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A= —DOW5eI%, ¥UPIART 0T =7 bOFFERRERE 25 O - IS5
JEFATEEZ D Z A EN . AHEHOBHRIRFIZ T 1 0FEIZE Y 5L %
WL TEZbDTHD, Wk 2 SFERITEADPIBTRKRTED O ER
RPN HREL, EEE S CTIIE TR &R Psi e BRIRE S CILE
—HEE FERERANVEL, WARAESER, PERE AR & F VB TUE BN N O 3L [F]
WL L THEDTW=HDTHL D 5,

AK7v =7 MIZmzEFR.LE LTEE TOMEBOILFEMIEE VD
N=2ADH D [N T U AR=F =W 2Rt s U, BN G ERRIZE
% RIT AE D NI iR FE R AT ORI 2 D o & LTl s
7o BARMICIE, EICHIEBOEFOEDIZKL ZEDTERVWNAT
JlipZiES L By I b7 AR —%—LAT (L-type neutral
amino acid transporter) {ZEF B L., RO T2 HRERF 2=/ hO—
DL L THED BN TV D BN ER NUINEER 2 AV 24 © 58 P 7-fl
PEFEYE BNCT (Boron Neutron Capture Therapy) DFUEIEZNHFEELIT M
HORUFEME N TV AR—F —DRENGFE N5 2 & T,
KO EFEFRbEMERIET A Z 2 BIEE LIz, A7rv=7 b
HED T O FNO I E T L ORRKEFZOEROBENZE L, 6
(Z BN E R NN RS 2SR B S AU D [ENLAS A9 & o & — F it ik
WHIRREHZ D & LT R ¥ —FEaT. ¥ =4 7 7 —~ RS,
K[E Colorado KF7: EDSE 2L UIESMT £ TSI FNFITIAH] 2 1
FLCEEM N7 v AR —F —famtEglR v B e oREx Bf+
Wt a5 Lz, K7a Y =7 MITFEDOREIEDOERTE S OB AN
B Lol L EDONL P T, RIZWMIFIEDTENEEIRIEN A b AFFE
L. TN T8 72 72 03 ATEHIEBRICEZ R S T2 D 3 L 72 D%
Fr O R E < HER L7,
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Wt my =27 bORAR - B« MOFHE OB

R 7 FE P PEFHEHERETE BNCT (Boron Neutron Capture Therapy.,) & 13,
JRFIF 72 EN S OHPET- & I I ER Y A T T & o RO
BRREZWILHE (RUFR) & OBERIGIC L - THRAT DR U X
ST, BIRICO A AT &0 9 IS S gHRETH 5,
PRI, ZNE TR ZLEE Liz/zd, BNCT OFH IR
EWMTH -T2, BRI D IRBe sk B AL NRUAHES B %E S,
FRTRYREEIC bR E RTRE & 72 0 | Rk 2 74 L 0 JLEFsEE Th S [E
SIS AFGEE 2 % —C BNCT OJifT /3 Al EE & 72 > 7=, BNCT I L B IBH#IT,
1. BRI AR E AT Z & N A2 BEIRIER S5 Z &)
TED, 2. ~ETHRRIBEEIT) TN TEX LRI AL RE,
3. FRMEITEBAA, BUEDOIREFIETITIRREDNE# 7, B3 - 58 -
RKWINAIZH AR, 4. BSHBIERE%E, BT #aik, BRI E
DEFEN AT HIGEHE, 72 84 F TOIREFIE S ITR R RS2 Fo,
Z D BNCT DHUESE N RN KR E IRt 8% 5. 2 2 DO DD AURIREIZ A - T HH
FOZITF LR AR B LW TIINAFRICERE I T2 THDH, i
FCTEMROFTENMEME L TRUVEL T 2= T T =
BPA (p—boronophenylalanine) 23M# FH & 4L TUV N5 23, BPA (28 5 H3h724k
AWIRTEEAHINTE LT, ZOHBIHIIFINA TN D,

DN AURIIEIE, IEF AR bel: LT L= BSHRE 2 FF oY, Thae X &
HO1E, AMIEENIVNER T XL X—JREB X O 2k 5 % Ry
BOFREITHHIHERT 2 Ll Wo T2 kERZ DM D6 OBUAA TH
Lo BERT I VB EORERIT. [N TV AR—F—] LRI D Rk
IR R B UTCHIIBNICBUAEN D, FEE R 7 I RIZIE
ZREIR N T U AR—Z —NFLEL, EFHIE RNAMIETT 2/ BREUA
AT 5208 (T I BT U AR—F—) [FENTEIT TR
SEWIZHLRRDZEEZRELTWD, K7 a7 MR, ARFE
PR O FLEER & U TR L CWE R EDPRER S &7
HZLBT I BT L AR—F—LATL ZMAET 2 BEOARZ N, £
< DM A TRBINTTHET 2 W IEEMARIITFA ERBL L2, SED BPA §
LATIIC X > THiE SN D & YIFEE STV T, LATL Z &3 T 508 A
W OBBOAEN S T2, BN\CTICAZI THDLEEZ BN D,
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T ZTCHEEAT 2 VR N T v AR—Z =W AT 5 RENT DR 0%
L., N7 UAR—=Z—RFROEED BHHFALEY G R L LAT F8ELH
faz WA 7 ) —=2 N2 L0 @D AEREEZ R8T 7e R v FEAb
B EFEST HZ LT, BNCT &5 fiRsd THZh e = R 1 ) H il O HEE
i U T, BHEMEN ATREMESGEICEIRT 57217 Tl ENEDH
BIERA /) X—=2a VICHFSTHZERERLE LTHET NS,

TEINTFHEOMEZLLTOWEY Th o, VK 26 5 - KlgdsHk
MANCEBITALET I VB RNT v AR—F—LATL BB % DN ABRERE
FRAR 2 612 UT=9T LATL Hiik 2 -t defa . KR Eif 4 ) 22 v
ERPCR DEND, & HITHNAHFEENRNZ SRIE®ESIEHC LD
B TWERTE L ORL b L——IEIC LD 7 I BREE R D 50
HEEMZ BRI E N2 5, WAT LT BPA R 2 58l LAk EREt 2179,
YoRk 27 4EJE : LAT1 ZE R BAMIE 2 =it 8D A7 ) —=0 T %
1T9, BRI SN2 DEOEMILEMIT KT L O ARG R Z 1TV,
HEENT T L ~DE G L B AR ~DOEFENE & IRNEIE D fRHT %
L2 FEAR IS 5, Rk 28 4R JE - EREMEOMERR S b B & ks
BT IS LTS 24T\, invivo TOEEMIIZEIT A
in vitro TOEBEMFIT 5, S OICEBORD b EREREORE
i TRl EE R 2 BT 5,

ZDOHT, SRR 27T FEEEE TS, R R T AR —F —LAT1 BRI
fLEZRIILEYOFR U FE L ETh LT Z A, LATL FrR a7 plE 42 oR
SRV EWVIRWEPHIL LT, £ CTEORRIK L LT, Fak 28 4FJE|C
FXHOTEDRDVIZLL T OET 1T o7« 1, L&D E BENL
WZAR T FEEAT O 2 & TO LATL Fr AR ES RN EE T 2500, 2. 1bE
W) % VR RS 2 VI DIE DS LATL R R E N RITET 50 MEhEEl
TELHETHTH D,



B 78 K A

Age 7 vy =7 N ERET HMEAEE L, BHERRFEFE
— B R AR O MFRIAAT (H GRS B 3R i R EAR O H 2
BTHEKRT) THY ., BRFEEFIEROEEN DERIRIZOI 2 B
RET A=Y g IR —D L LTART Y =7 b ELES T,
FOBENLREFIIARAT 02/ M2 TIThTZ0, HFZEO#ERICZS
WTCORFEEIT ST,

AWFgE 7 a v =7 NI, YURIREE 25D I Y AR IR P g
FHEERTHSTLW LT TS, ERNATEMOEW [R5 2
R—H— MIROEREZRERT A TIThiLE, TDO-d, RFEHEHE
RIS EBEMIE O EIR LR | BEF3 A DR R MR (PD) % EH
U, AAbsEslie (Z o N7 8fiir) LR GBI R 1B o
HHEZ L 72N ORISR ER RO v RS AUESEMARICB T DT 2/
BRI IE D AR 21T 5 GEIERIFZEHE 54) Z & LW TL T, H1b
o MR gR, BIIRAS. I AR EOKEEIRE D S DD A BE DR
RO 21T > 7= GERERMIRE 17T 4),

WL T — L ORI LR OMFIEE I TERI O [RIAFSE & L CHLE
i, Zhzeikl LT & DDA, HEEHE IV TRE S
-l A EH O IREN S OERE I F—IZB W TRESI -, £7-.
FEREERIREEEIZBI LTIk, 3 A, 7 H. 12 A O4F 3 BT&E & & A B
fie L7, FEF (RIREFZTTR) . F—M BRKXEHR) . ke
SAEL WIREREI O a7 L7 D EEEMTTIIRRZ, 1AL 4A, TH, 10 HD
4 BIOFTEEZITV, ERRNEHRE LT, A7 v =7 hOBFITIZ
(FERBERBMLETH L7, BWFFEEITKT D KFED D OEJHENZE
B — B A I, RO - FEMRE] D N S T,

fi D L [EFZERERT & LT Bl U R EWHEORRET - B AICEET 5 3t
[FIFIE 2 Y = A 7 7 —~ RSt & F OEEENTH 5 K[E Colorado K
EAT oA, BENERER NIINESS ORE S D ESEN AN v H —
IR - AFSERT & 13, in vivo 3RS L OVEMERHM O IL[FIMFFE AR 4 &
570 & AR S S BT 5 R ERA LRI SRR R AR 2 AR LT,
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AK7vavxr MEFEET LR & L TiE, BnERRFEE R
MEER (7,652 m, 544) BIXUERRETM (21,154 m*, 124,)., FH
Byt 22— (1,916 m°, 54) IZFT@T 24090 =E - EBR=ELHW L
Tre B LT3 22 4 O REIIETINE A LATHER gk 2 FH L
Too ERMIELERE - RFE LTIE, 208 LTUTOHDD N
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(WFFEEEE)
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w9t Bk B oo M =

AWsE7 a2/ e LTOREIZIRD 2 RITENTE D,
OIESEFEAMEERE 2 R T8RO R L aWEE

QBFED AIBIZ T DIRFEN & L COMERFRAN LT I 8
TV AR—H — DKL

Z 2 TCHIEE RO E 2 Z 6 2 ST CREdi T 5,

OEEEMEEELZ S THAS VR AR E
$7m/m7%@éﬁwﬁ REEHETH HEHFREOZIE ST, Z
WETITHAT X/ BROMIBANELYD AT Eab\éﬁk%@L% (i
&(ﬁ/m477“7ﬁﬁ%m\0#ﬁﬁ&(ﬁﬁﬁﬁ%ﬁﬁ)Eﬁﬁ
ST CRIE L. L BT X VB N7 v AR —4—LAT (L-type
neutral amino acid transporter) 23, A 7 3 M HEHEYE BNCT (Boron
Neutron Capture Therapy) DOHUEGZNEBIICHAEFA I TWDHE D
Fit7 ==/17 7 => BPA (boronophenylalanine) Z #2795 Alf f %
HE LT,

OH

Chemical structure of BPA HO\B NH,
OH

(a) LATZ7 73U — *;é&mﬁ%@ﬁ%@@@ﬁ

TNETIT AT 773U —I2i34>D7 A Y 7 +—25 (LAT1, LAT2,
LAT3, LAT4) N 5DHZ &Wﬂ%hfmé I LIZBPA LT IR (%
BHEEKRTHD LIKE DIKEDERREY) THHI ENHMLITED,
WHEBMRTH D Z LN b T v AR—F —JEMIC S 5 Al REM: 2 15T
T 5728, LATL 725 LAT4A £ TIZ%4 % BPA © 7 & IR, LK, DIKDOIE
Hamet Uiz, WADOKRTEILEME N T v AR—F —OHR AN SR
EMZDHZ LT, KA FHILEYMZRIET A L2 HAEE LT,

X 112”9 X 9ICLATL BEXOVLAT2 IZBPA DT IRIC LD & b
FERAFMEIC PR S 4U72 08, LATL (ZX9 D HED TR BFIEN & - 7,
LAT3 & LATA \Zxf 9 AERIF R SN en o7, ER TR EERT LD
FRETCIX L-BPA 12 & B LATL [HEN# )T OLAT2) H-o7=73, D-BPA X
LAT2 ZBHE L2V LATL BPIETH D Z ERBH LN (LEMD X
TV T s OEEBEOFEIMEE RH LT GasXERT),
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(4)

% 120 = D-BPA  7052+1.17
S, A L-BPA 48.6 +1.29
S'g 100 v DL-BPA 2157+1.21
D 80
£5
g 8 60
2% 40
38
‘(.') c| ) ) )
— 1 10 100 1000 10000
Concentration (uM)
(B)
$ LAT2 = D-BPA
s 120 A L-BPA 1207 +1.11
§3 100 v DL-BPA 499.8 +1.15
CD: 80
£S5
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3% 40
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é’ 04 T T T — 1
— 1 10 100 1000 10000
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5 100 — v DL-BPA
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S 3 60
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— 1 10 100 1000 10000
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(D)
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5 100 v DL-BPA
_g £ 80
S 3 60
2% 40
38
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— 1 10 100 1000 10000

Concentration (uM)

1. LT I VN T v AR—F—|2% 5 BPA O %h 5

(b) LAT 241 L CHIEPIZERE T 28 & v R L&Al
2V SIIBEICHEGR O LAY 2 g N T v AR —HZ —LAT1 & IEERL O
LEIT I )N T v AR—F —LAT2 O EFRBIAID 2 1BSr L. FofdE
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T BuA T RIS T OEEROT 0T 7 A VD LATL Fr 5
HIBHE SR O Fep i E i A B L, BUEEIREBRDM I Toh WS {bEawy
JPH203 AlSlp gt L U =R 2> (Morimoto, Anzai et al. ]
Pharmacol Sci 108(4) :505-16, 2008), = Z TR =7 K TiXBNCT
BRIV HRSE DB 2 BHE L. LAT 2 L CHIRIINIZEFET 28T
HLAR U B L&Y O HKipkE O RG22l A7z,

AN~ DOERE 2 IRGETT 72012 LIRNCEINL L 72 LATL B8 X
O LAT2 ZER BTN Z . & 5 — D DHIEFEBRRTHLT 7 U 1V A
H)VIRREI R Z B AL, T v AR—Z — O Hm R 12 X 0
FANN D v A 2 ORI IMEEMOEROEE L 5 Z LIZEB LT,
FEREAT o T2,

VA 77 —~vHKAESLEE L ClAOILLFEMNIEILETH D KE
Colorado RFIALEME K ZIKIE L, £9 1% trial & L THUEILIN
TWARWVIREED T X /AL EE2 > 1 STEEOLAEY (set 1) 215
7o

FIHIZ LATL 36 KON LAT2 “ZE s BIANE 2 F W o B B 21T - T,

Inhibition test on S2-stably expressed LAT1 (S2-LAT1)
or LAT2 (S2-LAT2)

Molecular IC50 (uM)
Compound

Weight S2-LAT1 S2-LAT2
S1 469.01 33.14 >100
S2 183.18 11.83 29.81
S3 199.18 18.65 49.44
S4 183.18 14.73 46.27
S5 215.63 16.17 38.11
S6 338.98 452 >100
S7 307.09 9.97 23.29
S8 216.66 17.11 48.27
S9 183.18 13.58 33.79
S10 244.09 11.04 30.36
S11 195.22 14.85 50.13
S12 179.22 26.6 >>>100
S13 291.09 14.54 32.07
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Wiee A v UoHEHEREZIT o7 (X 2),

LAT1-oocytes
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W (TRbbIEEOMIMNEFE) 27, 2 TIN60 31bsE
W DN TR BRI 2 fERR U7= (1K 3) o Z D 5 S12 78 LAT1>LAT2
DBEREACE R LTIDO T, T amyORapiE s L,
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S12 DG 2 T2 81L& (set 2) ZG A% L, LATL 38 X OV LAT2 ~D[H.
R (X 4) & LATI BLXOLAT2 2035 a1 28 (EREE)
(5) O %EIT- 7=,

>

["“C]L-Leu uptake (% of control) ~—

C
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o o O
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S o
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Set 2 {LAWO HTIE WA-T IZ8 U TR/ LATL BRI ER R & 1
(U HEHAERD ., ThAE _OLEREE L Lz, 22T S12 & WA-T
IEBHEL LORYRZEALE 10{LAY (set 3) DBREIT,
LATL 35 LUV LAT2 ~OBFEZR (X 6) DR &1T -7z,
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X 6. Set 3{LEWITHkET 5 LATI B L OVLAT2 O#gGELE

ZOHTIX NAL, NA7, NA1O 23 LATIDLAT2 O a7 7 A V%R L7273,
INBIEERDS12 EWA-T 2 X HIHE IR EZ RIS o T, Thb b,
LB ~D R FEFFDBAN D% - T LATL 12 X B ERE Ok MK
FLIEZ EEEWT D, BlHE L CIER UG AMEED O %2 214k
SHATREME, S BITIHMEEEZ BN L TV DIRIED B/ BB 2 b
NI, FOREEMZIZ O B OO ALEM DA% 3 EITV (set 4, 5,
and 6), LAT1 B8 X OVLAT2 ~DHER (K7, 8) Offr&1T-72,
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7, 8ITRT LT set 4, b, 6 DEF3 8ILAEMITEHL TE DR
ZRRET L7203, 2306 OFIZIE LATL Fr B 2 fHE 2~k & R+
ZElxTE Rl

<BBNTZEN BN o7 >

AEHE LT 6 9kt T, S12 & WA-7 L9 LATL RO E
WIS REE 2 R T LEMoEEEREE O, ZhidRk7r o=
7 NOBEMEB A, MOESIK, BT LR ARZK OO0 PET 7'e
— 7 RIEC, o BRI E ORI TR IR I ER DO BRICFI N AIRE & 72 B 2
NETHRPTHLREREDRENTVWARAWEERERFERTHDL LS 2D,

<FHEL oo m>

X6 T/RLEE DI A THRIL I TV W B Tlrdm VM SR
VO LATL AR AR E N R 2 m 3 bE W (S12 & WA-7) 28, R U FEIT X
DZEDOAEMMEZRS 22D THER LT, RIFHICIIEROH DL H D
TIEHLD, A7 T 2l FOERE VI BERTIZENADEE L 2D |
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L-type amino acid transporter 1 (LAT1) is highly expressed in various human cancers, including cholangiocarci-
noma (CCA), the most common cancer in Northeast Thailand. Chronic inflammation and oxidative stress induced
by liver fluke, Opisthorchis viverrini, infection has been recognized as the major cause of CCA in this area. We show
here that an increased expression of LAT1 and its co-functional protein CD98 are found during carcinogenesis
induced by Ov in hamster CCA tissues. We also demonstrate that oxidative stress induced by H,0, is time-
dependent and dramatically activates LAT1 and CD98 expression in immortal cholangiocytes (MMNK1). In addi-

Keywords:
Opjl',:tvhorchis viverrini tion, H,0, treatment increased LAT1 and CD98 expression, as well as an activated form of AKT and mTOR in
Inflammation MMNK1 and CCA cell lines (KKU-MO055 and KKU-M213). We also show that suppression of PI3K/AKT pathway

activity with a dual PI3K/mTOR inhibitor, BEZ235, causes a reduction in LAT1 and CD98 expression in KKU-
MO055 and KKU-M213 in parallel with a reduction of activated AKT and mTOR. Interestingly, high expression of
LAT1 in human CCA tissues is a significant prognostic factor for shorter survival. Taken together, our data show
that LAT1 expression is significantly associated with CCA progression and cholangiocarcinogenesis induced by
oxidative stress. Moreover, the expression of LAT1 and CD98 in CCA is possibly regulated by the PI3K/AKT signal-
ing pathway.

Oxidative stress

L-type amino acid transporter 1
Cholangiocarcinoma

PI3K/AKT signaling

© 2015 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Cholangiocarcinoma (CCA) is a devastating cancer arising from bile
duct epithelial cells. It is characterized as a very poor prognosis and a
poor response to current therapies [1]. CCA is the most common cancer
in Northeastern Thailand [2]. Epidemiological and experimental evi-
dence strongly implicate the carcinogenic liver fluke, Opisthorchis
viverrini (Ov), as the etiological agent inducing CCA development in
Thailand [3-5]. An oxidative stress condition due to overproduction of
ROS and RNS during chronic inflammation caused by Ov infection is con-
sidered to play important roles in DNA, lipid, and protein damage leading
to cholangiocarcinogenesis [3,6-8]. In hamsters, Ov-induced CCA tissues
show altered gene expression. Among these genes, PRKAR1A, the type
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Kaen University, Khon Kaen 40002, Thailand.
E-mail address: watloi@yahoo.com (W. Loilome).
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1A regulatory subunit of protein kinase A (PKA), is significantly involved
in CCA carcinogenesis [9] and represents a target for CCA therapy [10].
Furthermore, Dokduang et al. have shown that multiple kinase sig-
naling pathways, including the PI3K/AKT, Wnt/B-catenin, JAK/STAT,
and MAPK signaling pathways are predominately activated in CCA
tissues and cell lines [11]. Moreover, we recently demonstrated
that upregulation of the PI3K/AKT pathway occurred during
Ov-induced cholangiocarcinogenesis [12], and that suppressing
PI3K/AKT pathway activity with the specific inhibitor BEZ235 can
inhibit CCA growth [13].

Amino acid transporters are commonly unregulated in tumor cells
for their supply of amino acids to support massive protein synthesis
for continuous growth and proliferation [14,15]. Among several amino
acid transporters expressed in tumor cells, the L-type amino acid trans-
porter 1 (LAT1) is frequently observed [16]. LAT1 requires covalent
association with co-functional protein CD98 for its functional expres-
sion on the plasma membrane [16,17]. Beside the plasma membrane,
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many studies have demonstrated that LAT1 positive staining is
observed in cytoplasm of cancer cells, such as glioma [18,19], pancreatic
cancer [20], and lung cancer [21]. This may represent an intracellular
pool of LAT1 while LAT1 expression on plasma membranes may repre-
sent its function.

