS1 mutant SMS7 mutant

o

Fig. 8. Enhanced TCR signaling in SMSI mutant cells is
reversed by reintroducing SMSI gene. (A, B) Ca?*
influx assay under similar conditions of Fig. 5. Summary
of experiments as peak increase of intracellular Ca**
levels with respect to baseline (A) or as area under
the curve (AUC) of the calcium response induced by
anti-CD3 treatment (B). M: mock-transfected. S: SMSI-
transfected. n=3. (C) Cells were cultured without
(=) or with anti-CD3 mAb (1 ug/ml) or PMA (100
ng/ml) for 18 h, stained with APC-conjugated anti-
CD69 mADb and analyzed by FACS. Results were
expressed as mean £ SD of triplicated assays. “p<<0.01.

AL YD D B VI EDOMEFFIZE > TAHEE T
HHLONL Lk, 39 JEHEERO L A7 10—
WD 20BN 5H 7217 T A 20 B A A VIdAF
LR, ZHEY 7T IVREPIIH S L5
CEDHEENRTWALIENL L, BEEOIRY
BEIYA 7O P AL VIRRICEELZEETH S
CEDFER L. B T/, Sl 4L, SMS]1 OFE
T 2 AR & L ORI o % 3
AT2DS, SM ZD b OHGEEIZRAE L 72D % 1857

T&E oz, AEH S L 72 CHO fifig (v
A == AN A AY —JNE R ML) @ Lys
fif S Rk & Lys #& A MEIE3ES L T 5 25 SM %
HIFEEIIRBLTW R W, 3 72 2O
SMS A A RiEE# (SMS1 & SMS2) % [H Ef 12 K48
S/~ A G VSR AR AE S I T UE SM A e
MIFIFRELTBY, F7NVRE~Y XITEER
D XHTHDH, 940 SM ITHFLIEMITIZ BT 5
T4 Y TREOK 8N T HOTWLEILLEDT
Ez2 B E, SMDSEATIZRIR L 72 Jurkat K (36
JaBt 2 e Z 3 D IGERE AR O TR W 728, AR &
L T SMSI1 BEFE MR T L 22 ZAllg 25 %8R &
NTE7-02b LNz, SMSI ZZEHNE T SM A3
FEICKELZVWHIIOBEEE LT, SMS2 ik
Jurkat A TIZZEEH L T & STV 578, 19
C DR ST T SMS2 MBI SE L Tw»
LOMH LN\,

72, EHE50ZEMBL YT I FORMENZR
LR O 5N (Fig 3A). SMSI #EfnFARE
PIIRABIZE 22T 2 FaAORE Mgk~
TAE AT IR TV DA, £F 3 K
TELT—ARARELr—A s8I EETHL. W
SM R L7t T I FOBIME TR b=
ZADFEICHG T LI ENMOENT WD, 42
A OZEAMIETITMBIED TTHEST 5 2 LT %
Motz (7= IEFER).

TCR H#2fEvy, TCRIZIBE~A 7T KA AL
WZREALL, 2242 DY 7 F IV mEST05)
JNV—hNEND. ZAPT0 ¥ F—ED) VERLIZIE
FRE~A 270 NAL VOBFENPEETHL I LN
HMHN TG, % SMSI ML TlL ZAP-70 DY)
CERAIZTCHE L 7278, GleCerS 28 Bl Tl # iz
HELRZELE %, o>7: (Fig 4). A7 4 ¥ IiRE
DT LSRR E~ A 780 XA VP F
T3 %A%, W Jurkat M2 BV TIiE GSL 2ATERK T
AXA U RFAAL 2 EDHESM~YA 70N ALY
DFHMMWTCREEY 7 F VIl TERETHL I &
MEIA SNz, ZAP-70 DEHEALIZZ D T iR D
TCR ¥ 7 IWRZII R E B2 RT3, HMHEIT
ER O E ZAP-70 #A1n1 % Jurkat Mg 123E A5
% &, TCR HIESAKFRIIZ Ca2t n g = MAP ¥ J —
YO ERK WAL ETTHET 5 & v ) B H
% . 4 SMSI % 5 Jurkat fifig Tid TCR #IHUIZ A
W, CaZt IBEN IR T 5 & & b2, ERK BRI
FICFHFE SN EEL~— 7 — CD69 D% b I
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e, Honf—

# L7 (Fig 5, Fig 6). SM~YA 7 x4 K
BIZBIT 208 TCR ¥ 7 F IWARE (ZAP-70 ®
D VAL OTHER, TROY 7P IMREB LD
THIBEOWEEACICE TREL Tnb I EPEIES
nr:.