Recently, there have been reports which demonstrated that high
expression of LAT1 is a promising prognostic marker to predict patient
survival [22-26]. It is well known that LAT1 plays an important role
not only as a prognostic marker but also in cancer treatment. Further-
more, the LAT1-specific inhibitor JPH203 (KYT0353) inhibited tumor
growth both in vitro and in vivo models [27-29]. In addition, suppressed
LAT1 activity can inhibit CCA cell growth, migration, and invasion [23,
30]. To date, however, there have been no reports about LAT1 in
cholangiocarcinogenesis. We therefore examined the expression of
LAT1 and its co-functional protein CD98 in Ov-induced CCAin a hamster
model, as well as in human CCA tissues. Moreover, the molecular mech-
anisms by which LAT1 and CD98 upregulated under oxidative stress
were explored.

2. Materials and methods
2.1. Animals and tumor induction

Experiments in the animal model used in this study were conducted
and performed according to the guidelines of the National Committee of
Animal Ethics and the protocol was approved by the Animal Ethics
Committee of the Faculty of Medicine, Khon Kaen University, Thailand
(#AE002/2002). The induction of CCA in male hamsters was performed
using a combination treatment with Ov metacercariae infection and N-
nitrosodimethylamine (NDMA), as in previous studies [9]. Male Syrian
golden hamsters ranging from 6 to 8 weeks were used in this study.
The hamsters were divided into 2 groups: Group 1 was untreated and
served as the control group; Group 2 was fed 50 Ov metacercariae by
intragastric intubation combined with oral administration of 12.5 ppm
NDMA (Sigma, St. Louis, MO, USA) for 8 weeks. Hamsters were housed
under conventional conditions, fed stock diet, and were given water ad
libitum. Animals were sacrificed on days 14, 30, 90, and 180 after treat-
ment. Hamster liver tissue was collected and fixed in 10% neutral buff-
ered formalin and embedded in paraffin according to standard
techniques. Samples were used for histological and immunohistochem-
istry staining.

2.2. Human CCA tissue microarrays

The human CCA tissue microarrays contained a total 178 cases. The
samples studied were collected from CCA patients admitted to surgical
wards of Srinagarind Hospital, Khon Kaen University. The protocol for
the collection and study was approved by the Ethics Committee for
Human Research, Khon Kaen University (#HE521209). Informed con-
sent was obtained from individual patients. The 4-um-thick sections of
human CCA tissues used in tissue arrays (TMAs) were constructed by
the Department of Pathology, Faculty of Medicine, Khon Kaen Universi-
ty, Thailand.

2.3. Cell lines and culture

Human CCA cell lines including KKU-MO055 and KKU-M213 were
established at Khon Kaen University Liver Fluke and Cholangiocarcino-
ma Research Center from CCA patients living in the O. viverrini endemic
area of northeast Thailand [31]. An immortalized human cholangiocyte
cell line (MMNK1) was used in this study as a representative of normal
cells as previously described [32]. All cell lines were cultured in Ham's F-
12 medium (Gibco/BRL, Grand Island, NY, USA) supplemented with
44 mM NaHCOs, penicillin (100 units/ml), streptomycin (100 mg/ml),
and 10 % fetal bovine serum in a humidified atmosphere containing
5% CO5.

2.4. Antibodies and inhibitor

Antibodies against AKT (#9272), phospho-AKT (#9271), and mTOR
(#2983) were purchased from Cell Signaling Technology (Danvers, MA,
USA.). An antibody against phospho-mTOR (ab109268) was purchased
from Abcam (Abcam, Cambridge, UK) and antibody against CD98 was
purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). LAT1
antibody was kindly provided by Dr. H. Endou (J-Pharma Co., Ltd.,
Tokyo, Japan). Anti-B-actin antibody was purchased from Sigma-Al-
drich (St. Louis, MO, USA).

The dual PI3K/mTOR inhibitor, NVP-BEZ235, was kindly supplied
by Novartis Pharma AG (Basel, Switzerland). The stock hydrogen
peroxide, H,0, (30%), was purchased from Merck (Darmstadt,
Germany).

2.5. Immunohistochemistry staining

Immunohistochemistry (IHC) was performed to identify the expres-
sion of LAT1 and CD98 in CCA samples. Briefly, the sections of CCA
tissues were de-paraffinized and rehydrated through a gradient of
ethanol. Following antigen retrieval and elimination of endogenous per-
oxidase, slides were blocked with 10% skimmed milk in PBS for 1 h.
Samples were then incubated with the primary antibody against the de-
signed target proteins at 4 °C. After washing with PBST, sections were
incubated with peroxidase conjugated Envision™ secondary antibody
(DAKO, Denmark) for 1 h. After washing, peroxidase-labeled polymer,
0.1% diaminobenzidine tetrahydrochloride solution was used for the
signal development, followed by counterstaining with hematoxylin,
dried and mounted. The stained sections were observed under a light
microscope using high magnification x 200 and x 400 (Axioscope A1,
Carl Zeiss, Jena, Germany).

Expression of LAT1and CD98 in human CCA tissues was assessed as
described in a previous study [13]. Briefly, the grading of staining
depended on staining intensity and frequency in the tumor area. The
staining intensity was scored as follows: 0, negative; + 1, weak expres-
sion; + 2, moderate expression; + 3, strong expression. The frequency
of staining was divided as follows: 0, negative; +1, 1-25%; +2,
26-50%; + 3, >50%. Staining scores were calculated by multiplying in-
tensities and frequencies in each case which were classified into two
groups: low expression levels with scores <4 and high expression levels
with sores >4.

2.6. Western blot analysis

To study the effect of H,O, or NVP-BEZ235 on LAT1 and CD98 as
well as PI3K/AKT signaling pathway, the cells were treated with
H,0, or NVP-BEZ235 with untreated cells being used as controls.
The experiments have been done in the serum containing cultured
media. Cells were then lysed with the RIPA lysis buffer and the lysate
was centrifuged at 4 °C and 12,000 rpm for 15 min. Whole cell lysates
were electrophoresed on 10% SDS-PAGE. Proteins from the gel were
transferred to polyvinylidene difluoride membranes (Millipore, Bed-
ford, USA). Membranes were blocked in buffer 5% skimmed milk in
TBS at room temperature for 1 h and incubated overnight with pri-
mary antibody at 4 °C. After blocking, the membranes were washed
three times with TBST for 5 min and then incubated with horseradish
peroxidase-conjugated secondary antibody (Santa Cruz Biotechnol-
ogy, CA, USA) at room temperature for 1 h. Membranes were again
washed three times in TBST and developed using ECL Prime Western
blotting Detection System (GE Healthcare Bio-Science, UK). The im-
munoblot and intensity were analyzed by the ImageQuant™ analysis
system (GE Healthcare Bio-Science, UK). Human 3-actin was used as
a loading control. The western blotting for each cell line was done in
two independent experiments.

Please cite this article as: S. Yothaisong, et al., Increase in L-type amino acid transporter 1 expression during cholangiocarcinogenesis caused by
liver fluke infection and its prog..., Parasitology International (2015), http://dx.doi.org/10.1016/j.parint.2015.11.011



http://dx.doi.org/10.1016/j.parint.2015.11.011

S. Yothaisong et al. / Parasitology International xxx (2015) XXx-XXx 3

2.7. Statistical analysis

Statistical analyses were performed by using SPSS software version
17 (IBM Corporation, NY, USA). Pearson's correlation coefficient was
calculated for the correlation between IHC scores of each protein in
CCA tissues. The cumulative survival after tumor removal was calculat-
ed according to the Kaplan-Meier method, with a log-rank test. Cox
proportional hazard analysis was used to assess survival data. Factors
significant in univariate analyses were further examined by multivari-
able analysis. P < 0.05 was considered statistically significant.

3. Results

3.1. Histopathological changes of OV-induced cholangicarcinogenesis in
hamster liver tissues

The liver tissues of hamster were collected at different times follow-
ing treatment with Ov plus NDMA. No pathological changes were
observed in the control group, whereas hyperplastic lesions, precancer-
ous lesions and carcinomas were observed at 30, 90, and 180 days post-
infection (p.i.), respectively [9].

3.2. Increase expression of LAT1 and CD98 in hamster liver tissues during
CCA development

The expression patterns of LAT1 and CD98 during carcinogenesis of
Ov-induced hamster CCA are shown in Fig. 1A. Positively stained signals
of LAT1 and CD98 were observed in both cytoplasm and membrane of
bile duct epithelial cells. A faint positive staining for LAT1 and CD98
was also seen in normal bile ducts of the untreated group. In the Ov
plus NDMA-treated groups, the intensity of LAT1 and CD98 positively
stained cells increased in a time-dependent manner during
cholangiocarcinogenesis with the highest positive signal being seen
when CCA was fully developed (180 days p.i.). Moreover, our results
also revealed the expression of LAT1 and CD98 in the inflammatory
cells. Thus, oxidative stress caused by Ov infection can induce LAT1
and CD98 expression in cholangiocytes.

3.3. Increased LAT1 and CD98 expression induced by H»0»-induced
oxidative stress condition via a PI3K/AKT signaling pathway

To prove whether the increased expression of LAT1 and CD98 was
aresponse to oxidative stress, we next determined the time course of
the increase in LAT1 and CD98 expression in immortalized
cholangiocytes subjected to oxidative stress induced by H,0, with
increasing incubation time. MMNKT1 cells were exposed to 200 uM
of H,O, for 0-48 h. Our results reveal that the treatment of
MMNK1 cells with H,0, at the indicated concentration can induce
LAT1 and CD98 expression in a time-dependent manner as shown
in Fig. 1B. We then showed that upregulation of LAT1 and CD98, as
well as an increased activation of PI3K/AKT signaling pathway, dem-
onstrated by an increase of p-AKT and p-mTOR levels, occurred
under the oxidative stress induced by H,0, in both MMNK1 and
CCA cells (Fig. 2). Moreover, a decrease in the expression of LAT1
and CD98 protein, as well as a reduction p-AKT and p-mTOR, was
seen in the BEZ235, the specific dual PI3K/mTOR inhibitor treated
CCA cell lines (Fig. 3).

3.4. High LAT1 and CD98 expression in human CCA is associated with a poor
prognosis

To determine whether the increased expression of LAT1 and CD98
has a significant biological meaning in human cholangiocarcinoma, we
examined the expression of LAT1 and CD98 proteins in 178 human
CCA tissues. The age of the patients ranged from 26 to 76 years (medi-
an = 57 years). Among all patients, 69% (122 cases) were male and
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Fig. 1. Expression of LAT1 and CD98 during cholangiocarcinogenesis.
(A) Immunohistochemical staining of LAT1 and CD98 in hamster liver tissues at 14,
30, 90, and 180 days post-treatment compared with an untreated group, magnifica-
tion x 200 and x400. (B) MMNK1 cells were treated with 200 pM of H,0, for 0, 6,
12,24, and 48 h, then expression of LAT1 and CD98 was analyzed by Western blotting.
Bar graphs show mean + S.E.M. of densitometry values of LAT1 and CD98 and present
as % of control. o
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500 pM for 24 h. Then total lysates were extracted and analyzed by Western blotting using the indicated antibodies. (B) Bar graphs show mean + S.E.M. of densitometry values of protein

bands and present as % of control.

31% (56 cases) were female, resulting in a male-to-female ratio of 2.2:1.
All patients had advanced-stage cancer with 58% (104 cases) presenting
with metastasis. The histological types were classified as papillary type
CCA with 35% (63 cases) and non-papillary type CCA with 65% (115
cases).

The results of immunohistochemical staining revealed the expres-
sion of LAT1 and CD98 in both the cytoplasm and plasma membranes
of positively stained cells. Normal bile duct epithelia showed no or
weak positive staining of LAT1 and CD98, while an increased expression
was observed in CCA cells (Fig. 4A). We found that LAT1 was positive in
86% (153 cases). This could be divided into high expression in 56% (100
cases) and low expression in 30% (53 cases). Negative LAT1 was found
in 14% (25 cases). In addition, CD98 was positive in 95% (170 cases),
divided into high expression in 62% (111 cases) and low expression in
33% (59 cases). Negative CD98 expression was found in 5% (8 cases).

Co-expression of LAT1 with CD98 was found in 83% (147 cases).
LAT1 positive and CD98 negative expressions were observed in 3% (6
cases), whereas LAT1 negative and CD98 positive were identified in
13% (23 cases). Two cases (1%) were negative for both proteins. High
expression of LAT1 with CD98 was observed in 39% (70 cases). Low
expression of LAT1 with CD98 was found in 20% (35 cases). High
expression of LAT1 with low or negative CD98 was seen in 17% (30
cases). High expression of CD98 with low or negative LAT1 was identi-
fied in 23% (41 cases). LAT1 expression score was positively correlated
with CD98 (P = 0.017, Table 1).

3.5. The high LAT1 expression is correlated with a short survival of CCA
patients

Increased levels of LAT1 or CD98 were not associated with age,
gender, histological type, and tumor metastasis (data not shown).

The log-rank analysis indicated that a positive and high expression
of LAT1 was significantly correlated with shorter patient survival
(P =0.002 and P < 0.001, Fig. 4B and C). However, no difference was
found between the expression of CD98 and survival (data not shown).
Interestingly, patients positive for both LAT1 and CD98 (147 cases,
83%), as well as those having a high expression of both LAT1 and
CD98 (70 cases, 39%), had a significantly shorter survival time than
patients without these characteristics (P = 0.001 and P < 0.001, Fig 4D
and E).

According to the results of our univariate analysis, LAT1 positive,
high LAT1 expression, positive both LAT1 and CD98, as well as high
expression both LAT1 and CD98 with gender were prognostic in CCA
patients (Table 2). The subsequent multivariable analysis confirmed
that high LAT1 expression (P = 0.002) and gender (P = 0.048) were
independently prognostic of survival in these patients (Table 2). CCA
patients who had a high LAT1 expression had a 2.1-fold higher risk of
death than the patients whose tumors were negative or had a low
expression of LAT1.

4. Discussion

Several studies have demonstrated that the expression of LAT1 is
closely linked to the several types of cancer [16,17]. Moreover, increased
LAT1 expression is involved in cancer cell proliferation and progression,
leading to a poor prognosis for various cancers [22-26]. Interestingly,
there is strong evidence supporting the hypothesis that overexpression
of LAT1 in tumor cells might be used as a tumor diagnostic marker
detected by positron emission tomography (PET) imaging [33-35]. Pre-
vious studies have demonstrated that a novel LAT1 inhibitor, JPH203,
can inhibit tumor growth in human colon cancer cells [27] and leukemic
cells [29] in both in vitro and in vivo models. Moreover, JPH203 can
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induce apoptosis in a model of human oral cancer [28] and leukemia
[29], indicating that targeting LAT1 may be clinically useful as a cancer
treatment.

Only three studies have reported roles of LAT1 in CCA. The first two
demonstrated that increased LAT1 expression predicts a poor prognosis
in CCA patients [23,36]. The third showed that targeted knockdown of
LAT1can inhibit leucine uptake and is concomitant with reduced cell
migration and invasion in KKU-M213 CCA cell [30]. However, there
was no evidence of LAT1expression during CCA carcinogenesis.

In the current work, we demonstrated that the expression LAT1 and
its co-functional protein CD98 were increased during carcinogenesis
processes in Ov-induced hamster CCA tissues. Thus, oxidative stress
caused by Ov infection might be responsible for this event. LAT1 expres-
sion is regulated by the c-Myc gene [37], which is a proto-oncogene and
upregulated by ROS treatment in a model of H,0,-treated melanoma
cells [38]. In addition, c-Myc expression is upregulated in CCA and
appears to be a tumor diagnostic marker [39]. Therefore, upregulation
of LAT1 and CD98 caused by oxidative stress during chronic Ov infection
may be regulated by the c-Myc gene.

Additionally, we then demonstrated for the first time that oxidative
stress induced by H,0, dramatically activates LAT1 and CD98 expres-
sion in a time-dependent way in immortal cholangiocyte (MMNK1)
via the PI3K/AKT signaling pathway. These results provide more infor-
mation that is helpful in explaining the molecular mechanisms by
which Ov-induced CCA develops. Chronic inflammation caused by Ov
infection leads to the overproduction and accumulation of reactive oxy-
gen and reactive nitrogen radicals in inflamed target cells [6,40].

Moreover, increased levels of these radicals have the potential to dam-
age DNA, proteins, lipids, and alter gene expression, all of which can
contribute to cellular carcinogenesis [4,6-9]. Repeated cycles of cell
damage and compensatory cell proliferation promote the development
of tumor cells. LAT1 and its partner CD98 can supply the amino acids
needed to support massive protein synthesis for continuous growth
and proliferation [14,15]. Interestingly, the increase of LAT1 and CD98
is probably regulated by a PI3K/AKT signaling pathway which is also
overactivated during Ov-infection-associated CCA tumorigenesis [12].
Additionally, the expression of LAT1 is closely correlated with p-AKT
and p-mTOR, which is the key downstream elements in PI3K/AKT sig-
naling [41,42]. Moreover, mTOR is an upstream regulator of LAT1 in a
model of insulin-treated mouse myoblast cell line [43].

Furthermore, we report the expression of LAT1 and CD98 in human
CCA tissues from endemic areas of Ov infection. The increase of LAT1
and CD98 expression in human CCA might be regulated by PI3K/AKT
signaling for which the overactivation of a particular pathway has
been previously reported [11,13]. Interestingly, high expression of
LAT1 in human CCA tissue was a significant prognostic factor for shorter
survival. Our results conform to previous reports in which the high
expression of LAT1 was significantly associated with a shorter survival
in cancer patients [23,36]. The results from multivariate analysis con-
firmed that LAT1 expression is an independent prognostic factor for
predicting shorter survival. The result from multivariate analysis also
indicated that male gender is an independent risk factor for poor prog-
nosis. The number of male patients is 2.2-fold that of female patients,
and male gender is a risk factor for CCA [44].
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Fig. 4. Expression of LAT1 and CD98 in human CCA tissue. (A) Representative immunohistochemical staining of LAT1 and CD98 in normal bile duct, magnification x400 and
human CCA tissue microarray, magnification x 100 and x 400, respectively. (B) and (C) Kaplan-Meier curve of CCA patients with positive LAT1 and high LAT1 expression,
respectively. (D) and (E) Kaplan-Meier curve of CCA patients with co-expression of positive LAT1 and CD98 and high expression of LAT1 and CD98 in human CCA patients,

respectively.

Table 1
Correlation coefficient between IHC scores of LAT1 and CD98 in human CCA tissues micro-
array (TMA).
LAT1
CD98 Correlation coefficient 0.179
P 0.017"

* Correlation is significant at the 0.05 level (2-tailed).

In the present study, we also demonstrated the significant positive
correlation between the expression levels of LAT1 with its functional
protein partner CD98, indicating that CD98 is essential for the functional
expression of LAT1. Unfortunately, there was no significant correlation
between CD98 and patient survival as previously reported in some
types of cancer, such as lung cancer and oral cancer [45-47].

In summary, we demonstrate that oxidative stress during chronic Ov
infection can induce LAT1 and CD98 expression in a CCA model. This is
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Table 2
Multivariate analysis of clinicopathological variables for survival by a Cox proportional hazards regression model.
Univariate Multivariate

Variable (No. patients) Hazard ratio 95% Cl p Hazard ratio 95% Cl P
LAT1

Negative (25) 1 1

Positive (153) 1.909 1.245-2.926 0.003" 0.889 0.329-2.379 0.809
LAT1

Other (78) 1 1

High (100) 2241 1.644-3.054 <0.001" 2.103 1.329-3.327 0.002"
CD98

Negative (8) 1

Positive (170) 1.562 0.724-3.368 0.255
CD98

Other (67) 1

High (111) 1.151 0.848-1.564 0.367
LAT1/CD98

Other (31) 1 1

Positive/Positive (147) 1.998 1.341-2.976 0.001" 1.542 0.612-3.884 0.358
LAT1/CD98

Other (108) 1 1

High/High (70) 1.854 1.359-2.531 <0.001" 0.881 0.567-1.369 0.573
Age (years)

<57 (89) 1

>57 (89) 1.099 0.811-1.489 0.542
Gender

Female (56) 1 1

Male (122) 1.488 1.077-2.055 0.016" 1.400 1.003-1.955 0.048"
Histological types

Papillary (63) 1

Non-papillary (115) 1.131 0.830-1.541 0.435
Metastasis

No (74) 1

Yes (104) 1.304 0.962-1.766 0.087

* Pvalue equal to or less than 0.05 was considered statistically significant.

likely to be regulated by the PI3K/AKT signaling pathway. Moreover,
high LAT1 expression can be used as a prognostic marker for CCA
progression. Further study to explore whether LAT1 can be used as a
potential target for the CCA therapy needs to be carried out.
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HOXB9 acts as a negative regulator of activated human
T cells in response to amino acid deficiency

Keitaro Hayashi!, Motoshi Ouchi!, Hitoshi Endou? and Naohiko Anzai!

T-cell activation is an energy expenditure process and should be properly controlled in accordance with the availability of
nutrients such as amino acids to eliminate wasteful energy consumption. However, the details of response to amino acids
insufficiency in activated T cells remain largely unknown. Here we show that homeobox B9 (HOXB9), a member of the
homeobox gene family that is known as a morphogenesis regulator, acts as a suppressor of activated human T cells to address
amino acid starvation. The expression of HOXB9 was triggered by amino acid deprivation as well as functional inhibition of
L-type amino acid transporter 1 (also known as SLC7A5) via activating transcription factor 4 in activated T cells. HOXB9
interfered the activities of NF-kB, NFAT and AP-1 but not retinoic acid receptor-related orphan receptor, resulting in attenuation
of the production of selective cytokines in activated T cells. Thus, the morphogenetic gene plays an unexpected role in the
regulation of cellular metabolism with changes in the nutrition status in human T cells.

Immunology and Cell Biology (2016) 00, 1-6. doi:10.1038/icb.2016.13

Recent studies have made it increasingly evident that many cells have
certain systems to cope with nutrient starvation."»? The availability of
nutrients is constantly being monitored and once cells have figured
out that the amount of the source for cellular metabolism is less than
that needed, they initiate a stress response to suppress energy
consumption processes, which is safeguard against nutrient deficiency.
Mammalian target of rapamycin, a serine/threonine kinase, is one of
the representative nutrient sensors, which promotes protein synthesis
and cell cycle progression and inhibits autophagy induction provided
that nutrients are plentiful.>~> Another major sensor for intracellular
nutrients is general control non-derepressible 2 (GCN2).%7 Depriva-
tion of amino acids activates GCN2, which promotes the expression of
activating transcription factor 4 (ATF4),% a transcription factor that
regulates the expression of special genes responsible for adaptation to
an amino acid shortage.*1°

Activated T cells aggressively proliferate and produce various
cytokines, which require increased cellular metabolism. It is necessary
for activated T cells to take a greater amount of nutrients to satisfy the
increased cellular metabolism. Indeed, full activation of T-cells induces
the expression of L-type amino acid transporter 1 (LAT1, also known
as SLC7AD5), a transporter with the capability to intake essential amino
acids efficiently in humans and mice.!'~!3 On the other hand, it is also
evident that T cells willingly block further activation when LATI
function is inhibited or amino acids are deprived.lz'14 However, it is
not entirely clear how the systems monitoring nutrient availability in
activated T cells ultimately suppress the immunological reaction when
amino acids become deprived.

In this study, we characterized HOXBY, a member of the homeobox
gene family, as a negative regulator of activated T cells in response to

LAT1 dysfunction and amino acid starvation. The HOX family
encodes a transcription factor that has a DNA binding motif called
homeodomain and has been demonstrated to be critical for normal
morphogenesis, especially for normal segment formation.!>17
Although recent studies have shown that some HOX genes including
HOXB9 have substantial roles in cancers,'$20 the involvement of
HOX genes in stress response for nutrient starvation has not been
investigated.

We demonstrated that HOX protein contributes to the optimization
of immune reactions when activated T cells encounter an amino acid
insufficiency. Our surprising finding that the morphogenetic gene
plays an unrealized role in stress response to amino acid starvation in
activated T cells may provide a new insight into the mechanism of the
nutrient sensing system to control intracellular metabolism depending
on nutrient conditions.

RESULTS

Induction of HOXBY expression by amino acid deficiency

Our previous study using a microarray assay demonstrated that
inhibition of LAT1 in activated human primary T cells induces
expression of a number of genes.'> One of those genes is HOXBY.
By using real time PCR (RT-PCR), we initially confirmed the
induction of HOXBY expression by JPH203, a LAT1-specific inhibitor,
in purified human blood T-cells stimulated with anti-CD3, CD28
antibodies (Figure 1la). Facilitated expression of HOXB9 was also
observed by activation of human T cells cultured in a medium in
which essential amino acids were deprived (Figure 1b). We also found
that previously activated human T-cells promote HOXB9 expression
by removal of essential amino acids (Figure lc), suggesting that both
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Figure 1 Induction of HOXB9 expression by amino acid starvation in activated T cells. (a and b) Freshly isolated human CD4* T cells were activated by anti-
CD3/CD28 in the presence of JPH203 (5 pm) (a) or without essential amino acids (-EAA) (b) for 3 days. HOXB9 expression was measured by RT-PCR. The
relative copy number of HOXB9 to one copy of GAPDH was shown. (c) Freshly isolated human CD4* T cells were activated by anti-CD3/CD28 in a normal
medium for 5 days and further cultured in the medium with or without essential amino acids for 3 days. HOXB9 expression was measured by RT-PCR. The
relative copy number of HOXB9 to one copy of GAPDH was shown. Data are representative of three separate experiments. Data are expressed as the

mean +s.d. *P<0.01.

primary and effector T-cells trigger HOXB9 expression as a response
to amino acid starvation. In contrast, we could not detect the HOXB9
messenger RNA (mRNA) in fleshly isolated T cells, suggesting that
HOXBY is not expressed unless T cells are activated.

Taken together, these results indicate that HOXB9 expression is
primed in response to amino acid starvation in activated human
T cells.

HOXB9 inhibits T-cell function

We hypothesized that induction of HOXB9 expression by a LAT1
defect or deprivation of amino acids might have special significance in
regulation of T-cell metabolism as a stress response to amino acid
starvation. To test this hypothesis, we analyzed the function of HOXB9
in T cells. Human primary T cells were transfected with a HOXB9
expression vector and stimulated with anti-CD3 and anti-CD28
antibodies. The amounts of IFNy, IL-2, IL-4 and IL-17 produced
were then determined. Overexpression of HOXB9 significantly
reduced the productions of IFNy, IL-2 and IL-4 (Figure 2a). Interest-
ingly, however, IL-17 production was not significantly changed
by HOXBY.

We also found that knockdown of HOXB9 by small interfering
RNA (siRNA) in T cells that were activated without essential amino
acids slightly increased the productions of IFNy, IL-2 and IL-4,
although deprivation of essential amino acids decreased IL-17
production below measurable limits (Figure 2b).

These results indicate that HOXB9 acts as a negative regulator of
production of selective cytokines in activated human T cells, which
could contribute to the repression of cellular metabolism in response
to a lack of amino acids.

HOXB9 inhibits AP-1, and NFAT and NF-kB activities but not ROR
activity

We next investigated in more detail the basis for interference of
cytokine production by HOXB9 in T cells. NFAT, AP-1 and NF-kB
are representative transcription factors that positively regulate the

Immunology and Cell Biology

production of cytokines after T-cell activation.’! We therefore
investigated the influence of HOXB9 on NFAT, AP-1 and NF-xB
functions. Construct harboring the promoter including the binding
sequence of each transcription factors in front of luciferase gene were
transfected with a HOXB9 expression vector into Jurkat T cells, and
the cells were activated by PMA/Ionomycin to activate the pathway
from TCR/co-stimulation. As shown in Figure 3, HOXB9 significantly
inhibited NFAT, AP-1 and NF-«xB activities.

As HOXBY did not impair the production of IL-17 in human
T cells, we also examined the effect of HOXB9 on the activity of
retinoic acid receptor-related orphan receptor (ROR), which is a
critical transcription factor for IL-17 expression.”? HOXB9 increased
the expression of a luciferase gene placed behind the ROR binding
element to a small extent (Figure 3), suggesting that HOXB9 slightly
augments ROR activity, which might explain why HOXB9 does not
suppress the production of IL-17 in activated T cells.

Taken together, these results suggest that HOXB9 acts as a potent
negative regulator of activated human T cells in response to amino
acid starvation by selective inhibition of transcriptional factors that are
important for cytokine production.

Induction of HOXB9 expression is mediated by ATF4

We further investigated the mechanism of the induction of HOXB9
expression. GCN2 is one of the major sensors of amino acid shortage
in various cells. Amino acids starvation increases uncharged transfer
RNAs, which activate GCN2 and the downstream signal ATF4
transcription factor, leading to gene expression that is responsible
for amino acid starvation. Indeed, ATF4 phosphorylation, which
activates its transcription activity,”> was enhanced by JPH203 in
T cells (Figure 4a). ATF4 recognizes the consensus DNA binding
sequence composed of (A/G/T)TT(G/T/A)CATCA.** We located the
complete ATF4 consensus binding sequence (5-ATTGCATCA-3') at
334 bp upstream of HOXBY translation initiation site in the human
genome. This fact prompted us to examine the involvement of ATF4
in the regulation of HOXB9 expression. We transfected ATF4 siRNA
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Figure 2 Effect of HOXB9 on T-cell activation. (a) Freshly isolated human CD4* T cells were transfected with a HOXB9 expression vector and activated for
3 days. The concentrations of cytokines in the culture medium were determined. (b) Effect of HOXB9 siRNA on cytokine production. Freshly isolated human
CD4* T cells were transfected with HOXB9 siRNA or control siRNA and activated for 3 days with (EAA(+)) or without (EAA(-)) essential amino acids. The
concentrations of cytokines in the culture medium were determined. ND, not detected. Data are representative of two separate experiments. Data are
expressed as the mean+s.d. *P<0.05, **P<0.01.

- |6

Immunology and Cell Biology



HOXB9 responds to amino acid starvation in T cells
K Hayashi et al

B,

NFAT AP-1

3 * 3 9 *

2 2 1

1 11
2
=
8 0! 0 -
A Vec HOXB9 Vec HOXB9 Vec HOXB9 Vec HOXB9
8 — 7 =
ko] P/ P/
k3]
= NF-kB ROR
o 27 S -
= *
K *
[0]
o

2 4
1 -
1 .

Vec HOXBY Vec HOXB9 Vec HOXB9 Vec HOXB9
P/l P/l

Figure 3 Effect of HOXB9 on activities of NFAT, AP-1 NF-xB and ROR.
NFAT-, AP1- NF-kB- or ROR-luc construct was transfected with empty vector
(Vec) or the HOXB9 expression vector into Jurkat T cells. The cells were
treated with PMA and lonomycin (P/l) for 7 h. Luciferase activity was
measured and normalized with activity of pRL-TK-luc. Data are
representative of two separate experiments. Data are expressed as the
mean +s.d. *P<0.01.

into human primary T cells and stimulated the cells with anti-CD3/
CD28 antibody and analyzed the HOXB9 expression. ATF4 siRNA
functioned successfully in a substantial decrease in the expression level
of ATF4 (Figure 4b). HOXBY expression was drastically suppressed by
ATF4 siRNA in essential amino acid-starved T cells (Figure 4b). These
results indicate that the induction of HOXB9 expression on amino
acid starvation in activated T cells is mediated by ATF4.

DISCUSSION

Prompt attention to nutrient deficiency is crucial for the survival of
activated T cells as, if T cells leave it untreated, they will synthesize
aberrant cellular components and exhaust their energy, resulting in
cell death. In this study, we identified a new mechanism to address
amino acid starvation in activated T cells wherein HOXB9, a factor
known to be a morphogenesis regulator, is upregulated by ATF4 and
down-modulates the activity of transcription factors that are crucial
for cytokine production. These processes enable activated T cells to
avoid wasteful consumption of energy and material for prolonged
survival under a condition of nutrient scarcity.

The HOX family is composed of 39 genes,?® but little is known
about their functions other than functions in morphogenesis and
cancer. Our study revealed a novel role of HOX gene; HOXBY acts as
one of the factors to overcome the difficulty following amino acid
starvation in T cells.
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Figure 4 Effect of ATF4 on HOXB9 expression. (a) Promotion of ATF4
phosphorylaion by JPH203 in activated CD4* T cells. (b) Freshly isolated
human CD4* T cells were transfected with ATF4-specific siRNA or control
siRNA and activated in the presence or absence of essential amino acids for
3 days. The expression of HOXB9 was determined by RT-PCR. Data are
representative of two separate experiments. Data are expressed as the
mean +s.d. *P<0.01.

We found that the induction of HOXB9 expression is mediated by
ATF4. Although ATF4 is activated by signals from the amino acid
sensor GCN2,10 the target genes of ATF4 are not clear. Our study
demonstrating that HOXB9 triggered by ATF4 diminishes the
activities of transcription factors for cytokine production provides a
new insight into the machinery by which ATF4 enables cellular
material and energy to be saved by modulating its target genes in
amino acid-deficient T cells.

Of interest is that not all cytokine production was impaired by
HOXBY. In this regard, we assume that multiple factors are involved
in halting T-cell activity when amino acids are starved. Indeed, we
demonstrated that DNA-damage-inducible transcript 3 downshifts
global cytokine production in response to amino acid deprivation in
activated T cells.!?> The use of a combination of several factors with
different characteristics probably provides T cells with most appro-
priate tuning of cellular metabolism that is suitable for survival in a
minimum nutrient environment.

The regulation of preferential cytokine production by HOXB?Y raises
the possibility about connection between helper T-cells differentiation
and HOXB9. We evaluated the expression of HOXB9 in Thl, Th2 and
Th17 cells. All cells expressed almost the same level of HOXBY,
although Th17 cells cultured with no essential amino acids had a
slightly lower HOXB9 expression compared with other linages
(K.H., unpublished data). We also differentiated T-cells transfected
with HOXB9 overexpression vector. However, we could not detect any
effects of HOXB9 transfection on Th differentiation (K.H., unpub-
lished data). Since T cells cannot maintain a high level of transfected
gene expression for long periods with the electroporation method,



another transfection system such as virus infection will be required to
resolve this issue.

In conclusion, we uncovered a previously unrecognized mechanism
for adaptation to amino acid starvation in activated T cells. Our
findings may contribute to an understanding of less well-known
eventual targets of pathways monitoring nutrient availability for a
downshift of intracellular metabolism in response to changes in
nutrient conditions.

METHODS

Cells

Human peripheral blood mononuclear cells were isolated from healthy
volunteers by the histpaque centrifugation method (Sigma, St. Louis, MO,
USA). The study was approved by the Dokkyo Medical University Bioethics
Committee. CD4-positive (CD4%) T cells were isolated by Dynabeads
untouched human CD4 T cells kit (Invitrogen, Carlsbad, CA, USA). 5x 10°
CD4* T cells were activated by Dynabeads coated with anti-CD3/CD28
(Invitrogen) for the time indicated in RPMI1640 with 10% fetal calf serum.
For experiment of essential amino acid starvation, HBSS with glucose
(Invitrogen) including vitamin solution (Sigma), MEM non-essential amino
acid solution (Invitrogen) and 10% fetal calf serum with or without MEM
amino acid solution (Invitrogen) was used. JPH203 was described previously.2®

Transfection of human T cells

Pre-designed ATF4-specific siRNA (SI03019345) and its negative control siRNA
(1027280) were purchased from Qiagen (Valencia, CA, USA). Pre-designed
HOXB9-specific siRNA (s6813) and its control siRNA (negative control) were
purchased from Ambion (Austin, TX, USA). siRNA (200 pmol) or plasmid
(5pg) was transfected into peripheral blood mononuclear cells using a
nucleofector (Lonza, Basel, Switzerland) with a human T-cell nucleofection
kit according to the manufacturer’s instructions. CD4" T cells were then
purified and activated for 3 days as described above. For cytokine production
analysis, the culture supernatant was measured by a cytometric bead array
(Becton Dickinson, Franklin Lakes, NZ, USA).

Reporter assay

Jurkat cells were provided by RIKEN Bio-Resource Center (Tsukuba, Japan).
The cells were transfected by electroporation as previously described.?”
ROR-luciferase (luc) was generated by insertion of ROR element sequence of
IL-17 enhancer (5'-GAAAGTTTTCTGACCCACTTTAAATCAATTT-3")?? into
multi cloning site of pGL4.27 (Promega, Madison, WI, USA). AP-1- and
NFAT-luc reporter constructs were described previously.?” NF-kB-luc reporter
construct was obtained by inserting NF-kB consensus binding sequence
(TTTCCGGGGA) into multi cloning site of pGL4.27 (Promega). Firefly
luciferase activity was assessed using a Dual Glo lusiferase assay system
(Promega) and normalized by the activity of renilla luciferase derived from
cotransfected pRL-TK (Promega).

Quantitative RT-PCR
Total RNA was extracted using an RNeasy mini kit (Qiagen). Complementary
DNA (cDNA) was synthesized from total RNA using a prime-script RT reagent
kit (Takara Bio, Shiga, Japan). RT-PCR was performed with SYBR Premix Ex
Taq (Takara Bio). Pre-designed primers for RT-PCR (HA162384 for HOXB9
and HA067812 for GAPDH) were purchased from Takara Bio. The-sequences
f-ATF4-are 5-CGAATGGETCGETGTGGATG-32
and 5-AGGGCATCCAAGTCGAACTC-3

Copy numbers of HOXB9 and GAPDH mRNA were determined using
plasmid as a standard.

for—detection

£ vrimer
i

Plasmid construct

Human HOXB9 c¢DNA was obtained by the PCR method using cDNA
synthesized from human T-cell mRNA as a template. The cDNA fragment
was inserted into pcDNA3.
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Western blot

For analysis of ATF4 phosphorylation, purified CD4" T cells were stimulated
for 1 day in the presence of JPH203 and lysed with 20 mm Tris-HCI (pH 7.5),
150 mm NaCl, 1% Nonidet P-40, 20 mm sodium phosphate, 5 mm sodium
pyrophosphate, 1 mM Na;VO,, 10 mM NaF, 3 mm f-glycerophosphate and
protease inhibitor. After centrifugation at 16 000 g (5 min, 4 °C), the super-
natant was used for western blot. For detection of ATF4 in siRNA-transfected
T cells, 2% 10* cells were lysed in sodium dodecyl sulfate sample buffer and
boiled. Electrophoresis with sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis and immunoblotting were performed with a standard protocol. The
anti-human phospho ATF4 (Ser245) and anti-human ATF4 (C-20) were
purchased from Bioss (Boston, MA, USA) and Santa Cruz Biotechnology
(Dallas, TX, USA), respectively.

Statistical analysis
All statistical significance was tested with Student's ¢-test.
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L-type amino acid transporter 1 (LAT1, SLC7A5) incorporates essential amino acids into cells. Recent
studies have shown that LAT1 is a predominant transporter in various human cancers. However, the
function of LAT1 in thymic carcinoma remains unknown. Here we demonstrate that LAT1 is a critical
transporter for human thymic carcinoma cells. LAT1 was strongly expressed in human thymic carcinoma
tissues. LAT1-specific inhibitor significantly suppressed leucine uptake and growth of Ty82 human

thymic carcinoma cell lines, suggesting that thymic carcinoma takes advantage of LAT1 as a quality

Keywords:
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Transporter

carcinoma.

transporter and that LAT1-specific inhibitor might be clinically beneficial in therapy for thymic

© 2016 The Authors. Production and hosting by Elsevier B.V. on behalf of Japanese Pharmacological
Society. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).

Thymic carcinomas are rare malignant tumors and are often in
an advanced stage when detected (1). Although chemotherapy is
the mainstay of treatment for thymic carcinomas, patients
frequently show resistance to drugs and more efficacious treatment
should therefore be established.

LAT1 is a transporter that incorporates essential amino acids
into cells. A unique feature of LAT1 is its extremely high expression
in many human cancers (2,3), whereas only a small amount of LAT1
is detected in a healthy body (4,5), though LAT1 still has a clear role
in normal tissues (6—8).

A LAT1-specific inhibitor has shown powerful suppressive ef-
fects on many cancer cell lines in vitro and in vivo (9) and is
currently under evaluation in a clinical trial of cancer patients.
Although a wide range of human cancers express LAT1, little is
known about LAT1 in thymic carcinomas. In this study, we inves-
tigated the role of LAT1 in human thymic carcinoma.
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Ty82 human thymic carcinoma cells were purchased from Jap-
anese Collection of Research Bioresources Cell Bank (Ibaraki). The
cells were cultured in RPMI1640 containing 10% FCS. S2 cells stably
transfected with empty vector, human LAT1 and LAT2 were
described previously (9).

Anti-LAT1 antibody (mouse monoclonal) was kindly provided
by J-Pharma (Tokyo).

Anti-B-actin antibody (clone C4) was purchased from Merck
Millipore (Darmstadt, Germany).

For human tissue staining, surgically excised thymic carcinoma
or thymoma was fixed with formalin, embedded with paraffin, and
sliced. The samples were stained with anti-LAT1 antibody and
detected by DAB. The study using human tissue was approved by
Dokkyo Medical University Bioethics Committee.

For western blot analysis, cells were lysed with lysis buffer
(50 mM Tris—HCl pH 7.8, 150 mM NaCl, 5 mM EDTA, 1% Tween-20,
10 mM NaF, 1 mM Na3VOg4, 3 mM B-glycerophosphate, 5 mM py-
rophosphate, protease inhibitor cocktail (Roche Diagnostics, Basel,
Switzerland)). Protein amount was determined using BCA Protein
Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA). Western
blot was performed with 3.5 pg of total protein as described pre-
viously (10).

JPH203 was described previously (9).

1347-8613/© 2016 The Authors. Production and hosting by Elsevier B.V. on behalf of Japanese Pharmacological Society. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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[4C]-i-leucine uptake was initiated by incubating the cells in
HBSS containing 1.0 pM ['4C]-i-leucine (Moravek, Brea, CA, USA)
and JPH203 at 37 °C for 1 min. Uptake was terminated by washing
the cells 3 times with ice cold HBSS. Cells were lysed with 0.1N
NaOH and radioactivity was measured using an LSC-5100 f-scin-
tillation counter (Aloka, Tokyo).

For apoptosis analysis, the cells were stained with annexin V-
FITC and propidium iodide (Medical & Biological Laboratories,
Nagoya) and analyzed by FACS (Becton Dickinson, Franklin Lakes,
New Zealand).

For cell cycle analysis, the cells were initially fixed with 70%
ethanol. After washing the cells with PBS, cells were treated with
RNase A (100 pg/ml) for 30 min at 37 °C and further incubated with
2 pg/ml of propidium iodide for 10 min at room temperature. Cell
cycle was analyzed with FACS.

All statistical significance was tested with Student's t-test by
comparing JPH203-treated samples with control sample.

To understand the role of LAT1 in thymic carcinoma, we initially
analyzed the expression of LAT1 in human thymic carcinoma tis-
sues. Strong expression of LAT1 was detected in thymic carcinoma

Thymic carcinoma

S2
M.W. Ty-82 vector LAT1 LAT2
100
75
50
37 - . — LAT1
25

(Fig. 1A). On the other hand, LAT1 was hardly found in thymoma
(non-cancer) tissue (Fig. 1A). We next examined LAT1 expression in
Ty82 human thymic carcinoma cell line. Ty82 cells expressed LAT1
at a high level (Fig. 1B). These results indicate that LAT1 expression
is facilitated in human thymic carcinoma cells.

To investigate the functional significance of LAT1 in thymic
carcinoma, we assessed the effects of JPH203, a LAT1-specific in-
hibitor, on the incorporation of amino acids in Ty82 cells. The cells
were incubated with or without JPH203 for 1 min and uptake of
[4C]-labeled L-leucine was analyzed. JPH203 impaired the uptake
of leucine in a dose-dependent manner (Fig. 2). These results
indicate that LAT1 is crucial transporter of amino acids in
Ty82 cells.

We next examined the effect of a LAT1-specific inhibitor on
growth of Ty82 cells. The cells were cultured in the presence or
absence of JPH203 and the number of cells was counted. The
number of Ty82 cells was clearly reduced by JPH203 (Fig. 3A). To
determine whether the reduction of Ty82 cells by JPH203 arises
from aberrance of the cell cycle or cell death, we first analyzed the
survival rate of Ty82 cells treated with JPH203 by annexin V and

Thymoma

S2
M.W. Ty-82 vector LAT1 LAT2
100
75
50
T — — — g (-actin
37
25

Fig. 1. LAT1 is a critical transporter of amino acids in thymic carcinoma cells. (A) Tissue staining of human thymic carcinoma (left) and thymoma (right) with anti-LAT1 antibody. (B)
Ty82 cells were lysed and LAT1 protein was detected by western blot. As controls, lysates from S2 cells stably transfected with an empty vector (negative control), LAT1 (positive

control), and LAT2 (negative control) were also used.
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[*4C]-Leu uptake (% control)

0.001 0.01 0.1 1 10
JPH203 (uM)
Fig. 2. Impaired incorporation of leucine by JPH203. [**C]-i-leucine and JPH203 were

added to Ty82 cells and leucine uptake was analyzed by measuring radioactivity. Data
expressed as the mean + S.D.

propidium iodide (PI) staining. 100 pM JPH203 increased apoptotic

cells (annexin V single positive cells) as well as total dead cells
(annexin V positive cells plus PI positive cells) (Fig. 3B), indicating

A

that a high concentration of JPH203 induces cell death of Ty-82
that is derived from apoptosis. We also found that JPH203
modestly decreased the population of Ty82 cells in S phase and
increased the population of cells in G1 phase (Fig. 3C), suggesting
that JPH203 prevents progression of the cell cycle from G1 phase
to S phase. These results indicate that JPH203 has an anti-
proliferative effect on Ty-82 cells that is achieved by both cell
death and G1 arrest.