L > SMSI T/ v 2 ¥ v EHMMAL -
Jurkat A2 > SM ZEHIHI T, SH DK~ D
FERLT, TCRABIZFES TCR ¥ 7 F iz
DIERTAIRE NIz, 19 7272, ZOEE TS
EOFEME L TCFBSZRML b2 MH L7
2, —EIICIEFICE)RTa T A RIS
HEOSMAPEINTWAE-®, KHiHKD SM 2*
FMRBICHL Y A Nz BEE I BV, F 72, SMSI
/w7 &y Jurkat Mg OFEETIEE ) s 0 — ¥
IE2frbnTnwbZ s, TCR Y 7T VoG
PEAFTN 7 O — Y REIRS N T 2ohdb Lk
W, e x OFESELL 72 SMSI & Jurkat M,
MiGEHTHAB L OEREIT-72. £/, 7
0— L 4Tb 3, BHED Jurkat Mg & TCR 5
HENEDLLLWI L2 MR L TCHEHALZ-0,
Jurkat MifE O % TCR O SRMEE ATV 5 &
Ez2zbNhb. 612, BEHRD /v 7 ¥ 7~ Jurkat
M ik, Fer ML 72 & 9 7% SMSI #z T O
FHEADEREIT-> T, Eo X)) IcBEH
A DFERRE TIZRLR L H0E5 W70 Ed
LWEEZ TN,

SMSI 2 #AEIZ SMS] Ein T % FHEAT 5 &,
SM~A 270 XA CEHERTEECEEL, 20
& & Ca2t i & CD69 EIHAT Jurkat Mg L X)LV iz
P L7 (Fig. 7, Fig. 8). SMSIZ %A Tl
B 7t I N2 GSL OISR I N2 &h
5, COMBOERBMASM YA 70 F AL UK
HICERT 207, ENZET I FL GSL 0
TCERES 2002 B8 T 5 0LENH L. GleCerS
ZRMBTL YT I FOEE LB %5,
SMSI ZEMMLD X 95 % &% TCR ¥ 7 F VD
JTLHEEFRO N oz, Lz > T, TCRY 7
FTILOHELTHETLIYA 70 XA Vi3t T
IFRC Lo TR EN T LW EATRIEENS.

5T 7~ F—7 X (systemic lupus
erythematosus, SLE) & O T Mifg Tid, BEKE
@ GSL (412, LacCer, GM1, 7 1 K& GSL D
Gh3) OFEBHINASHIE SN Twb. SLE B&EHIE
T A2 12 GlcCerS BHEHI TH 5 N-butyldeoxy-
nojirimycin (NB-DNJ) ZMWEF 52 L2k D,

CTx-BWM# > 7 1) 4+ F (GM1) & LacCer ®
HHEAEEAHRETMBLERAEEIRT &,
TCR ¥ 7 MRENHHET 5 & & b ICRIEEY 1
MNAA Y OEAEFTH S NS, 1O ZIITHEE %
GSL O3B TCR ¥ 7 F v iZxd L CHIfIAY 2 % H
Wb ELERLTND, FTalk, SMSIKE~Y
2 D WgRR AT MFLIZ BT SMSI 28 ZAll i & [F]
RO Z R THREZH TS, ZOEM T
7 3 PR GSL o8 idAi bz, 19 DX
D, SM 2SI B JE B CHREFAYIC TCR ¥ 7 )L 2§
HEICHIE L TwadbneEZ 5N,

HOERBEEED THIRTIX, v/ 270 F X
A VR OB - B RZAPR D 2 LN
WO HEEN TS, W SLE BE o T M
&, BEBoO 2L 270 — )L GSL AL T
%. 4 SLE B#E Bk T Mila Tl TCR A%
B3 % CD3L DB TIZ L) TCR ¥ 7 vz
ENMETLTCWDA, ThdalbATa— VvAES
WRHER] (7 MIVNAZF V) 2Rt b bl
Lo THET . 9 THIIZBWTREKD 2
VAT a—)VsEhnd 4 &, TCR OfE EToOE)
PEDMET L7245 %, TCR oEMHA AL HIfl S s &
W) ZENEFEMKR N THE SN TV D, 5259
Jurkat #IFE Tl SM i 2 L A5 10— )b & 32 TCR
EEOURA U RNAAL VEIRRTAZ ENS, W
VAT H— UL TWAHERETIE SM ¥ 1
70 RAA CEBRERLEML, TCR ¥ 7+ IV
OIHFNIFG L T2 RN H 5. HORER
BEEO THRIZBI S SM BHEIX W F 2HE
ENTWRWDS, RIEVPEST 5 X9 % EmEeE
TIXIE o SM O B2 BEFiEE D 7 > )V H
FEOZAL) PRELZEFMEN TS, 5 5,
EwmALHCRERBEEO O M THRBIZBITA
SM~A27uRxA4rOHN - 2R EHEHAT 2
CEPHETHL. SMEREMAE T L2 LT
TCR ¥ 7 VMu#EEHHT 22 L5 C&iud, T
AR OFERE R F ISR 2 H CRER B OFIE A
B = XL DFHRLH 72 e G EORE IO R 5
LIRSS,

I AW E4TO1CH72 D, CRISPR/Cas9
VAT LK BB TERE OB IZE K
RITWHIEGY F L7z, sUCERMERIR SRR
By TR EOMBE —RMEHIZ, Jahh,
AR 2 IG, BWREERA LR, MiEERLE, &
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R IR W2 L 9. RRfgRIE, X
HEFFA X B FHTE 16H04767 & KA BB R 9%
S, RER IR, R &g 7E4E
=%, FASZ RSP WM BRI 98 B AR T B S #2 H 3
Bk 2 Cfrbh g L7z

FlHER
FRETUIBYT, Ry NSMRHAKIEH D
FHEA.
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