Here we demonstrated that a LAT1-specific inhibitor has the
ability to exert anticancer effects against thymic carcinoma cells.
Since thymic carcinoma is a relatively infrequent disorder and
there has not been sufficient progress in its therapeutic approach,
the results of our study could offer an additional and effective
treatment option for thymic carcinoma using a LAT1 inhibitor.
However, in our study, high concentration of JPH203 was required
for the sufficient suppression of Ty-82 cells. In experiments with
mice, it appears that the concentration of JPH203 in blood can
exceed 100 puM at the point of administration, but immediately
drops into single digit (9). This result suggests that it is difficult to
maintain a high concentration of JPH203 in vivo. Therefore, it is
recommended combining JPH203 at low concentration with other
anti-cancer drugs to maximize the therapeutic efficacy and
minimize adverse effects when JPH203 is used for clinical
application.
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Fig. 3. Effect of JPH203 on growth of Ty82 cells. (A) Cells were cultured with JPH203 for the indicated days. The number of the cells was counted, and relative cell number to day 0 is
shown. Data expressed as the mean + S.D. *P < 0.01. (B) Cells were cultured with JPH203 for 3 days and stained with annexinV and Propium Iodide (PI). Data expressed as the
mean + S.D. *P < 0.01. **P = 0.011. (C) Cells were cultured with JPH203 for 4 days and the cell cycle was analyzed by staining the cells with PI. The numbers on the top of the

histogram indicate the percentages of cells in G1, S and G2 phase from the left.
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Abstract
L-type amino acid transporters (LATs) mainly assist the
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uptake of neutral amino acids into cells. Four LATs (LAT1,
LAT2, LAT3 and LAT4) have so far been identified. LAT1
(SLC7A5) has been attracting much attention in the field
of cancer research since it is commonly up-regulated in
various cancers. Basic research has made it increasingly
clear that LAT1 plays a predominant role in malignancy.
The functional significance of LAT1 in cancer and the
potential therapeutic application of the features of LAT1
to cancer management are described in this review.
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Core tip: The discovery of molecules preferentially
expressed in cancer cells is extremely valuable for
the development of molecular target drugs in cancer
therapy. Amino acid transporters have been receiving
a great amount of attention as a candidate of such
molecular targets. This review summarizes new
initiatives for clinical applications of the basic research
relative to L-type amino acid transporters, which are
commonly expressed in cancers.
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INTRODUCTION

Cancers consume a huge amount of materials for
biochemical reactions, and a continuous supply of
sufficient nutrients is essential for their survival. Hydro-
philic nutrients are delivered into cells by transporters.
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Figure 1 Structure of LAT1. LAT1 is composed of 12 transmembrane helices that are predicted to form a cylindrical conformation penetrating the cellular membrane.
LAT1 associates with 4F2hc for stable localization at the cellular membrane. LAT2 is similar in structure to LAT1, whereas LAT3 and LAT4 function independently of

4F2hc.

Recent studies have revealed several transporters
preferentially expressed in cancers. Inhibition of cancer
specific-nutrient transporters would be a good strategy
for cancer management with minimal side effects.
Indeed, a therapeutic approach using transporter
inhibitors for cancer prevention has been proven to be
efficacious in cell lines and animal experiments and is
now under evaluation in a clinical trial.

L-TYPE AMINO ACID TRANSPORTERS

Many cells take advantage of transporters to incorporate
what is necessary at the time of need. Transporters fall
into two broad categories based on ATP dependency
for their transport form!!. ATP-dependent transporters,
known as ATP-binding cassette, hydrolyze ATP to
obtain the energy for translocation of their substrates
across the membrane (active transport). Transporters
with no ATPase, called solute carriers (SLCs), facilitate
diffusive transport. Each SLC transporter is named
in combination with the family numeral based on the
sequence similarity and individual number with letter A
between them (e.g., SLC3A2), with a few exceptions.
Most of the amino acid transporters were formerly
categorized into several groups (“System”) on the
basis of their substrates and sodium dependency (e.g.,
System L, which incorporates neutral amino acids
without sodium), but they are currently classified into
SLCs according to their protein homology.

L-type amino acid transporters (LATs) are categorized
as system L transporters. LATs mainly deliver neutral
amino acids into cells in a sodium-independent manner.
So far, four LATs have been identified.

LAT1 (SLC7A5) was identified as the first LAT by
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two groups in 1998™%, The major substrate of LAT1
is large neutral amino acids as typified by leucine.
The expression of LAT1 in normal adults is detected in
proliferative zones of gastrointestinal mucosa, testicular
sertoli cells, ovarian follicular cells, pancreatic islet
cells, and some endothelial cells that serve as a barrier
between tissues (blood-brain, blood-retinal and blood-
follicle barrier)”. Recent studies revealed a crucial role
of LAT1 in activated T cells®™®. As described below,
LAT1 expression is commonly up-regulated in various
cancers.

LAT2 (SLC7A8) was subsequently isolated on the
basis of sequence similarity to LAT1V®). LAT2 has
broader specificity of its substrates including polar
uncharged and small neutral amino acids than that
of LAT1™®, LAT2 is ubiquitously expressed in normal
body™, though LAT2 knockout mice show a mild
phenotype and almost no visible symptoms except
aminoaciduria™®. Both LAT1 and LAT2 are composed
of 12 transmembrane domains that form the pathway
of their substrates™ (Figure 1). They associate with
the heavy glycoprotein subunit 4F2hc (SLC3A2) by
sulfur bond™. Although 4F2hc does not seem to have
a function to directly transfer the substrates, it makes
the localization of its partner LATs more stable at the
plasma membrane!*.

LAT3 (SLC43A1) was isolated by expression cloning
from hepatocarcinoma cells™®!, Sequence analysis
revealed that LAT3 was identical to POV1, which was
originally identified as a cancer-up-regulated gene™***,
The substrate selectivity of LAT3 was similar to that
of LAT1. LAT3 mRNA is expressed in the liver, skeletal
muscle, and pancreas™, The physiological role of LAT3
in normal individuals of mammals remains unknown,
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but it was shown that LAT3 functions for podocyte
development in zebrafish™.

LAT3 appears to behave as a critical transporter in
several cancers. LAT3 is up-regulated in response to
androgen and knockdown of LAT3 expression by RNA
interference (RNAI) significantly inhibits the leucine
uptake and cell proliferation in human prostate cancer
cell lines in vitro™®. Furthermore, high expression
of LAT3 is detected in prostate cancer patients, and
stably knockdown of LAT3 by RNAi in human prostate
cancer cell lines results in decrease of their growth and
metastatic potential with alteration of cell cycle gene
expression after xenografts into mice!*.

LAT4 (SLC43A2) was identified by searching for
sequence homology to LAT3™%., LAT4 is expressed in
the basolateral membrane of the small intestine, kidney
proximal tubule and thick ascending limb epithelial cells.
LAT4 knockout mice are smaller than their controls and
die within 9 d, presumably because of defective amino
acid absorption®". Unlike LAT1 and LAT2, LAT3 as well
as LAT4 functions independently of heavy chain.

LAT1

LAT1 is the most extensively studied transporter among
LATs. The interest in LAT1 is because of its extremely
high expression in diverse human cancers. LAT1 was
originally cloned from mRNA of C6 glioma cells™.
Subsequent studies have shown that LAT1 is highly
expressed in many cancer cell lines. Histological analysis
with qualitatively enhanced antibodies confirmed potent
expression of LAT1 in human cancers in a broad range of
tissues. The number of cancer types that were reported
to express a high level of LAT1 is well above twenty (Table
1). LAT1 is thus a commonly up-regulated amino acid
transporter in multiple human cancers. Furthermore,
LAT1 expression level appears to be associated with
prognosis of cancer patients. For example, elevated
expression of LAT1 correlates with an adverse prognosis
in prostate'®, gastric®®, and pancreatic cancers®,
suggesting that higher-grade tumors are more depen-
dent on LAT1. Not only the expression of LAT1 but also
the functional significance of LAT1 in cancers has been
verified by use of its inhibitors, by knockdown with RNAI
and by gene disruption. 2-Aminobicyclo (2,2,1) heptane-
2-carboxylic acid (BCH) is an inhibitor of system L
transporters. BCH inhibits leucine uptake and strongly
suppresses the proliferation of many cancer cells (Table
1). Genetic manipulation confirmed the functional
significance of LAT1 in cancer cells. Knockdown of LAT1
with RNAiI”>?? as well as genetic disruption of LAT1 by
zinc fingers nucleases-mediated gene knockout™ in
cancer cells reduces leucine uptake and cell proliferation,
indicating that LAT1 is a predominant transporter that
is essential for growth of cancers. The reason that so
many cancers use LAT1 despite the presence of many
other amino acid transporters might be that LAT1 has
a prominent capability for substrate transport. Indeed,
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the affinity of LAT1 for leucine is much higher than that
of LAT2PY, although LAT2 is ubiquitously expressed in
the normal body™. Cancers may therefore be more
dependent on LAT1 for rapid uptake of sufficient amino
acids, whereas normal cells need less amino acid
delivery that can be supported by LAT2.

The definite effect of LAT1 on the growth of various
cancer cell lines prompted researchers to apply the LAT1
inhibitor in a clinical setting. However, the concentration
of BCH required for suppression of cancer growth is
extremely high (usually around 10 mmol/L). Moreover,
the unselective effect of BCH that inhibits all LATs
is another problem, since LATs other than LAT1 are
considered to have functions in the normal body. It has
been necessary to develop drugs that act on just LAT1
but not other transporters at a low concentration. In
2010, Endo and colleagues designed a new compound
named JPH203 ((S)-2-amino-3-(4-((5-amino-2-
phenylbenzo[d]oxazol-7-yl) methoxy)-3,5-dichloropheyl)
propanoic acid)®!. JPH203 has structural analogy to
tyrosine, but it inhibits only LAT1 without affecting any
other LATs. JPH203 displayed potent suppressive effects
on the growth of cancers in vitro™***?*!, Moreover,
this compound has the ability to powerfully inhibit the
proliferation of tumor cell lines of the colon and leukemia
injected into nude mice™"**), Following improvements
in its specificity and pharmacological effect, JPH203
is under evaluation in a phase I clinical trial of cancer
patients.

CLINICAL APPLICATION OF LAT1

Positron emission tomography

By exploiting the characteristics of LAT1 expression,
an approach for the diagnosis of cancers through
radiolabeled substrates of LAT1 has been attempted.
[*®F] or [''C]-labeled compound administered into the
body can be visualized by positron emission tomography
(PET)P%. Cancers incorporating an isotopically labeled
probe can be located by tracing the body with PET. In
the past, 2-'®F-fluoro-2-deoxy-d-glucose (['*F]FDG)
was one of the most commonly used probe for
diagnosis of cancer with PET. This strategy exploits the
characteristic of cancers consuming a huge amount of
glucose compared to that consumed by normal cells.
Although [*®F]FDG has been of assistance in the dlinical
diagnosis of many cancers, it sometimes showed
false positive results, especially in brain, because even
normal brain cells take up a relatively large amount of
glucose. To overcome this problem, amino acids have
attracted attention as alternative probes to glucose.
Representative amino acids or their analogs developed
as probes of PET are L-3-['®F]-fluoro-a-methyl tyrosine
(['*F]FAMT), 6-'°F-fluoro-L-3,4-dihydroxy-phenylalanine
(*®F-DOPA), |-["C-methyl] methionine (["'C]MET)
and O-(2-['®F]fluoroethyl)-I-tyrosine (['®F]FET). If the
compounds are delivered into cells specifically through
LAT1, those cells are likely to be cancers. Indeed,
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Table 1 Summary of studies for expression and functions of LAT1 in cancers

Cancer Expression (method of detection) Inhibition of amino  Growth inhibition by Ref.
acid uptake by
Biliary tract Immunohistochemistry BCH BCH [71]
Bladder Northernblot (cell line) BCH [72]
Bone Immunohistochemistry [73]
Brain Immunohistochemistry, RT-PCR (cell line), Western blot (tissue, BCH BCH [74,75]
cell line)
Breast Immunohistochemistry, RT-PCR (cell line) BCH RNAi, BCH [29,76-78]
Colon Western blot (cell line) Knockout (cell line)  Knockout (cell line) [12]
JPH203
Esophagus Immunohistochemistry [79,80]
Hepatocyte Immunohistochemistry [81]
Gastrointestine Immunohistochemistry, Western blot (cell line) RNAi [23,45]
Laryngeal Immunohistochemistry [82]
Leukemia RT-PCR (cell line) BCH, JPH203 [33]
Lung Immunohistochemistry [41,83-85]
Melanoma Immunohistochemistry, Microarray (tissue), BCH [86,87]
Western blot (cell line)
Myeloma RT-PCR (cell line) RNAi [88]
Neuroendocrine Immunohistochemistry, RT-PCR (tissue), [89]
Western blot (tissue)
Ovarian Immunohistochemistry, RT-PCR (cell line), BCH BCH [47,65,90]
Western blot (tissue, cell line)
Oral RT-PCR (cell line) RNAi RNAi [25]
Pancreas Immunohistochemistry RNAi RNAi [24,27,91]
Western blot (cell line)
Pleura Immunohistochemistry [92]
Prostate Immunohistochemistry, Western blot (cell line) RNAi, BCH RNAi, BCH [18,19,22,28]
Tongue Immunohistochemistry [93]
Thymus Immunohistochemistry, Western blot (cell line) JPH203 JPH203 [94,95]
Urinary tract Immunohistochemistry [96]

RT-PCR: Reverse transcription polymerase chain reaction; BCH: 2-aminobicyclo (2,2,1) heptane-2-carboxylic acid.

[*®F]FAMT images accord well with LAT1 distribution™®.
Moreover, FAMT is incorporated by LAT1 but not by other
amino acid transporters®. Although there is still room
for improvement in its specificity, this method is powerful
tool for diagnosis of cancers including microcarcinoma.

Boron neutron capture therapy

LAT1 is an attractive molecular target for boron neutron
capture therapy (BNCT). BNCT is an anticancer therapy
that utilizes high linear energy transfer alpha particles.
Particle radiation is produced by fission reaction
when irradiated thermal neutrons collide with boron
incorporated by a malignant tumor. The traveling
distance of particle radiation is limited (5-9 um), and it
therefore disrupts only cancer cells incorporating boron
without damage to other cells around target cells®**”.,
A key component of BNCT success is accumulation
of boron specifically in cancer cells. This difficult
task could be achieved by the synthesis of a boron
compound that is selectively delivered by LAT1. Indeed,
p-boronophenylalanine (BPA), a boron compound
commonly used in BNCT, is incorporated by LAT1%%%,
suggesting that LAT1 is an optimal mediator for delivery
of boron in BNCT. However, since we cannot still
completely rule out the possibility of BPA uptake by other
transporters, it is necessary to develop compounds that
exhibit strict selectivity to LAT1. BNCT has accomplished
certain clinical outcomes so far, but the problem in the
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past was that it required a large-scale nuclear reactor to
generate neutrons. However, a compact accelerator has
been developed as an alternative to a nuclear reactor
and it can be installed in a hospital, making BNCT easier
to perform. Such technology will expand the applications
of BNCT in the future.

LAT1 AND METASTASIS

It has been suggested that LAT1 is involved in cancer
metastasis. A number of studies have shown a corre-
lation of increase in LAT1 expression with metastasis
of multiple cancers. Lymph node metastasis-positive
squamous cell carcinomas express LAT1 whereas there is
no positive signal of LAT1 in metastasis-negative cells'*!,
LAT1 mRNA level was significantly higher in renal cell
carcinoma with metastasist*?. A group of cells with high
LAT1 expression showed a larger size of the metastatic
lesion of gastric carcinomal®, LAT1 expression in
neuroendocrine tumors was significantly associated with
lymph node metastasis'*, The potency of the functional
significance of LAT1 in metastasis has been shown.
Knockdown of LAT1 by RNAI inhibited the migration and
invasion of gastric cancer™ and a cholangiocarcinoma cell
line™®!, BCH inhibited the proliferation and migration of a
human epithelial ovarian cancer cell line™*”. On the basis
of these findings, inhibition of LAT1 will be good strategy
to prevent metastasis of cancer. However, it remains to
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Figure 2 Schematic model of acquisition and monitoring of amino acids in cancer. c-Myc promotes expression of LAT1, which supplies amino acids necessary
for growth of cancers. The availability of amino acids is constantly monitored by factors such as mTOR and GCN2. Once amino acid deficiency is detected, cancers
suppress their proliferation and, as occasion demands, induce apoptosis. mTOR: Mechanistic target of rapamycin; GCN2: General control non-derepressible 2; ATF4:

Activating transcription factor 4; CHOP: C/EBP homologous protein.

be determined whether the metastasis defect is derived
from amino acid starvation or from other factors such as
an aberrance of adhesion molecules. It would thus be
valuable to investigate the relevance of LAT1 and integrin
in metastasis, since they form a complex™®,

MECHANISM OF LAT1 EXPRESSION

Although it remains unknown how LAT1 expression
is facilitated in cancers, some possible molecular
mechanisms have been proposed. c-Myc, a proto-
oncogenic transcription factor, has been demonstrated
to be an upstream of LAT1. The expression of c-Myc in
normal adults is generally low™®, but overexpression
of c-Myc triggered by some cues such as gene amplifi-
cation, gene translocation or other gene mutations®™”
is responsible for malignant transformation. Numerous
human cancer tissues strongly express c-Myc. Target
genes of c-Myc include many factors involved in pro-
gression of the cell cycle®!, On the other hand, the
consensus binding sequence of c-Myc is also located at
the LAT1 promoter””. Moreover, knockdown of c-Myc
leads to reduction of LAT1 expression in cancer cell
lines™®”. These results suggest that up-regulation of LAT1
is mediated, at least in part, by c-Myc (Figure 2). Of note
is that c-Myc also enhances the metabolic reprogram
in cancers by promoting the expression of enzymes
of glycolysis and glucose transporter®>>*, This is an
ingenious strategy of cancers since they can coordinate
multiple events required for cell growth by just one
factor.

Some other factors appear to regulate LAT1
expression. Hypoxia-inducible factor (Hif) is a critical
regulator in response to hypoxia. Hif2a, an isoform
of the Hif family, binds to the LAT1 promoter and
enhances LAT1 expression in renal carcinoma cell
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lines™. Artificial manipulation to elevate Hif2a activity
induces LAT1 expression in lung and liver tissues,
in which LAT1 expression is usually lowP*, Aryl
hydrocarbon receptor (AHR) is a transcription factor
that is activated by interaction with its ligands such as
dioxin, and it promotes tumorigenesis®®*!. AHR binds to
its consensus binding sequence in LAT1 and drives LAT1
expression in breast cancer cell lines™, suggesting
that LAT1 contributes to tumorigenesis induced by an
environmental carcinogen. As described previously,
T cell activation induces LAT1 expression'®. Nuclear
factor kappa B, AP-1 and nuclear factor of activated
T-cells are critical transcription factors that are activated
by T cell stimulation and enhance immunological
reactions. The expression of LAT1 is prevented by
inhibitors of these transcription factors™®. This means
that LAT1 expression is induced by the common
regulators that also boost immunological reaction in T
cells.

DOWNSTREAM OF LAT1

Ensuring a sufficient supply of nutrients is an issue of
vital importance for cancers. The majority of cancers
are thought to constantly monitor the availability of
amino acids. Starvation of amino acids rapidly induces a
stress response that puts a brake on cellular biochemical
reactions to avoid wasting energy and materials. The
most extensively studied system for monitoring the
amino acid availability is mechanistic target of rapamycin
(mTOR)*, a serine-threonine kinase. Plenty of amino
acids maintains mTOR kinase activity, resulting in
progression of the cell cycle, protein synthesis, or inhibi-
tion of autophagy induction (Figure 2). Some mTOR
regulators such as SLC38A9™%* Cellular arginine
sensor for mMTORC1 (CASTOR1)®! and Sestrin2® have
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been demonstrated to associate with amino acids to
dictate mTOR activity. Dissociation of those interactions
caused by amino acid deficiency inactivates mTOR and
inverses the reaction of its downstream, resulting in a
halt of cancer growth. Growing evidence suggests that
LAT1 disruption leads to the inhibition of mTOR. LAT1
inhibition decreases mTOR activity in many cancer cell
lines®®**$%] These findings suggest that the arrest of
cell growth of cancers by a defect of LAT1 is derived from
inactivation of mTOR (Figure 2). mTOR inhibitors are
being used in practical trials for therapeutic management
of several cancers'®, Application of JPH203 together
with an mTOR inhibitor probably creates a synergistic
effect and might be useful for maximizing the benefit
of treatment with a low-dose drug, which would help to
minimize adverse effects.

General control non-derepressible 2 (GCN2) is
another factor for detection of amino acid starvation®”.
GCN2 is a serine-threonine kinase that is activated by
amino acid deficiency. Uncharged tRNAs caused by a
decline of amino acid concentration activates GCN2,
which eventually induces activity of activating trans-
cription factor 4 (ATF4). ATF4 regulates the expres-
sion of genes responsible for coping with amino acid
deficiency™. Several studies have shown that dysfunc-
tion of LAT1 initiates the GCN2 signal. JPH203 promotes
the expression of C/EBP homologous protein [CHOP, also
known as DNA damage inducible transcript 3 (DDIT3)],
which is up-regulated by ATF4"*® and probably takes
part in apoptosis in leukemia®™. Gene disruption of LAT1
in cancer cell lines activates the GCN2-ATF4 cascade!?.
Activation of ATF4 by LAT1 defect was also shown in cells
other than cancer. JPH203 triggers the expression of
CHOP™* and homeobox B9"”, a novel target of ATF4,
in human T cells to repress cytokine production. These
findings suggest that GCN2-ATF4 is another critical
system for detecting amino acid deficiency evoked by
LAT1 inhibition (Figure 2).

CONCLUSION

After the importance of LAT1 in cancer cells had been
established, basic studies on LAT1 have progressed with
remarkable speed. Better still, research achievements
are potentially capable of technical developments for
the use of LAT1 as a molecular target in clinical practice.
However, although JPH203 is more effective and
specific than BCH, it still requires a high concentration
for sufficient suppression of the growth of cancers,
and wariness of adverse effect persists. Nevertheless,
such concerns might be overcome, at least for the
time being, by virtue of the proper combinational use
of multiple drugs with different action points in cellular
metabolism (e.g., mTOR inhibitor). However, further
improvements in selectivity of the inhibitor, boron donor
of BNCT and PET probe to LAT1 will raise the quality of
cancer treatment. Besides, although not to the extent
to LAT1, there are several cancers that rely on LAT3
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for their growth and development of a LAT3-specific
inhibitors is also encouraged. Advances in technologies
are expected to resolve such issues.
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Abstract Induced pluripotent stem cells (iPSCs) are opening
up new possibilities for medicine. Understanding the regula-
tion of iPSC biology is important when attempting to apply
these cells to disease models or therapy. Changes of lipid
metabolism in iPSCs were investigated by matrix-assisted la-
ser desorption/ionization time-of-flight imaging mass spec-
trometry (MALDI-TOF-IMS). Analysis revealed changes of
the intensity and distribution of peaks at m/z 782.5 and 798.5
in iPSC colonies during spontaneous differentiation. Two
phosphatidylcholines (PCs) were identified: C44Hg;NOgP,
PC(364)[M+H]+ at m/z 782.5 and C4,Hg>NOgP,
PC(34:1)[M+K]+ at m/z 798.5. The intensity of PC(36:4)
showed an inverse relation between undifferentiated and
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differentiated iPSC colonies. PC(34:1) displayed a diffuse dis-
tribution in undifferentiated iPSC colonies, while it showed a
concentric distribution in differentiated iPSC colonies, and
was localized at the border of the differentiated and undiffer-
entiated areas or the border between undifferentiated iPSC and
feeder cells. These findings suggested that the distribution of
lipids changes during the growth and differentiation of iPSCs
and that MALDI-TOF-IMS was useful for analyzing these
changes. PC(36:4) might play a role in maintaining
pluripotency, while PC(34:1) might play a role in the differ-
entiation and spread of iPSCs.

Keywords iPS - Phospholipids - Phosphatidylcholine -
MALDI - Imaging - Differentiation

Introduction

Induced pluripotent stem cells (iPSCs) are expected to have
various medical uses in the future, such as for the construction
of disease models and for cell therapy [1]. For medical appli-
cation, however, several points need to be considered before
medical application can be achieved, including methods of
regulating iPSC functions such as differentiation, cell purity,
and the biological products [2, 3]. Therefore, to apply and
optimize iPSC technology for medical uses, better elucidation
of iPSC biology is required.

Lipid metabolism influences numerous cellular processes,
including growth, proliferation, differentiation, and motility
[4]. Phosphocholines (Pcho), which were precursors of phos-
phatidylcholine (PC) or polyunsaturated PCs, have been re-
ported to be abundant in embryonic stem cells and iPSCs
compared to mature cells [5, 6].
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Matrix-assisted laser desorption/ionization (MALDI) im-
aging mass spectrometry (IMS) is a technique that can be used
to identify substances by their molecular signatures. In partic-
ular, MALDI with time-of-flight/time-of-flight IMS (MALDI-
TOF/TOF-IMYS) is useful for the analysis of numerous bio-
molecules by collecting hundreds of mass peaks [7].
Imaging analysis enables in situ analysis that distinguishes
the undifferentiated from the differentiated regions of cell
cultures.

As an iPSC colony grows larger, spontaneous differentia-
tion is initiated from the central region of the colony. In colo-
nies of pluripotent stem cells, the differentiated cells show
obvious morphological changes and form typical flat squa-
mous epithelium [8], so the differentiated area is apparently
different from the surrounding undifferentiated area of the
colony.

In the present study, an IMS method was developed to
enable simultaneous mass spectrometry in situ analysis of
differentiated and undifferentiated iPSC colonies in culture.
Previously, preparation of different cell culture dishes with
undifferentiated or differentiated iPSCs and extraction of
lipids from each culture were required. However, we consid-
ered that it might not be necessary to prepare separate differ-
entiated and undifferentiated cell cultures and also might not
be necessary to add cytokines or special media to obtain dif-
ferentiated cells. Therefore, we employed MALDI-TOF-IMS
to identify changes of lipids during spontaneous differentia-
tion of iPSC colonies in the present study.

Materials and methods
Cell culture

The mouse embryonic fibroblast cell line SNL 76/7 (SNL
cells; ECACC) was cultured on gelatin-coated culture dishes
in D-MEM (Nacalai Tesque, Japan) with 10 % fetal bovine
serum and 1 % penicillin/streptomycin (Invitrogen, USA) as
feeder cells. A human iPS cell line (409B2) was obtained from
RIKEN BRC through the Project for Realization of
Regenerative Medicine and National Bio-Resource Project
of NEXT, Japan. The iPSCs were established with episomal
plasmid vectors using pCXLE-hOCT3/4-shp53, pCXLE-
hSox2-KIf4, and pCLXE-hLmyc-Lin28, as reported previous-
ly [9]. The iPSCs were transferred onto SNL cell feeder layers
and cultured in standard human embryonic stem cell medium
(ReproCELL, Japan) containing 4 ng/ml basic fibroblast
growth factor (Wako, Japan). For MALDI analysis, SNL cells
were cultured on gelatin- and indium/tin oxide-coated (ITO)
glass slides (Sigma-Aldrich, USA) in a 10-cm culture dish.
Then, iPSCs were transferred onto the SNL cell layers and
cultured for 6 days. On day 6, the culture dish was placed on
ice and the slides were removed from the dish and washed
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three in times cold saline. Then, the slides were placed in an
ITO-coated glass cassette for MALDI analysis. Differentiated
and undifferentiated areas of the colony were identified by
microscopic examination (Olympus CK30, Japan) and
marked on the reverse side of the glass slide, which was im-
mediately frozen at —80 °C.

Immunocytochemistry

Immunocytochemistry was performed according to the meth-
od reported previously [10]. iPSCs grown on ITO-coated
glass slides were fixed for 10 min at room temperature with
PBS containing 4 % paraformaldehyde. After washing with
pure water, the cells were stained for alkaline phosphatase
(ALP) by using a Leukocyte Alkaline Phosphatase kit
(Sigma, England). To stain cells for stage-specific embryonic
antigen-4 (SSEA-4), iPSCs were first treated with PBS con-
taining 5 % normal goat serum (Funakoshi, Japan), followed
by incubation with mouse anti-human SSEA-4 antibody
(Santa Cruz, USA) as the primary antibody and Alexa488-
conjugated goat anti-mouse IgG (Invitrogen) as the secondary
antibody. Then, the nuclei were stained with 4’,6-diamidino-2-
phenylindole (DAPI; Invitrogen).

Matrix-assisted laser desorption/ionization time-of-flight
imaging mass spectrometry

MALDI-TOF/TOF-IMS was performed with an
iMScopeTRIO® (Shimadzu, Japan) equipped with a 355-
nm Nd:YAG laser [7]. ITO-coated glass slides with cultured
cells were thawed to room temperature just before MS analy-
sis, and dried samples were automatically and homogenously
coated with a matrix (2-hydroxy-5-methoxybenzoic acid,
DHB) using an iMLayer® (Shimadzu). Mass spectrometry
data were acquired in positive ion mode in the mass range
m/z 500-1000. The laser beam diameter was set at 5 pum,
and the mass resolving power was 10,000 at m/z 1000 used
in MS and MS/MS scans. During culture, parts of the iPSC
colonies show spontaneous differentiation. To find lipids with
a different distribution between the differentiated and undif-
ferentiated areas of the iPSC colonies, screening of various m/
z distributions was performed by IMS analysis. The steps in
the analysis were as follows: First, MS analysis was per-
formed for the entire iPSC colony (both differentiated and
undifferentiated colonies) on the ITO glass slide. Principal
component analysis (PCA) was performed as unsupervised
multivariate analysis, and hierarchical clustering analysis
(HCA) of image patterns was done with iMScope TRIO® soft-
ware. Then, IMS analysis was performed on undifferentiated
areas in the undifferentiated iPSC colonies and on differenti-
ated areas in the differentiated iPSC colonies. A total of 16
areas (n=16) in each group from another four cell culture
samples were analyzed; the data were processed with
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iMScopeTRIO® software. Next, comparing the overall and
focal analyses, common target m/z in both differentiated and
undifferentiated iPSC colonies were determined, followed by
MS/MS analysis of the peaks at target m/z values. The target
m/z was determined after elimination of m/z peaks derived
from DHB (matrix). Target m/z was further confirmed by
reversed-phase ultra-high-pressure liquid chromatography
(UHPLC) MS/MS analysis. The IMS and MS/MS analysis
data were compared with the Lipid MAP (http://www.
lipidmaps.org/) and LipidBlast and NIST MS/MS libraries
(http://fiehnlab.ucdavis.edu/projects/LipidBlast), as
previously reported [11, 12]. Mass accuracy tolerance used
in database searches was 0.3 Da. To compare the intensity of
the target lipids in the differentiated and undifferentiated areas
of the differentiated iPSC colonies, imaging analysis was
performed after setting regions of interest (ROIs).

Reversed-phase ultra-high-pressure liquid
chromatography (UHPLC)-MS/MS analysis

Lipids were analyzed by reversed-phase UHPLC using an
Acquity UPLC BEH C18 column (1.7 um, 2.1 x 50 mm;
Waters, Milford, MA, USA) coupled to a 5500 QTRAP mass
spectrometer (Sciex Inc., Framingham, MA, USA). A binary
gradient consisting of solvent A (1:1:3 acetonitorile/methanol/
water containing 5 mM ammonium acetate) and solvent B (2-
propanol containing 5 mM ammonium acetate) was used. The
gradient profile was as follows: 0—1 min, 95 % A; 1-9 min, 5—
95 % B linear gradient; and 9—13 min, 95 % B. The flow rate
was 0.3 ml/min and the column temperature was 40 °C. The
instrument was operated with the following settings: source
voltage of 5000 kV, GS1 40, GS2 40, CUR 30, TEM 300, and
CAD gas HIGH. Phosphocholine-containing phospholipids
were monitored by precursor ion scan of m/z 184.

Extraction of lipids

After washing three times in cold saline, iPSC colonies grown
on feeder cells were harvested with a cell scraper, and all of the
cells were collected (including differentiated and undifferen-
tiated iPSC and SNL cells). After sonication of the cells, lipids
were extracted by the Bligh—Dyer method [13]. Samples were
immediately stored at —80 °C after sealing under nitrogen. To
confirm the lipids identified in the cell samples, lipid extracts
with DHB solution (DHB dissolved in 50 % CH;CN and 1 %
trifluoroacetic acid) were spotted onto stainless steel slides for
MS/MS analysis by MALDI-TOF/TOF.

Statistical analysis
PCA was done for the cumulative contribution ratio of

PC >80 % in each image and the contribution of PC value
to each group >mean PC value of each image. HCA was

performed on the basis of the Euclidean distance and the
method of Ward. PCA, HCA, and generation of dendro-
grams were performed by using iMscopeTrio® software.
Differences in the relative intensity of the target m/z
values between the differentiated and undifferentiated
areas of colonies were determined by using Statview soft-
ware (version 5.0; Abacus Concepts, Inc., Berkeley, CA).

Results and discussion

Confirmation of undifferentiated and differentiated areas
in iPSC colonies by immunocytochemistry

Because the iPSC colonies grew outwards, the central
zone of each colony underwent differentiation before the
peripheral region. To distinguish the differentiated and
undifferentiated areas of the iPSC colonies, ALP and
SSEA-4 staining was performed on day 6 after passaging
the cells. ALP and SSEA-4 were positive in the undiffer-
entiated iPSC colonies and in the undifferentiated arecas of
the differentiated iPSC colonies (Fig. 1a—¢). In the central
zone of the differentiated iPSC colonies, there were only a
few SSEA-4-positive cells. DAPI staining was densely posi-
tive in the undifferentiated iPSC colonies and the undifferen-
tiated areas of the differentiated iPSC colonies, but was also
positive in the differentiated areas (Fig. 1f-h). From these
findings, the differentiated and undifterentiated iPSC colonies
were confirmed as reported previously [10].

MS analysis of entire colonies

MS analysis of entire colonies showed differences of the
relative intensity of various m/z peaks between the differ-
entiated and undifferentiated iPSC colonies (Fig. 1i-1).
The signal intensity of the top 100 peaks was screened
for entire colonies. Representative spectra are shown in
Fig. 1, including peaks derived from DHB and from
SNL cells located at the periphery of the iPSC colonies.
Thus, peaks showing high intensities did not necessarily
reflect the distribution of lipids in the differentiated or
undifferentiated iPSC colonies. PCA based on two-
dimensional image patterns identified 28 groups in the
undifferentiated iPSC colonies and 30 groups in the dif-
ferentiated iPSC colonies (see Electronic supplementary
material (ESM) Figs. S1 and S2 and Tables S1 and S2).
Although several peaks overlapped in several PCA
groups, most of the groups identified in undifferentiated
iPSCs also showed a high intensity in SNL cells localized
at the borders of the iPSC colonies, while several PCA
groups showed a higher intensity in the undifferentiated
iPSC areas than in the SNL cell areas. In differentiated
iPSC colonies, most of the PCA groups showed a similar
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Fig. 1 Confirmation of undifferentiated (und-) and differentiated (dif-)
iPSC colonies by immunocytochemistry and MS analysis of the entire
iPSC colonies. Alkaline phosphatase (ALP) and stage-specific embryonic
antigen-4 (SSEA-4) were positive in both undifferentiated iPSC colonies
and the undifferentiated zone of differentiated iPSC colonies (a—d). Scale
bar indicates 1.0 mm. At higher magnification, there were several SSEA-
4-positive cells in the central zone of differentiated iPSC colonies (e).
Staining for 4',6-diamidino-2-phenylindole (DAPI) was strongly positive

high intensity in both the SNL cell areas and differentiat-
ed areas, but several PCA groups formed concentric cir-
cles in the differentiated iPSC colonies. In the next step,
HCA showed four clusters in the undifferentiated iPSC
colonies (Fig. 2a) and nine clusters in the differentiated
iPSC colonies (Fig. 2b). In the undifferentiated iPSC col-
onies, the high-intensity area of cluster 1 corresponded
with the undifferentiated cells. Cluster 1 clearly showed
a different distribution from cluster 4, which corresponded
with the SNL cells. In the differentiated iPSC colonies,
cluster 1 showed a high intensity in the differentiated
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in undifferentiated areas (f, g), but also positive in the central zones of
differentiated iPSC colonies at higher magnification (h). Squamous epi-
thelial cells differentiated from iPSC were observed at the center of dif-
ferentiated iPSC colonies (h). Microscopic images and spectra obtained
by MS analysis of entire colonies are shown for undifferentiated iPSC
colonies (i, j) and differentiated iPSC colonies (k, 1). Scale bar indicates
660 um (i, k). The spectra of differentiated and undifferentiated iPSC
colonies (j, I) showed different m/z peak patterns. R.I relative intensity

zone, while cluster 9 showed a high intensity in the un-
differentiated area (the m/z peaks belonging to cluster 4 in
the undifferentiated iPSCs and cluster 9 in the differenti-
ated iPSC colonies are shown in ESM Fig. S3 and
Table S3, plus Fig. S4 and Table S4, respectively). Both
cluster 1 at m/z 798.5 in the undifferentiated iPSC colo-
nies (Fig. 2a) and cluster 9 at m/z 798.5 (Fig. 2b) had the
same m/z value, but different distributions in the undiffer-
entiated area, and both areas were morphologically and
immunologically associated with undifferentiated fea-
tures. Further, dendrograms of the HCA clusters
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a Cluster 1

Cluster2  Cluster 3

n=5

m/z 798.5 782.5 741.5

n11

Fig. 2 HCA analysis showed four clusters in undifferentiated iPSC
colonies (a). The top 100 high-intensity m/z peaks were assigned to
HCA clusters. Cluster 1 showed high-intensity m/z peaks in undifferenti-
ated iPSC (n = 4), while cluster 4 showed high-intensity m/z peaks in SNL
cells (n=72). Note that SNL cells were localized around the undifferen-
tiated iPSC colonies. Images and m/z peaks of cluster 4 are shown in ESM

demonstrated that the m/z peaks of clusters 1 and 4 in the
undifferentiated iPSC colonies (Fig. 3a) or clusters 1 and
9 in the differentiated iPSC colonies (Fig. 3b) formed
separate trees.

Localized IMS and MS/MS analyses

Analysis of the entire of colonies demonstrated the distribu-
tion of various lipids, but this analysis included data for DHB
and SNL cells. Therefore, to exclude these background data,
analysis of localized areas was done as the next step (Fig. 4a—
f). Focused MS analysis was done by focusing on the undif-
ferentiated areas in the undifferentiated iPSC colonies and on
the differentiated areas in the differentiated iPSC colonies. In
the previous step of screening entire colonies, the peaks of
DHB and SNL cells had been included, so the range had been
broadly set as the top 100 m/z peaks based on intensity. In the
step of focused analysis, the range had been set as the top 50

504.3

n=1

m/z

798.5

Cluster 7 Cluster 8 Cluster 9 782.5
824.5

s 504.3

799.5

\ : . d

o 19 | 7845

Cluster 4

n m/z
1 628.6
2 588.7
3 552.7
4 550.7
5 570.7
6 552.6

72 610.7

O B O S R

Fig. S3 and Table S3. HCA analysis showed nine clusters in differentiated
iPSC colonies (b). Cluster 1 had high-intensity m/z peaks in the differen-
tiated zone and SNL cell area (n=15), while cluster 9 showed high-
intensity m/z peaks in the undifferentiated rather than the differentiated
areas (n=19). Images and m/z peaks of cluster 9 are shown in ESM
Fig. S4 and Table S4

m/z peaks based on intensity in order to find major abundant
lipids. MS analysis on focused areas showed high intensities
of the peaks, such as m/z 503.0, 601.0, 638.9, 772.5, 782.5,
798.5, and 824.5 in the undifferentiated iPSC colonies (n =
16), while the peaks such as m/z 503.0, 580.1, 601.0, and
681.0 were high, and m/z 782.5 and 798.5 also appeared in
the differentiated iPSC colonies (n =16; Fig. 4b, d). High-
intensity peaks derived from DHB were found at m/z 545.0,
580.1, 585.0, 681.0, and 721.0 (Fig. 4f). From the results of
the analysis of the entire colonies and the localized analysis,
candidate target peaks were selected as follows. First, the m/z
peaks derived from DHB were excluded from the peaks of the
undifferentiated and differentiated iPSC colonies. Second,
peaks common to the undifferentiated and differentiated
iPSC colonies in the localized analysis were selected (ESM
Fig. S5). Third, peaks common to the analysis of entire colo-
nies and to localized analysis were determined. Finally, six
peaks at m/z 503.0, 578.6, 623.0, 638.9, 782.5, and 798.5 were
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Fig. 3 Dendrograms of HCA
clusters showed that the m/z peaks
in clusters 1 and 4 from
undifferentiated iPSC colonies (a)
and the m/z peaks in clusters 1 and
9 from differentiated iPSC
colonies (b) belonged to separate
trees. £.D Euclidian distance

selected (Fig. 5a, b). When the six peaks were subjected to
MS/MS analysis by MALDI-TOF-IMS, two precursor ions of
m/z 782.5 and 798.5 were matched to be PCs by lipid database
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search (Figs. 5a, b and 6a—h). Fragment ions of m/z 782.5
(Fig. 6b, f) and 798.5 (Fig. 6d, h) also matched to each
PC(36:4) or PC(34:1) for m/z 782.5 and PC(34:1) for m/z
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Fig. 4 MS analysis of localized

areas (a—f). MS analysis focused

on the area inside the black square

(a, ¢, and e). Scale bar indicates

660 pm (a, ¢, and e). High- Und
intensity peaks at m/z 503.0,

601.0, 638.9,772.5,782.5,798.5,

and 824.5 were found in

undifferentiated iPSC colonies (b)

(n = 16), while peaks at m/z 503.0,

580.1, 601.0, and 681.0 were

high, and also m/z 782.5 and

798.5, and were in differentiated

iPSC colonies (d) (n = 16). High-
intensity peaks for DHB were

detected at m/z 545.0, 580.1, Dif
585.0, 681.0, and 721.0 (f)

DHB

Fig. 5 a Selection of candidate
m/z peaks. Six peaks were
common to the analysis of entire
colonies and to localized analysis,
and two peaks of m/z 782.5 and
798.5 were matched to database.
b Summary of candidate target m/
z peaks for the analysis of entire
colonies and for localized
analysis. Images of
undifferentiated and differentiated
iPSC colonies corresponding with
the target peaks are shown
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798.5, according to previous reports [11, 12]. The identity of
the other four m/z peaks could not be determined because
parental ions could not be found, although several fragment
ions were obtained by MS/MS analysis. Precursor ions m/z
782.5 was more abundant in the undifferentiated iPSC colo-
nies than in SNL cells localized at around the colonies
(Fig. 6a) and was also more abundant in the undifferentiated
areas than in the differentiated areas of the differentiated iPSC
colonies (Fig. 6e). Precursor ion m/z 798.5 was also more
abundant in the undifferentiated iPSC colonies than in SNL
cells (Fig. 6¢), while it was distributed in concentric circles in
the differentiated iPS colonies (Fig. 6g). To confirm PCs ob-
tained from MALDI-TOF-IMS, MS/MS analysis was per-
formed using lipid extract in the next steps.

MS/MS analysis of lipid extracts from cell culture dishes,
including undifferentiated iPSC colonies, differentiated
iPSC colonies, and SNL feeder cells

To confirm the existence of the m/z fragments, MS/MS
by MALDI-TOF analysis was performed again using
droplets of lipid extracts from the whole culture dish
of a day 6 iPSC culture. The differentiated iPSC colo-
nies accounted for 49.9+11.7 % of all iPSC colonies in
6-cm culture dishes (n=4). Fragment m/z peaks of the
peaks at m/z 782.5 and 798.5 could be obtained, but
there were numerous background peaks (see ESM
Fig. S6; a representative m/z peak list is shown in
Table S5). From these results, UHPLC-MS/MS analysis
was done on lipid extracts on the next further step.
Lipid extracts from the whole culture dish of a day 3
iPSC culture (undifferentiated extracts) and day 8 iPSC
culture (differentiated extracts) were subjected to this

analysis. Extracts from undifferentiated iPSC colonies
accounting for less than about 10 % of the undifferen-
tiated colonies of all iPSC cultures (undifferentiated ex-
tracts) and extracts from differentiated colonies account-
ing for more than 80 % of the differentiated colonies of
the iPSC culture (differentiated extracts) were subjected.
Phosphocholine-containing phospholipids were moni-
tored by precursor ion scan of m/z 184. From both
samples, the peak at m/z 184.1, which was a
phosphocholine ion, was obtained by UHPLC MS/MS
analysis on precursor ions m/z 782.5 (ESM Fig. S7a, c)
and 798.5 (ESM Fig. S7b, d). To identify target PCs,
product ion data obtained by both MALDI-TOF-IMS
and UHPLC were collected. From the precursor ion at
m/z 798.5, the product ions at m/z 739.4, 615.5, and
184.1 were detected. The difference between the m/z
values represents neutral losses (NLs) corresponding to
59 Da from m/z 798.5 to 739.5 and NLs corresponding
to 124 Da from m/z 739.5 to 615.5. NLs of 59 and
124 Da are known PC species of trimethylamine
[N(CH3);3] and cyclophosphane ring [(CH,),PO4H], re-
spectively [12, 14, 15]. According to a database re-
search, the peak at m/z 798.5 was identified as
(C42HgoNOgP, PC(34:1)[M+K]+). For the precursor ion
at m/z 782.5, the product ions at m/z 723.4, 599.5, and
184.1 were detected. The difference between the m/z
values represents NLs corresponding to 59 Da from m/
z 782.5 to 723.4 and NLS corresponding to 124 Da
from m/z 723.4 to 599.5. According to a database re-
search, peaks at m/z 782.5 were (Cy4Hg;NOgP,
PC(36:4)[M+H]+) or PC(C4,Hg,NOgP, PC(34:1)[M+
Nal+). Therefore, images for differentiated colonies
were compared between m/z peaks 782.5 and 798.5

m/z 782.5 m/z 798.5
b 5995 723.4 d 615.5 739.4
v ooV v ooV
(x10,000) (x10,000)
7235 739.5
50 : 2.0]
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= 25 599’5 < 1.0 615.5
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Fig. 6 Lipids showing different distributions in undifferentiated and
differentiated iPSC colonies. When the six peaks were subjected to MS/
MS analysis by MALDI-TOF-IMS, two precursor ions of m/z 782.5 and
798.5 were matched to be PCs by database search. The peak at m/z 782.5
showed an inverse pattern between undifferentiated and differentiated
iPSC colonies (a, e). The peak at m/z 798.5 showed a diffuse distribution
in undifferentiated iPSC colonies, but a concentric pattern in
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differentiated iPSC colonies (¢, g). Fragment ion spectra obtained by
localized MS/MS analysis are shown (b, d, f, h). Fragment ion peaks
obtained by MS/MS analysis of the peak at m/z 782.5 were found at m/
7599.5 and 723.4 in both undifferentiated (b) and differentiated (f) iPSCs,
while fragment ion peaks obtained from the peak at m/z 798.5 were
detected at m/z 615.4 and 739.4 in both undifferentiated (d) and differen-
tiated (h) iPSCs
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Table 1  Summary of the identified lipids

Molecular formula Matched lipids

MS-observed m/z

Theoretical m/z MS/MS fragments

Entire colony

Focused area

Cy4Hg NOgP
C42HgoNOgP

PC(36: H)[M + H+
PC(34: D[M +KJ+

782.5
798.5

782.5
798.5

782.569
798.541

184/599.5/723.4/782.5
184/615.5/739.4/798.5

(Fig. 6e, g). These images indicated different PC distri-
bution patterns between 782.5 and 798.5; nevertheless,
the analysis was done on the same differentiated iPSC
colony. If m/z 782.5 is PC(34:1)[M+Na]+, the images of
m/z 782.5 and 798.5 (PC(34:1)[M+K]+) are possibly the
same; however, the images indicated different patterns
between m/z 782.5 and 798.5 in the same differentiated
colony. Then, we concluded that m/z 782.5 was
(C44HgNOgP, PC(36:4)[M+H]+). Taken together, these
findings confirmed the presence of two distinct lipids, which
were at m/z 782.5 (C44HgNOgP, PC(36:4)[M+H]+) and at m/z
798.5 (C4oHgoNOgP, PC(34:1)[M+K]+) (Table 1). The relative
intensity of PC(36:4), which was m/z 782.5, was significantly
higher in the undifferentiated areas (77.5 +18.2) than in the
differentiated areas (32.4 + 14.7) of the differentiated iPSC col-
onies shown in Fig. 6e (n=6, p=0.0008).

It has been reported that PC(36:4) was the major lipid
showing elevation in murine embryonic stem cells and murine
iPSCs compared with murine fibroblasts [6]. An increase of
unsaturated PCs, such as PC(36:4), PC(38:6), and PC(38:4),
was reported previously, and it was speculated that changes of
PC saturation might alter cell membrane fluidity in relation to
phenotypic changes of stem cells [5, 6]. PC(34:1) has been
reported in various human cancers, such as breast, colorectal,
esophageal, lung, gastric, thyroid, and liver cancer [11, 16].
PC(34:1) is also widely distributed in the rat brain [7], while
its level is reduced in ischemic areas [14]. For regenerating an
organ, MALDI-IMS revealed that multiple PCs were distrib-
uted in regenerating mouse liver. Interestingly, most of the
PCs increased, such as PC(1-acyl 34:1)[M+Na]+, PC(1-acyl
34:1)[M+K]+, PC(1-acyl 34:2)[M+Na]+, and PC(1-acyl
34:1)[M+K]+, but PC(1-acyl 36:4) was not changed. PC(1-
acyl 40:6) and PC(1-acyl 40:8) decreased in the regenerating
liver [17]. From these reports, PC(34:1) may be abundant in
cells with high proliferative activity and metabolism, while it
is decreased in low or stable metabolic states. PC localization
during cell differentiation was reported. MALDI imaging
analysis for the characterization of lipid markers of
chondrogenic differentiation by mesenchymal stem cells
(MSCs) revealed that PCs and Pcho were more abundant in
the peripheral zone of micromasses composed by MSCs on
day 14 of differentiation, while those lipids were distributed
diffusely in micromasses in the early stage of differentiation
on day 2 [18]. In the present study, PC(34:1) was distributed in

concentric circles, with a high intensity at the border between
the differentiated area (center of the colony) and the undiffer-
entiated area of iPSC colonies, as well as at the border be-
tween the undifferentiated area of iPSCs and the SNL cells
(Fig. 6g). Therefore, PC(34:1) may play a role in the differen-
tiation of iPSCs or the invasion of these cells into tissues.

Conclusion

Lipid metabolism changes during the differentiation of iPS
cells. This is the first report about the spatial distribution of
lipids in iPSC colonies. MALDI-TOF-IMS revealed differ-
ences in the distribution of PCs in iPSC colonies, and the
distribution of peaks at m/z 782.5 and 798.5 changed during
the differentiation of iPS colonies. PC(36:4) and PC(34:1)
may be associated with iPS cell differentiation, but further
analysis is needed to elucidate the functional significance of
these lipids.
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Abstract

Unlike normal cells, cancer cells undergo unlimited growth and multiplication, causing them to require massive
amounts of amino acid to support their continuous metabolism. Among the amino acid transporters expressed on
the plasma membrane, L-type amino acid transporter-I, a Na*-independent neutral amino acid transporter, is highly
expressed in many types of human cancer including cholangiocarcinoma. Our previous study reported that L-type amino
acid transporter-1 and its co-functional protein CD98 were highly expressed and implicated in cholangiocarcinoma
progression and carcinogenesis. Therefore, this study determined the effect of JPH203, a selective inhibitor of L-type
amino acid transporter-| activity, on cholangiocarcinoma cell inhibition both in vitro and in vivo. JPH203 dramatically
suppressed [“C]L-leucine uptake as well as cell growth in cholangiocarcinoma cell lines along with altering the expression
of L-type amino acid transporter-1 and CD98 in response to amino acid depletion. We also demonstrated that JPH203
induced both G2/M and GO/GI cell cycle arrest, as well as reduced the S phase accompanied by altered expression of the
proteins in cell cycle progression: cyclin D1, CDK4, and CDKé. There was also cell cycle arrest of the related proteins,
P21 and P27, in KKU-055 and KKU-213 cholangiocarcinoma cells. Apoptosis induction, detected by an increase in
trypan blue—stained cells along with a cleaved caspase-3/caspase-3 ratio, occurred in JPH203-treated cholangiocarcinoma
cells at the highest concentration tested (100 uM). As expected, daily intravenous administration of JPH203 (12.5 and
25 mg/kg) significantly inhibited tumor growth in KKU-213 cholangiocarcinoma cell xenografts in the nude mice model
in a dose-dependent manner with no statistically significant change in the animal’s body weight and with no differences
in the histology and appearance of the internal organs compared with the control group. Our study demonstrates that
suppression of L-type amino acid transporter-| activity using JPH203 might be used as a new therapeutic strategy for
cholangiocarcinoma treatment.
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Introduction

Increased essential nutrient uptake, such as glucose and
amino acids, is required for proliferating cells, especially
in cancer cells which have lost their normal control of pro-
liferation.! Many studies have revealed that numerous
nutrient transporters are upregulated in cancer cells to sup-
port their massive growth. Among the known amino acid
transport systems, system L is a major Na'-independent
transport agency responsible for the transport of neutral
amino acids, including several essential amino acids.?
System L has four isoforms: L-type amino acid transporter
1 (LAT1), LAT2, LAT3, and LAT4. While LAT1 and LAT2
require CD98, a heavy chained cell surface antigen form-
ing a heterodimer for the obligatory amino acid exchange
on the plasma membrane, LAT3 and LAT4 are facilitated
diffusers of amino acid substrates.’’

LATI is one of the most actively studied amino acid
transporters in basic research and drug development in
human cancers. Many studies have demonstrated that
LAT1 is overexpressed and plays a critical role in various
human cancers, including cholangiocarcinoma (CCA).%12
CCA is a usually fatal cancer arising from the epithelial
cells of the biliary tract. The highest incidence of CCA has
been reported from northeast Thailand,'? where it is asso-
ciated with the highest prevalence of liver fluke
(Opisthorchis viverrini) infection.!*!> There is strong evi-
dence indicating that chronic inflammation during liver
fluke infection is a key event of CCA carcinogenesis.!®
The lack of effective medical treatment makes radical sur-
gical resection the only chance of cure;!” however, patients
with CCA typically present at an advanced stage of the
disease with non-resectable tumors, resulting in a very
poor prognosis and only limited therapeutic possibilities.!8
Thus, new approaches to therapy are required to improve
patient survival.

JPH203 (also known as KYT0353) is a novel tyrosine
analog that selectively inhibits LAT1 transport activity.!920
To date, only three studies have shown that JPH203 has
anti-tumor activities in human cancers. JPH203 was highly
effective against [*C]L-leucine uptake and cell growth in
human colon cancer cells,!® human oral cancer cells,?! and
leukemic cells.?2 Moreover, this specific LAT1 inhibitor
showed statistically significant growth inhibition against
xenografted human colon cancer cells!® and murine
T-lymphoma cells with tPTEN~" xenografts in the nude
mouse model.22 Furthermore, JPH203 was nontoxic to
normal murine thymocytes and human peripheral blood
lymphocytes,?? suggesting that inhibition of LAT1 activity
using JPH203 might be used as a novel therapeutic strat-
egy for cancer treatment.

Our previous study has shown that the expression of
LAT1 and CD98 was increased in CCA development dur-
ing oxidative stress due to O. viverrini infection, which
might be regulated by the oncogenic signaling pathway,

phosphatidylinositol-3-kinase  (PI3K)/AKT. We also
showed that CCA tissues exhibited strong LAT1 immu-
nostaining compared to normal bile duct tissues.
Furthermore, LAT1 plays an important role as a tumor
prognostic factor for CCA patients.!!

Based on our previous report, we hypothesized that
LATT1 is the main system L-amino acid transporter in CCA,
potentially making it a target for CCA cell inhibition. In
this study, we investigated the expression of system
L-amino acid transporters and CD98 in CCA cell lines.
Moreover, we determined, for the first time, the effects of
a novel selective LAT1 inhibitor, JPH203, on cell growth
and its mechanism for cell growth inhibition in the CCA
model. Our results from the in vitro model clearly demon-
strated that LAT1 is the main system rL-amino acid trans-
porter in CCA cells and that it is expressed together with
CD98. Inhibition of LAT1 transport activity using JPH203
could dramatically suppress amino acid uptake and CCA
cell growth through altering the cell cycle distribution pat-
terns as well as in inducing apoptosis. Furthermore,
JPH203 has anti-tumor activity against CCA cell growth in
the in vivo model without general toxicity. This result indi-
cates the possibility of using JPH203 for CCA treatment.

Materials and methods

Cell lines and cell culture

The human CCA cell lines, KKU-055, KKU-213, and
KKU-100, were obtained from CCA patients and estab-
lished at the Liver Fluke and Cholangiocarcinoma Research
Center, Khon Kaen University. All of the cell lines were cul-
tured in Ham’s F-12 medium (Sigma-Aldrich, St Louis,
MO, USA) supplemented with inactivated 10% fetal bovine
serum (FBS), 1% penicillin—streptomycin, and NaHCO, in
a humidified atmosphere containing 5% CO,.

Antibodies and inhibitor

Antibodies used in this study were as follows: anti-cyclin
D1 (#2926D), CDK4 (#2906P), CDK6 (#3136P), P21
(#2946), and P27 (#2552P), purchased from Cell Signaling
Technology (Danvers, MA, USA). Antibody against CD98
was purchased from Santa Cruz Biotechnology (Santa
Cruz, CA, USA). Anti-caspase-3 (ab32351) and anti-Ki67
were purchased from Abcam (Cambridge, UK). Anti-
LAT1 antibody and JPH203 was kindly supplied by
J-Pharma (Tokyo, Japan).

Reverse transcription polymerase chain
reaction analysis
Reverse transcription polymerase chain reaction (RT-PCR)

analysis was performed to determine the expression of the
LATs and CD98 at the messenger RNA (mRNA) level.
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Total RNAs were prepared from the CCA cells maintained
in the growth medium at 37°C in 10 cm Petri dishes using
an RNeasy Plus Mini Kit (Qiagen, Hilden, Germany) in
accordance with the manufacturer’s instruction. RT-PCR
analysis was performed with the PrimeScript® RT reagent
Kit (Takara Bio Inc., Shiga, Japan) under the conditions
recommended by the manufacturer and used as a template
for PCR amplification. PCR amplification was performed
using the Promega PCR Master Mix (Promega, Madison,
WI, USA) following the protocol: &#57;5°C for 2min;
followed by 20 cycles of 95°C for 30s, 55°C for 30s, and
72°C for 30's; with a final extension step of 72°C for 5 min.
For LATI1, the forward and reverse primers used were
5-TGCCTGTGTTCTTCATCCTG-3' and 5-CCTCCT
GGCTATGTCTCCTG-3', respectively. For LAT2, the for-
ward and reverse primers were 5-GCCCTCACCT
TCTCCAACTA-3" and 5-AATGCATTCTTTGGCTC
CAG-3', respectively. For LAT3, the forward and reverse
primers were 5'-CACGCTACTGCAAGATCCAA-3" and
5'-AGAAGGGCTCTCCTTTCAGG-3', respectively; and
for LAT4, the forward and reverse primers were 5'-AAATT
TGGCCTTCACTGTGG-3' and 5-ACGACGATGAA
GGAGACACC-3', respectively. For CD98, the forward
and reverse primers were 5-CAGAAGGATGATGTC
GCTCA-3' and 5'-CCAGTGGCGGATATAGGAGA-3/,
respectively. A pair of primers, 5-GCTG CTTT TAAC TCTG
GTAA-3" and 5'-CGCGGCCATCAC GCCACAGT-3/,
was used for the PCR amplification of glyceraldehyde
3-phosphate dehydrogenase (GAPDH).

Quantitative western blotting

To confirm the expression of LAT1 and CD98 in CCA cell
lines, the cells were grown in 10cm Petri dishes before
harvesting and total protein extraction. To investigate the
effects of JPH203, CCA cell lines were plated at 4 x 103
cells in 10cm Petri dishes, cultured overnight, and then
treated with JPH203 at 1-100 uM and 0.1% dimethyl sul-
foxide (DMSO) for 48 h. After incubation, the cells were
harvested and subjected to protein extraction and western
blotting. Briefly, total proteins were isolated by ice-cold
radioimmunoprecipitation assay (RIPA) buffer (50mM
Tris—HCI, pH 7.4, 1% Triton X-100, 0.25% sodium
deoxycholate, 150mM NaCl, 1mM ethylene glycol-bis
(B-aminoethyl ether)-N,N,N',N'-tetraacetic acid (EGTA),
ImM phenylmethylsulfonyl fluoride (PMSF), 2mM
sodium orthovanadate, and 5mM sodium fluoride) sup-
plied as Completed Protease Inhibitor Cocktails (1 tablet/
10 mL of buffer; Roche, Basel, Switzerland). Protein con-
centrations were calculated using a Pierce® BCA Protein
Assay Kit (Thermo Scientific, Rockford, IL, USA). A vol-
ume of 40 pg of proteins were then loaded onto the gels,
separated by sodium dodecyl sulfate—polyacrylamide gel
electrophoresis (SDS-PAGE), and transferred onto polyvi-
nylidene fluoride (PVDF) membranes (EMD Millipore

Corp., Bedford, MA, USA) using the Bio-Rad western blot
system (Bio-Rad Laboratories, Berkeley, CA, USA). After
blocking with 5% skim milk in Tris-buffered saline (TBS),
the membranes were incubated overnight at 4°C with
appropriate primary antibody diluted in blocking buffer.
The specific horseradish peroxidase—conjugated second-
ary antibody incubation was performed for 1h at room
temperature with gentle shaking. The signal was visual-
ized using Pierce ECL Plus Western Blotting Substrate
(Thermo Scientific), and the protein densitometric values
were analyzed by Multi Gauge software (Fujifilm, Tokyo,
Japan). The experiment was replicated three times, and
densitometry values for each protein were normalized with
the densitometry value of f-actin, which was used as inter-
nal control.

Amino acid uptake

To determine the inhibitory effect of JPH203 on amino
acid transport in CCA cells, ["“C]r-leucine (Moravek
Biochemicals Inc., Brea, CA, USA) was used as the proto-
typical LAT1 substrate in uptake experiments evaluated
via radioactivity. Briefly, the indicated cells were seeded at
2.5x10* cells/well in 24-well plates and incubated at 37°C
in 5% CO, for 2 days. After incubation, the adherent cells
were washed three times and pre-incubated for 10 min at
37°C with 0.5mL of sodium free Hanks’ balanced salt
solution (Nat*-free HBSS). Then, the uptake of 1uM
[“C]r-leucine was measured in the presence of JPH203
(0.01, 0.1,1, 3, and 10uM) or 0.1% DMSO in Na'-free
HBSS at 37°C for 1 min and was terminated by washing
with cold Na*-free HBSS. Next, the cells were solubilized
with 0.5mL of 0.1 N NaOH for 20 min, and the cell lysate
mixed with 3mL of scintillation liquid and radioactivity
was measured using an LSC-7200 B-scintillation counter
(Hitachi Aloka Medical, Tokyo, Japan). An aliquot of the
cell lysate was used to determine the protein concentration
using a Pierce BCA Protein Assay kit (Thermo Scientific).
All experiments were replicated three times. The ICs, val-
ues of [“C]r-leucine uptake were calculated using
GraphPad Prism5 (GraphPad Software Inc., San Diego,
CA, USA).

Cell growth inhibition assay

A sulforhodamine B (SRB; Sigma-Aldrich) assay was
performed to determine the effect of JPH203 on cell
growth inhibition. The CCA cells were seeded at a den-
sity of 2x 103 cells in 100 uL of medium/well in 96-well
plates and maintained at 37°C in 5% CO, overnight.
Then, the cells were treated with different concentrations
of JPH203 (0.1-100 uM) in 100 pL. of medium, and 0.1%
DMSO was used as a control at 24, 48, and 72 h. Later,
the cell numbers were estimated using an SRB assay, as
previously described.?? In brief, the adherent cells were
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fixed with 100puL of 10% trichloroacetic acid (TCA,
Wako Pure Chemical Industries Ltd., Tokyo, Japan) for
1h at 4°C. Then, they were washed with deionized water
and stained with 0.4% SRB dye in 1% acetic acid for
30min. After removal of the SRB dye, the cells were
washed with 1% acetic acid and were allowed to air dry.
Thereafter, SRB-stained cellular proteins were dissolved
in 200 uLL of 10 mM Tris base (pH 10.5). The optical den-
sities were measured at 540nm in an enzyme-linked
immunosorbent assay (ELISA) plate reader, Varioskan
Flash (Thermo Fisher Scientific, Vantaa, Finland). The
percent viability of the cells in each well was calculated.
The experiments were replicated three times, and the
IC,, values were calculated using GraphPad Prism 5
(GraphPad Software Inc.).

Cell cycle analysis

CCA cells were seeded and treated with JPH203 as
described in section “Quantitative western blotting.” After
incubation, 1x10° cells per experimental condition were
harvested and washed with cold phosphate-buffered saline
(PBS). Thereafter, the cells were fixed with 70% cold etha-
nol and kept at —20°C until analysis. After fixation, the
cells were washed with cold PBS and incubated with
100 pg/mL RNaseA (Applichem Inc., Cheshire, CT, USA),
and the cell cycle distribution was determined by staining
the DNA with 40 pg/mL of propidium iodide (PI; Invitrogen,
Paisley, UK) for 30 min. The results were analyzed by flow
cytometry (FACS Calibur, BD Biosciences, San Jose, CA,
USA). All experiments were done in triplicate.

Trypan blue dye exclusion assay

Six-well culture plates were used for cell culture. After plat-
ing the CCA cells at 1 x 10° cells/well and culturing for over-
night, designed concentrations of JPH203 were added for
48h. After the treatment period, the cells were trypsinized
and washed with PBS. The cells were then mixed thor-
oughly and 10 uL of cell suspension was added to 10 uL. of
0.4% trypan blue dye (Bio-Rad Laboratories, Inc., Watford,
UK) solution. Dead cells were characterized by the uptake
of the dye and expressed as the percentage of cells staining
blue. The results were detected using a TC20™ Automated
Cell Counter (Bio-Rad Laboratories, Inc., Berkeley, CA,
USA). All experiments were done in triplicate.

Experimental animals

Six-week-old male athymic BALB% nude mice (Clea
Japan, Inc., Tokyo, Japan) were housed and monitored
under pathogen-free conditions in accordance with institu-
tional principals. Food and tap water were provided ad
libitum. Mice were subcutaneously injected with 2 x 106
KKU-213 cells in 0.5mL of medium into the dorsal area.

After 3days, the mice were randomly divided into four
groups: a control group (n=5), JPH203 6.3 mg/kg treat-
ment group (n=5), JPH203 12.5mg/kg treatment group
(n=5), and JPH203 25 mg/kg treatment group (n=5). On
the day of grouping (day 0), body weights and diameters of
the tumor (length and width) were measured. The tumor
volumes were calculated using the standard formula: tumor
volume (mm?3)=longer diameter X (shorter diameter)/2.
After grouping, the mice were intravenously injected with
0.2mL of normal saline solution (NSS) daily for the con-
trol group and JPH203 for the treatment groups for 20 days.
Tumor volumes and body weights were assessed twice a
week. The tumor volumes were expressed relative to the
initial tumor volume (day 0). After treatment, all mice
were sacrificed for the collection of tumor samples as well
as the liver, lungs, spleen, and kidneys. Formalin-fixed
paraffin-embedded sections from the internal organs were
analyzed by hematoxylin and eosin (H&E) staining
according to standard methods. All slides were reviewed
by a pathologist and were photographed using an Olympus
CKX41 Microscope (Olympus, Tokyo, Japan) with
CellSens standard software. The in vivo study was
approved by the local animal welfare committee and was
carried out in accordance with the local regulations.

Immunohistochemistry

The formalin-fixed and paraffin-embedded tumors were
sliced into 4 pm sections and were deparaffinized in xylene
and then rehydrated in graded alcohol. Antigen retrieval
was accomplished by incubating the slides in Tris—=EDTA
Buffer (10mM Tris base, | mM EDTA solution, and 0.05%
Tween 20; pH 9.0) for 3 min in a pressure cooker. Then, the
slides were incubated in 0.3% H,0, for 30 min to suppress
endogenous peroxidase activity and then washed with
PBS. Next, the slides were blocked with 10% skim milk in
PBS for 30 min. The rabbit polyclonal Ki67 antibody was
used as primary antibody at a 1:300 dilution in PBS over-
night at 4°C. The following day, after several washes with
PBS, the slides were incubated with peroxidase-conju-
gated EnVision™ secondary antibody (Dako, Glostrup,
Denmark) for 90 min, and a peroxidase-labeled polymer,
Diaminobenzidine tetrahydrochloride (DAB) solution,
was used for signal development for 5min. The sections
were counterstained with hematoxylin followed by dehy-
drating and mounting. Ki67 positive cells of each tumor
sections were counted in least five of X400 power fields.

Statistical analysis

Statistical analysis was performed using GraphPad Prism
version 5 (GraphPad Software Inc.). The data are expressed
as mean+standard deviation (SD) or mean+standard error
of the mean (SEM). The results of the western blotting
were analyzed with one-way analysis of variance (ANOVA)
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followed by a Tukey’s multiple-comparison test. The
results of cell cycle analysis, dye exclusion assay, and per-
cent Ki67 positive cells were analyzed by Student’s ¢ test.
The results of the relative tumor volume were analyzed
using a two-way ANOVA. A value of p<0.05 was consid-
ered to indicate a statistically significant difference.

Results

Expression of the system 1-amino acid
transporters and CD98 in CCA cells

The PCR products for LAT1 and CD98 were clearly
detected in all cells studied, whereas LAT2, LAT3, and
LAT4 were hardly detected (Figure 1(a)). The presence of
LAT1 and CD98 in all cells studied was further confirmed
by quantitative western blotting. Consistent with the RT-
PCR analysis, the CCA cells clearly expressed LAT1 and
CD98 (Figure 1(b)). For the functional expression at the
plasma membrane, LAT1, a non-glycosylated light chain
with an apparent molecular mass of 40kDa, forms a heter-
odimeric complex via disulfide bond with a glycosylated
heavy chain or CD98 with an apparent molecular mass
around 85kDa. The heterodimeric complex of LATI1-—
CD98 is approximately 125kDa. The results from the
RT-PCR analysis and western blotting indicate that LAT1
is the main system L-transporter in our CCA cell lines and
occurs together with CD9S.

JPH203 inhibits ['*C]i-leucine uptake and cell
growth in CCA cell lines

The inhibitory effects of JPH203 on ['“C]r-leucine uptake
and cell growth in CCA cells are summarized in Figure 1
and Table 1. At the lowest concentration of JPH203
(0.01 uM), [“C]r-leucine uptake in all CCA cells was
slightly increased when compared to the untreated control.
However, 0.1-10uM JPH203 dramatically inhibited
[“C]r-leucine uptake in a dose-dependent manner in all
CCA cells studied with low IC;, values. The KKU-213 cell
line was more sensitive to JPH203 than KKU-055 and
KKU-100 cell lines (Figure 1(c)—(e) and Table 1). The ICy,
values (mean+SD) were 0.20£0.03uM for KKU-055,
0.12£0.02 uM for KKU-213 cells, and 0.25+0.04 uM for
KKU-100 (Table 1).

To determine whether blocking ['*C]L-leucine uptake
using JPH203 suppresses CCA cell growth, an SRB assay
was performed after treatment of the CCA cells with
JPH203 at various concentrations for 24, 48, and 72h in
96-well plates. As shown in Figure 1 and Table 1, JPH203
could inhibit the proliferation of CCA cells and ICj, val-
ues were decreased in a time-dependent manner. However,
the drug response for each CCA cell line to JPH203
showed different patterns, as indicated in Figure 1(f). At
0.1 and 1 uM JPH203, there were hardly any inhibition of

KKU-055 CCA cell proliferation compared with KKU-
213 and KKU-100 (Figure 1(g) and (h)). Consistent with
the result for amino acid uptake, KKU-213 was more sen-
sitive to JPH203 than KKU-055 and KKU-100 (ICy, at
24-72h for KKU-213 was lower than that of KKU-055
and KKU-100; Table 1).

JPH203 altered LATI and CD98 expression

A previous study demonstrated that inhibition system L
activity in KKU-213 CCA cells using a broad system L
inhibitor,  2-aminobicyclo-(2,2,1)-heptane-2-carboxylic
acid (BCH), can upregulate the expression of LAT1 and
CD98.° Likewise, upregulated amino acid transporters,
including LAT1, CD98, xCT, ASCT1, and ASCT2, were
reported in human prostate cancer cell lines treated with
BCH and leucine-free media.2* We, therefore, investigated
the impact of JPH203 on LAT1 and CD98 expression. In
accordance with previous reports, after the treatment of
KKU-055 and KKU-213 cell lines with JPH203 (0—
100 uM) for 48 h, both LAT1 and CD9S8 levels increased in
a dose-dependent manner as detected by quantitative west-
ern blotting (Figure 2(a)—(f)). These results indicate that
upregulated LAT1 and CD98 expression is a feedback
effect related to amino acid deprivation caused by the sup-
pression of LAT1 activity using JPH203.

JPH203 induced cell cycle arrest through
regulating the cell cycle regulators

To determine the mechanism of the anti-proliferative effect
of JPH203, cell cycle analysis was performed using flow
cytometric analysis after staining the cells with PI. As
shown in Figure 3(a), exposure of the KKU-055 cells to
10-100 uM JPH203 for 48 h resulted in a statistically sig-
nificant increase in G2/M-phase (p<0.01) cells compared
with the control. This was accompanied by a significant
decrease in GO/G1 phase cells at 10uM (p<0.05) and a
significant decrease in S-phase cells at 100 uM (p<0.05).
Unlike KKU-055, the results for KKU-213 showed that
the number of cells in the GO/G1 phase was significantly
increased in response to 10-100uM JPH203 (p<0.01 at
10uM and p<0.001 at 100uM). Concomitantly, 10—
100 uM of JPH203 significantly decreased the number of
S-phase cells compared to the control (»p <0.001). However,
a slight decrease of G2/M-phase cells was detected in a
dose-dependent manner, but this was not statistically sig-
nificant compared with the control (Figure 4(a)).

To gain insight into the mechanism of cell cycle arrest
on treatment with JPH203, we further investigated the
expression levels of cell cycle-regulator proteins which
function in the GO/G1 phase, including cyclin D1, CDK4,
and CDK6.% The expression of the inhibitors of CDKs,
P21, and P27, which affect both G1/S and the G2/M,26-28
was also investigated in this experiment. The CCA cells
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Figure |. Expression of LAT| and CD98 and the functional effects of LAT| inhibition on ['*C]L-leucine uptake and cell growth

in CCA cells. (a) Detection of system L-amino acid transporters (LAT|-LAT4) and CD98 by RT-PCR in CCA cells (KKU-055,
KKU-213, and KKU-100). (b) Expression of LAT| and CD98 levels in the indicated cells detected by quantitative western blotting.
The densitometry value of LAT| and CD98 was normalized to -actin. The bar graphs show the average densitometry value £ SEM
from three independent experiments. (c—e) Inhibition of ['“C]L-leucine uptake by JPH203 in CCA cells. ['*C]L-leucine uptake was
measured for | min in the presence of various concentrations of JPH203. (f-h) JPH203 suppressed cell growth in CCA cells. The
indicated cells were treated with various concentrations of JPH203 for 24, 48, and 72h. The cell viabilities were determined by SRB
assays and the growth curves are presented as percentage of untreated control. Each data point represents the mean +SEM from
three independent experiments.
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Table I. Inhibitory effects of JPH203 on ['“C]L-leucine uptake and cell growth inhibition in CCA cells.

Cell line 1Cc, (UM) value for ICso (UM) value for growth inhibition
|450 ( K 50
['*C]L-leucine uptake
inhibition 24h 48h 72h
KKU-055 0.20+0.03 31.95+1.15 6.16%1.17 578+ 1.15
KKU-213 0.12+0.02 3295+1.16 5.98+1.16 247+1.19
KKU-100 0.25+0.04 48.74+1.22 21.51+1.25 3.00+1.28
a b c
@ KKU-055 ( )m_ LAT1/B-actin (© CD98/B-actin
JPH203 (uM)  Ctrl 1 10 100 20 0
o [=]
Lt | ) " ; - =
o (5]
‘s 100 ‘s 1004
coop | 9 a ; E o * o
—a . pah 75 kDa 04 0-
: @ S K ~ R
(d) (e) (f
= AU o LAT1/B-actin . CD98/B-actin
JPH203 (uM) tl 1 10 100
LAT1 37 kDa g . '_E .
3 8
CD98 g‘ - 3 |-100 kua: 50 ; 50
6 i —75 kDa
. 0+ 0
B-actin |—-——-1_37 - & N R I N N
JPH203 (uM) JPH203 (M)

Figure 2. The effect of JPH203 on LAT| and CD98 expression in CCA cells detected by quantitative immunoblot. (a—c) LATI and
CD98 expressions were increased in a dose-dependent manner following treatment with JPH203 for 48 h in KKU-055 cells. (d—f)
LAT| and CD98 expressions were increased in a dose-dependent manner following treatment with JPH203 for 48h in KKU-213
cells. The results show a representative western blot for LAT| and CD98 expression. Bar graphs show the densitometry values
normalized to B-actin and were presented as the percentage compared to the untreated control: They show the mean + SEM from

three independent experiments.

were exposed to JPH203 for 48 h and prepared for west-
ern blotting. The results in KKU-055 showed that JPH203
increased the levels of cyclin D1 and CDK4, except that
the level of CDK4 at 100 uM was decreased by JPH203
(Figure 3(b)—(d)). In addition, 10-100 uM JPH203 could
strongly suppress CDK6 levels (p<0.001) as well as
induce higher P21 levels when compared with control
(Figure 3(b), (e), and (f)). Moreover, 100 uM of JPH203
markedly increased P27 expression as shown in
Figure 3(g). This result indicates that the induction of
growth inhibition by JPH203 in KKU-055 cells was
caused by G2/M arrest mainly through elevated P21 lev-
els. However, inhibition of KKU-055 cell growth at the
highest JPH203 concentration (100uM) is caused by
both G2/M arrest and reduced S-phase cells due to

increasing P21 and P27 levels and decreasing CDK4 and
CDKaG6 levels.

As expected, the results for KKU-213 showed that the
levels of cyclin D1, CDK4, and CDK6 which are required
for G1/S phase transition were remarkably decreased in a
dose-dependent manner when compared to the control,
with significant differences being observed at 10-100 uM
JPH203 for CDK4 levels (p<0.05 and p<0.01, respec-
tively; Figure 4(b)—(e)). In addition, the levels of P21
increased in a dose-dependent manner, but this was not the
case for the CDK inhibitor P27 (Figure 4(b), (f), and (g)).
These results indicate that, in KKU-213 cells, the growth
inhibition of JPH203 caused by cell cycle arrest at the GO/
Gl-phase and reduced S phase occurs via an increase in
the CDK inhibitor P21. This may further inhibit the
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Figure 3. JPH203 induced cell cycle arrest in KKU-055 cells by regulating cell cycle—related proteins. (a) A volume of 10—100uM
JPH203 significantly increased G2/M-phase cells (p<0.01) which was accompanied by significantly decreased GO/G1 phase at 10 uM
(p<0.05) and decreased S phase at 100uM (p<0.01) after treatment for 48 h, detected by flow cytometry. Data are expressed as the
mean = SD of the percentage of cells in each cycle phase from three independent experiments. Results were analyzed by Student’s

t test. (b) A representative western blot for the expression of cell cycle-related proteins, including cyclin DI, CDK4, CDKSé, P21,
and P27 in KKU-055 cells after treatment with JPH203 for 48 h. (c—g) The densitometry values of each protein were normalized

to f-actin and were presented as the percentage compared to the untreated control. The mean +SEM from three independent
experiments are presented (***p<0.001 versus control, one-way ANOVA followed by a Tukey’s multiple-comparison test).

activity of cyclin D1-CDK4/CDK®6, which is downregu-
lated by this selective LAT1 inhibitor.

Apoptosis induction in response to
JPH203 in CCA cells
Since JPH203-induced apoptosis has been demonstrated in

human oral cancer?! and leukemic cells,?> we investigated
the effect of this specific LAT1 inhibitor on apoptosis

induction in our CCA model. To validate the induction of
apoptosis in KKU-055 and KKU-213 CCA cells, a trypan
blue dye exclusion assay was conducted to measure the
percentage of cell death after 48h of JPH203 (0—100 uM)
treatment. In addition, the apoptotic-related protein, cas-
pase-3, and its cleaved form were assessed by immunoblot.
Our results showed that JPH203 could induce cell death in
both CCA cell lines, as shown in Figure 5(a) and (b).
Cell death was less than 15% in KKU-055 and 30% in
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Figure 4. JPH203 induced cell cycle arrest in KKU-213 cells by regulating cell cycle-related proteins. (a) A volume of 10-100 M

JPH203 increased GO/G | -phase cells (p<0.01 and p<0.001 at the do

se of 10 and 100 pM, respectively) and decreased S-phase cells

(p<0.001) after treatment for 48 h, detected by flow cytometry. Data are expressed as the mean £ SD of the percentage of cells in

each cycle phase from three independent experiments. Results were
for the expression of cell cycle-related proteins, including cyclin D1,
with JPH203 for 48h. (c—g) The densitometry values of each protein

analyzed by Student’s t test. (b) A representative western blot
CDK4, CDKé, P21, and P27 in KKU-213 cells after treatment
were normalized to B-actin and were present as percentage

compared to the untreated control. The mean +SEM from three independent experiments are presented (*p <0.05, ¥*p<0.01 vs

control, one-way ANOVA followed by a Tukey’s multiple-compariso

KKU-213 after treatment with 100 uM JPH203. This was a
significant change, p<0.001, compared with the control.
The percentage of cell death decreased slightly at 1 uM
and increased slightly at 10uM of JPH203 in both CCA
cell lines compared to the control. The results from quanti-
tative western blotting showed that the treatment of the
CCA cells with JPH203 at 100uM for KKU-055 and

n test).

10-100 uM for KKU-213 increased the cleaved caspase-3/
caspase-3 ratio when compared to the control (Figure 5(c)—
(e)). A statistically significant difference in the cleaved
caspase-3/caspase-3 ratio was observed between KKU-
213 treated with 100 uM JPH303 and the control (»p<0.05).
These results suggest that JPH203-induced apoptosis is
regulated by the activation of the caspase cascade under
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Figure 5. The effects of JPH203 on apoptosis induction in CCA cells. (a and b) CCA cells were treated with various
concentrations of JPH203 (0—100 uM) for 48 h. The percentage of cell death was measured by trypan blue staining. The data
represent the mean £ SEM from three independent experiments (**p<0.001 by using a Student’s t test in comparison with

the control). (c) Expression and activation of the apoptotic protein caspase-3 by JPH203 in CCA cells. The indicated cells were
stimulated with JPH203 (0—100 uM) for 48h. The cell lysate was prepared and analyzed by quantitative immunoblot. (d and e)
Densitometry values of caspase-3 and its cleaved form were normalized to B-actin and expressed as ratio of the cleaved caspase-3/
caspase-3. The mean+SEM are shown from three independent experiments and analyzed by one-way ANOVA followed by a
Tukey’s multiple-comparison test (*p <0.05 compared to the untreated control).

the highest concentration tested (100uM), and that the
KKU-213 cell line was more sensitive to JPH203 than the
KKU-055 cell line.

JPH203 suppressed CCA cell growth
in the in vivo model

Our in vitro models demonstrated that the KKU-213 cell
line was the most sensitive to JPH203 when compared to
the other cell lines. Thus, we evaluated the anti-tumor
activity of JPH203 in a nude mouse xenograft model
derived from KKU-213 CCA cells. JPH203 was adminis-
tered intravenously daily for 20days at three different
doses (6.3, 12.5, and 25.0 mgkg) starting at day 3 after the
injection of cancer cells. On the days 18 and 21, JPH203
showed dose-dependent inhibition on tumor growth with

significantly inhibited tumor growth in the groups of
JPH203 at 12.5mg/kg (on day 18, p<0.05, and on day 21,
p<0.01) and 25 mg/kg (on day 18 and day 21, p<0.001)
when compared to the control group (Figure 6(a) and (b)).
To confirm our findings on this growth suppression mech-
anism, immunohistochemical analysis was conducted to
identify the expression of a proliferation marker Ki67 in
the tumor tissues. Reduction of the cells positive for Ki67
was found in JPH203 treatment groups at 12.5 and 25 mg/
kg (»<0.01) compared with control group (Figure 6(c) and
(d)). In contrast to the effects on tumor growth, the animals
did not show any clinical signs of toxicity, changes in gen-
eral behavior, or changes in physical activity in the
JPH203-treated animals compared to the controls. Mice
treated with JPH203 were healthy and had similar body
weights to the control mice (Supplementary Figure 1). In
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Figure 6. Anti-tumor activity of JPH203 in CCA-inoculated athymic BALB/c nude mice. (a) CCA tumor tissues were obtained
from vehicle and JPH203-treated mice (n=>5/group). (b) The tumor volume was expressed relative to the initial tumor volume. The
data were analyzed by two-way ANOVA (¥ <0.05, ¥p<0.01, **p<0.00] compared to the control group). (c) IHC to identify
expression of Ki67 in tumor tissues, magnification X400. (d) Bar graphs illustrate the proportion of Ki67 positive cells. The data of
Ki67 positive cells were expressed as mean +SEM (**p<0.01 analyzed by Student’s t test).

addition, a histopathological review of the internal organs,
including in the liver, lungs, spleen, and kidneys, analyzed
by H&E staining showed no discernible toxicity of JPH203
(Supplementary Figure 1). There were no differences in
the weight or appearance of the internal organs of mice
between the control and treated groups. These results indi-
cate that JPH203 was safe for the animals studied and that
it should be considered for use in CCA patients.

Discussion

Although suppressed LAT1 activity using BCH has been
reported in CCA,%° BCH is a broad system L inhibitor that
targets all members of LAT family. Therefore, BCH lacks
selectivity for both LAT1 and cancer cells, which results in
low cytotoxicity for several cancer cell lines, which is
undesirable in clinical trials.?>3% Our previous study!'!
showed that LAT1 expression is significantly associated

with O. viverrini-induced cholangiocarcinogenesis and a
shorter survival time in CCA patients. Moreover, the
expression of LAT1 and CD98 in CCA is possibly regu-
lated through the oncogenic PI3K/AKT signaling pathway.
Collectively, these data led us to investigate, for the first
time, the effects of a selective LAT1 inhibitor in our CCA
model.

Our results show that LAT1 is the main system L-trans-
porter, along with CD98, in CCA cells, including the
KKU-055, KKU-213, and KKU-100 cell lines, which
conforms to a previous study from Janpipatkul et al.” who
reported a lower expression of LAT2, LAT3, and LAT4
than LAT1 in KKU-213 cells. Interestingly, our results
indicate that JPH203 possesses a higher efficacy for
inhibiting CCA cell proliferation than for BCH as shown
in previous reports.>? This phenomenon is possible due to
the specificity of JPH203 to LAT1 in CCA cells being
much higher than BCH.
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The treatment of the CCA cells with JPH203 showed
that the ICs, values for ['“*C]r-leucine uptake inhibition
were lower than those for cell growth inhibition. This is
consistent with two previous studies reporting the effect of
JPH203 on human colon cancer!® and human oral cancer.?!
Oda et al.!? suggested that JPH203 inhibits LAT1 by com-
peting with its substrates; therefore, the differences in the
IC,, values would be caused by the concentrations of
LAT1 substrates (neutral amino acids) in the incubation
medium. Moreover, we also demonstrated that amino acid
deprivation caused by JPH203 treatment for 48 h results in
increasing LAT1 and CD98 expressions. This is likely to
require a higher concentration of JPH203 to target LAT1 in
the cell culture experiments that were performed for 24—
74h when compared to amino acid uptake experiments
that were performed with a short incubation period (1 min).
Furthermore, the increase in LAT1 and CD98 expressions
may function as a compensatory survival mechanism
under conditions of amino acid starvation. This result sug-
gests that LAT1 and CD98 expression are regulated by
intracellular amino acid levels, which is supported by pre-
vious studies in prostate cancer?* and also CCA.°

Previous studies have also shown that amino acid
depletion mediated by BCH contributes to cell cycle arrest
at the G1 phase. This is regulated by cell cycle—related
proteins such as cyclin D3, CDK6, and P27 in human oral
cancer,’! and cyclin D3 along with P27 in human prostate
cancer.?? These data are supported by our results; we show
that JPH203 clearly induced cell cycle arrest at the GO/G1
phase and reduced S-phase progression in KKU-213 cells
via the regulation of cell cycle—related proteins, including
cyclin D1, CDK4, CDK6, and P21. Our results also reveal
the different growth inhibition mechanism of JPH203 in
KKU-055. This specific LAT1 inhibitor induced G2/M
cell cycle arrest and reduced S-phase cells via increasing
P21 and P27 concentrations in KKU-055. The increase in
P21 and P27 during G2/M arrest by anti-cancer agents has
been reported in many types of human cancer.?33¢ For
example, gallic acid can induce cell cycle arrest at the
G2/M phase through increased P21 and P27 expression in
breast cancer.?® However, from our results, the different
pattern of cell cycle distribution caused by JPH203 treat-
ment in our CCA cells indicates that JPH203 can selec-
tively target several components of the cell cycle machinery
to arrest the cell cycle. This is dependent on both cell type
and drug concentration.

Caspase proteins play a critical role in apoptosis and
are responsible for many of the biochemical and mor-
phological changes associated with this phenomenon.
Therefore, an increased level of activated caspase pro-
teins is one of the most common apoptosis markers that
has been used to indicate apoptosis phenotype of cell.37-38
Two previous studies reported that JPH203 can induce
caspase-dependent apoptosis in cancer cells.222 The
previous study demonstrated that JPH203 can induce

apoptosis of human oral cancer revealed by an increase
of apoptosis markers included the cleaved form of cas-
pase-3, caspase-7, and caspase-9, as well as cleaved poly
(ADP-ribose) polymerase (PARP) together with 16.5%
of Annexin V-FITC-positive cells. These were observed
after treatment of the cells with 3mM of JPH203 for
24 h.2! The next study on leukemia reported that JPH203
induced type II cell death, autophagy, followed by cas-
pase-3-dependent apoptosis at 48h after treatment.??
Consistent with these studies, our data showed that the
treatment of CCA cells with JPH203 (100 uM) for 48 h
could increase the ratio of cleaved caspase-3/preform
along with an increased number of dead cells, more than
10% and 20% for KKU-055 and KKU-213, respectively.
These results indicate that JPH203 induced apoptosis in
CCA cells via caspase-3 activation. However, the molec-
ular mechanisms underlying apoptosis caused by JPH203
in the CCA model require more study.

To date, there is only one study on the effect of a LAT1
inhibitor using the CCA xenograft model. Kaira et al.?
demonstrated the anti-tumor efficacy of BCH in HuCCT1
CCA xenograft nude mice; however, as indicated above,
BCH does not specifically target LAT1 but also other sys-
tem L-amino acid transporters. Kaira et al.? reported that
daily intravenous administration of BCH, up to 200 mg/kg
for 14 days, caused a statistically significant delay in tumor
growth for 3 weeks after treatment. Compared to Kaira et
al.’s study, daily intravenous administration of JPH203 at
amounts substantially lower than for BCH (16-fold,
12.5mg/kg; 8-fold, 25 mg/kg) for 20days could signifi-
cantly inhibit KKU-213 CCA cell growth in nude mice
starting at day 18. This was confirmed by the decreasing
percent of Ki67 positive cells found. Our results indicate
that JPH203 is considerably more effective than BCH
against CCA cell growth, conforming with the ICs, values
in inhibiting ['*C]r-leucine uptake and cell growth in the in
vitro model.8° Furthermore, our results support the study
of Oda et al., the first report of JPH203 in an in vivo model,
using intravenously administered JPH203 (12.5 and
25.0mg/kg). This showed a statistically significant inhibi-
tion of growth of HT-29 tumors transplanted to nude mice
with only a slight decrease in body weight.!” However, in
our study, there was no statistically significant change that
could be attributed to general toxicity, such as changes in
the animals’ body weight, or the histology or appearance
of the internal organs.

Taken together, this study demonstrates that the inhibi-
tion of LAT1 activity using JPH203 in CCA cells which
show high LAT1 and CD98 expression leads to an intracel-
lular decrease in essential neutral amino acids. This results
in an altered expression of LAT1 and CD98, inhibiting cell
growth and inducing cell cycle arrest and apoptosis in the in
vitro model. Moreover, JPH203 shows anti-tumor efficacy
in nude mice bearing human CCA cell xenografts without
general toxicity. This study is the first to demonstrate the
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effects of a selective LAT1 inhibitor in the CCA model,
thus providing useful information for the development of
JPH203 as a therapeutic strategy for CCA patients.
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Abstract Organic anions (OAs) are secreted in renal
proximal tubules in two steps. In the first step, OAs are
transported from the blood through basolateral membranes
into proximal tubular cells. The prototypical substrate for
renal organic anion transport systems, para-aminohippu-
rate (PAH), is transported across basolateral membranes of
proximal tubular cells via OAT1 (SLC22A6) and OAT3
(SLC22A8) against an electrochemical gradient in
exchange for intracellular dicarboxylates. In the second
step, OAs exit into urine through apical membranes of
proximal tubules. This step is thought to be performed by
multidrug efflux transporters and a voltage-driven organic
anion transporter. However, the molecular nature and
precise functional properties of these efflux systems are
largely unknown. Recently, we characterized an orphan
transporter known as human type I sodium-phosphate
transporter 4, hNPT4 (SLCI7A3), using the Xenopus
oocyte expression system. hNPT4 acts as a voltage-driven
efflux transporter (“human OATv1”) for several OAs such
as PAH, estrone sulfate, diuretic drugs, and urate. Here, we
describe a model for an OA secretory pathway in renal
tubular cells in which OAs exit cells and enter the tubular
lumen via hOATv1l (hNPT4). Additionally, hOATvI
functions as a common renal secretory pathway for both
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urate and drugs, indicating that hOATvl may be a leak
pathway for excess urate that is reabsorbed via apical
URATI to control the intracellular urate levels. Therefore,
we propose a molecular mechanism for the induction of
hyperuricemia by diuretics: the diuretics enter proximal
tubular cells via basolateral OAT1 and/or OAT3 and may
then interfere with the NPT4-mediated apical urate efflux
in the renal proximal tubule.

Keywords Organic anion - Transporter - Uric acid - Drugs

Introduction

The kidney plays an important role in homeostasis, as it
cleanses the body of harmful metabolites, medications, and
xenobiotics. The primary site in the kidney at which
organic anions (OAs) are removed from the blood and
discharged into the urine is the proximal tubule. Renal
secretion of OAs, including exogenous substrates (e.g.,
drugs) and endogenous substrates (e.g., urate), is carried
out in at least two steps in proximal tubular cells (Mgller
and Sheikh 1982). In the first step, OAs in the blood cross
basolateral membranes and are transported into proximal
tubular cells. When they are transported in this direction,
which is opposite to that of the electrochemical gradient,
OAs are exchanged for a-ketoglutarate and other intracel-
lular dicarboxylates (Shimada et al. 1987). In the second
step, OAs cross the apical membranes of tubular epithelial
cells and are excreted into the urine. This energetically
favorable process for OAs is thought to be mediated by
membrane transporters. Because most OAs are bound to
proteins, such as albumin in blood, they are not filtered
through the glomerulus. Instead, they are transported from
the blood across basolateral membranes into proximal
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tubules, and are then exported across apical membranes of
tubular epithelial cells into urine.

In tubular cells, there are specific transporters for
essential nutrients (e.g., glucose and amino acids) that are
filtered by glomerulus to keep them in the blood (Wright
1985). In contrast, the transport of various endogenous and
exogenous substances that are harmful to the body is car-
ried out by transport systems that are characterized as
“multiselective;” i.e., one transporter recognizes many
types of substances as transport substrates. Because such
compounds can be harmful, the body is protected by organs
(such as the kidneys, liver, and intestines) that biotransform
the compounds into less active metabolites and excrete
them. Eventually, drugs and environmental toxicants are
excreted—particularly from the kidney—into the urine.
Transporters of OAs, known as organic anion transporters
(OATs), play a major role in determining several properties
of drugs, such as their pharmacokinetics and
pharmacodynamics.

The reabsorption pathways for urate—one of the clini-
cally important OAs—are mediated by the apical human
urate/anion transporter, which was identified in 2002
(Enomoto et al. 2002) and designated urate transporter 1
(URAT1)/SLC22A12, and also by the basolateral voltage-
driven urate transporter 1 (URATv1)/glucose transporter 9
(GLUT9)/SLC2A9, which was reported by our group and
others (Vitart et al. 2008; Anzai et al. 2008; Caulfield et al.
2008). The urate secretory transporters in renal proximal
tubular cells are not as specific as the reabsorptive ones.
They have been identified as multispecific organic anionic
drug transporters OAT1 and OATS3, located at the baso-
lateral membrane (Hosoyamada et al. 1999; Cha et al.
2001). The voltage-driven OAT 1 (OATv1), identified by
us in pig kidneys in 2003, functions as an excretion path-
way for OAs, and is found on the luminal membranes of
proximal tubules. One of the substrates transported by
porcine OATv1 (pOATvl1) is urate (Jutabha et al. 2003).
Thus, the pOATVI protein is considered to be involved in
the voltage-sensitive pathway for apical urate secretion.
Human Na*-phosphate cotransporter 4 (hNPT4), which
belongs to the type 1 sodium-phosphate cotransporter
family classified as SLC17A3, is a multispecific OA efflux
transporter that has also been characterized as a novel urate
transporter (Jutabha et al. 2010).

Organic anion transporter systems in the kidney

Many classes of OAs have been shown to be eliminated by
the kidney (Anzai et al. 2006), including endogenous
substances, such as urate and prostaglandins, and essential
drugs, such as antibiotics, furosemide, nonsteroidal anti-
inflammatory  drugs, angiotensin-converting enzyme

inhibitors, and sulfate and glucuronide conjugates of drugs.
Molecular cloning has identified several families of elim-
ination-involved OA transporters, including the OAT
family (Sekine et al. 1997; Sweet et al. 1997), the organic
anion transporting polypeptide (OATP) family (Jacquemin
et al. 1994), and the type 1 sodium-phosphate cotransporter
(NPT) family (Reimer and Edwards 2004). ATP-dependent
OATs, such as multidrug resistance-associated proteins
(MRPs), act as active efflux pumps (Giacomini et al. 2010)
(Fig. 1).

OAT family SLC22

Substrates of the para-aminohippurate (PAH) transporter
have been suspected to include endogenous OAs, uremic
substances, drugs, and environmental compounds. Because
the PAH transporter is multispecific, it is suitable for
eliminating various endogenous metabolites and xenobi-
otics. In the kidney, the PAH transport system is believed
to participate in “tubular secretion.” After being isolated
by expression cloning methods, the PAH transporter was
designated OAT1 (Sekine et al. 1997; Sweet et al. 1997),
and OAT 2, 3, and 4 were subsequently identified (Anzai
and Endou 2007). In the kidney, the transport of OAs into
cells at the basolateral membrane is a tertiary active
transport process. The first step in this process is the
countertransport of an OA (e.g., PAH) against its electro-
chemical gradient in exchange for the movement of an
intracellular dicarboxylate (e.g., a-ketoglutarate) in the
same direction as its electrochemical gradient (Anzai et al.
2006). After the gradient of decarboxylate has been
directed outward, it is then maintained by being metabo-
lized and transported across the basolateral membrane into
cells via the Na'/dicarboxylate cotransport system. The
Na*t gradient, which is directed inward and drives this
process, is maintained by a transport step that requires
energy, i.e., the extracellular transport of Na™ is performed
at the basolateral membrane by Na*/K*-ATPase. Human
proteins OATI1-3 are localized on the basolateral mem-
branes of proximal tubular cells. The OAT4 mRNA is
expressed in the kidneys, and the OAT4 protein is found
on the apical membranes of proximal tubular cells. The
OAT4 protein comprises 550 amino acids and shares its
secondary structure with other OAT proteins (Cha et al.
2000). The OATI protein has extremely broad selectivity
for substrates, which include endogenous substrates such
as urate, dicarboxylates (Shimada et al. 1987), cyclic
nucleotides, and prostaglandins, as well as exogenous
substrates such as glucuronides, sulfate conjugates, envi-
ronmental compounds, and anionic drugs (e.g., B-lactam
antibiotics, diuretics, nonsteroidal anti-inflammatory drugs,
angiotensin-converting enzyme inhibitors, and
methotrexate).

@ Springer
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Fig. 1 Proposed model of
transcellular urate transport in
the renal proximal tubule (Anzai
et al. 2010). URATI at the
apical membrane participates in
proximal tubular urate
reabsorption, and the reabsorbed
urate exits cells via basolateral
URATVI1. The secretory
pathway for urate is known to
be mediated by OAT1 and
OAT3, located on the
basolateral side, and the exit
pathway on the apical side
involves a long-hypothesized
voltage-driven transporter that
is compatible with NPT4/
OATVI. The latter is also
proposed to be the exit path for
diuretics

Organic anions :
(drugs, urate, etc.

OATP family SLC21/SLCO

The OATP family was first identified in the rat liver by the
expression cloning method as a family of sodium-inde-
pendent bile acid transporters (Jacquemin et al. 1994).
Several OATPs are selectively involved in the hepatic
uptake of bulky and hydrophobic organic anions; however,
most OATPs are expressed in various types of tissue and
various locations, such as the blood—brain barrier, choroid
plexus, heart, lungs, intestines, kidneys, placenta, and
testes. The members of the OATP family are divided into
six subfamilies (OATP1-6). Of the OATPs found in
humans, the only one that is expressed mainly in the kid-
neys is OATP4C1 (Mikkaichi et al. 2004). Several sub-
stances that chiefly undergo renal excretion are substrates
of OATP family transporters. For example, digoxin,
methotrexate, and thyroid hormones such as triiodothy-
ronine are transported with high affinity by OATP4CI,
which is expressed only in the basolateral membranes of
the proximal tubular cells.

NPT family SLC17

The SLC17 proteins, which were first considered to be phos-
phate carriers, have since been shown by molecular studies to
be expressed at the apical membranes of renal proximal tubular
cells and to mediate the transport of OAs (Reimer and Edwards
2004). Various OAs are transported via mouse NPT1 and
hNPT1 in a chloride-dependent manner. Furthermore, because
hNPT1 tends to combine with PAH, as earlier studies with
brush-border membrane vesicles have shown, it is also believed
to be a classical voltage-dependent transporter of PAH.

@ Springer
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However, whether the transport of PAH is affected by mem-
brane potential is unclear (Uchino et al. 2000).

MRP family ABCC

The ATP-dependent excretion of both drugs and xenobi-
otics is mediated by P-glycoprotein (P-gp). This protein is
expressed in the luminal membranes of the small intestine
and the blood-brain barrier and in the apical membranes of
excretory cells, such as hepatocytes and the epithelial cells
of kidney proximal tubules (Giacomini et al. 2010).

The multidrug resistance-associated protein (MRP)
family primarily comprises active transporters with an
ATP-binding cassette motif. The protein P-gp is this fam-
ily’s prototype (Ford and Hait 1990) and extrudes various
hydrophobic molecules, in particular antineoplastics such
as adriamycin, daunorubicin, vinblastine, and vincristine.
In addition, multidrug resistance is conferred by P-gp
(Gottesman et al. 2002). In proximal tubular cells, the
members of the MRP family are believed to function as
extrusion pumps on the apical membrane for OAs, espe-
cially those that are large and hydrophobic. Two isoforms
of the MRP family, MRP2 and MRP4, deserve particular
attention with respect to renal physiology and pharmacol-
ogy. One of the physiological roles of MRP2 is to transport
conjugated bilirubin from the liver into bile. In the kidney,
MRP2 plays a role in the transport of highly lipophilic
organic compounds across the apical membranes of tubular
cells into urine. In contrast, the MRP4 isoform is involved
in the efflux of several small hydrophilic OAs, including
urate, prostaglandins, and cephem antibiotics into the
tubular lumen.
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Analysis of the function of NPT4 (SLC17A3)
as OATv1

pOATvVI was first isolated as a voltage-driven OAT from
the pig kidney cortex (Jutabha et al. 2003). It mediates
facilitated diffusion driven by membrane voltage. In
humans, NPT1 belongs to the SLC17 family and displays
the highest homology to pOATvl. Dehghan et al. have
found that NPT4, as well as URATVv1, are causative genes
of hyperuricemia (Dehghan et al. 2008). We have discov-
ered that hNPT4, which belongs to the same family as
hNPT1, is a voltage-dependent OAT, as is porcine OATvI.

In 2010, Jutabha and Anzai et al. described an hNPT4
protein localized to the apical membranes of renal proximal
tubular cells (Jutabha et al. 2010). The localization of this
protein in the liver is still unknown and warrants further
investigation.

hNPT4 mediates the transport of PAH, estrone sulfate,
estradiol glucuronide, bumetanide, and ochratoxin A (An-
zai et al. 2010), and it interacts with various anionic
compounds, such as probenecid, diuretics, nonsteroidal
anti-inflammatory drugs, and steroid sulfates. Therefore, it
is a multispecific OAT that overlaps in substrate selectivity
with OAT family (SLC22) members (Anzai et al. 2006).
Many substrates for OATs, except for dicarboxylates and
penicillin G, interact with hNPT4. Thus, it would be
interesting to determine the common mechanisms respon-
sible for the similar substrate selectivities of structurally
different OATs. hNPT4 interacts strongly with various
diuretics, such as thiazides and loop diuretics. Bumetanide
and furosemide inhibit PAH transport via hNPT4 in a dose-
dependent manner. It was reported that hNPT4 functions as
a luminal voltage-dependent excretion pathway for loop
diuretics in proximal tubules (Ellison and Wilcox 2008).
Considering that hNPT4 is a voltage-driven facilitated
transporter which is localized on the apical membranes of
proximal tubules, it may represent a highly suitable exit
pathway for OAs via the apical membranes of renal
proximal tubules. Thus, the role of hNPT4 in PAH trans-
port is similar to that of pOATV1, initially characterized by
classical expression cloning (Jutabha et al. 2003).

The transporter pOATv] has an amino acid sequence
that is quite similar to that of hNPT1 (63 %) and less
similar to that of hNPT4 (45 %). Furthermore, pOATVI is
expressed in the liver and in the kidney, the latter being
involved in the renal elimination of anionic drugs such as
PAH and diuretics and the secretion of endogenous sub-
strates such as urate (Jutabha et al. 2010). PAH transport by
pOATV1, but not by hNPT4, has been shown to be chloride
sensitive. Since we could not determine the reason for this
difference between the transporters, we were not able to
conclude that hNPT4 is a human ortholog of pOATVvI1.

Two splice variants of NPT4

hNPT4 has two splice variants of NPT4 mRNA reported
in the GenBank database. One variant, hNPT4_L (variant
1: NM_001098486), contains an open reading frame
encoding a putative 498-amino-acid protein
(NP_001091956), and the other, hNPT4_S (variant 2:
NM_006632), encodes a 420-amino-acid protein
(NP_006623). The difference between these two isoforms
is the presence of a fourth exon in hNPT4_L. mRNAs for
both hNPT4 isoforms have been detected only in the
kidneys and liver by reverse transcription polymerase
chain reaction (Jutabha et al. 2010; Ruddy et al. 1997).
Following injection of complementary RNAs (cRNAs)
into Xenopus oocytes, hNPT4_L, but not hNPT4_S, has
been found to be expressed on the plasma membrane
(Jutabha et al. 2011a), corresponding to the results of a
previous study showing that NPT4 (U90545, short iso-
form) is localized on the endoplasmic reticulum follow-
ing transfection of cDNA into COS (an abbreviation for
“CV-1 in origin with SV40 genes™) cells (Melis et al.
2004).

hNPT4 as a renal secretory pathway for urate

Urate is generated from purine metabolism, and sustained
hyperuricemia is a pathogenetic cause of gout, chronic
renal diseases, hypertension, and cardiovascular diseases.
The serum level of uric acid is largely determined by the
intrarenal reabsorption and secretion of urate. The renal
reabsorption of urate is controlled by two proximal tubular
urate transporters: apical URATI1 (Enomoto et al. 2002)
and basolateral URATv1 (Vitart et al. 2008; Anzai et al.
2008; Caulfield et al. 2008). In contrast, hNPT4, an orphan
transporter, is a multispecific OA efflux transporter that is
expressed by the kidneys and the liver. hANPT4 is localized
on the apical side of the renal tubule, and it functions as a
voltage-driven urate transporter (Jutabha et al. 2011b). In
addition, hNPT4 interacts significantly with loop diuretics
such as furosemide and bumetanide. Therefore, hNPT4
likely acts as a common secretion route for drugs, and may
play an important role in diuretic-induced hyperuricemia
(Jutabha et al. 2010). After URATv1, which is a basolateral
urate efflux transporter, and hNPT4, which is an apical OA
efflux transporter, were identified, a three-factor model was
proposed for the transepithelial transport of urate in renal
proximal tubules (Anzai and Endou 2012). However,
because the molecules involved in renal urate handling
play physiological and pathophysiological roles that are
still somewhat unclear, it is important to continue to
investigate those roles.
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In 2008, a genome-wide association study found that the
NPT4-encoding gene SLC17A3 is, like two other genes, asso-
ciated with the concentration of uric acid and the risk of gout
(Dehghan et al. 2008). Recently, NPT4 has been functionally
characterized as a novel urate efflux transporter, and two loss-
of-function mutations (not polymorphisms) of SLC17A3 have
been found in patients with gout and reduced excretion of renal
urate (Jutabha et al. 2011b). Because it is a protein that is
apically expressed in renal tubules, NPT4 is believed to be an
exit path for urate when it is transtubularly secreted.

Single nucleotide polymorphisms in SLC17A3/
NPT4

There are currently 10 nonsynonymous SLCI7A3 single
nucleotide polymorphisms (SNPs) reported in the public SNP
database (NCBI dbSNP). The functional properties of five of
the NPT4 variants (A100T, G239 V, V257F, G279R, and
P378L, as reported at the time of determination) were charac-
terized using the Xenopus oocyte expression system (Jutabha
et al. 2011a). The transport activities of urate, PAH, estrone
sulfate, and bumetanide were studied. Compared with a wild-
type clone, P378L did not show any transport function for any
of the above four substrates tested. V257F and G279R dis-
played moderately reduced transport activities, whereas
A100T did not exhibit altered transport of any of the four
substrates. In terms of the structure—function relationship, the
reduction of transport function in V257F but the lack of a
reduction in transport function in G239 V is interesting because
both residues are in the same (fifth) transmembrane domain.
The NPT4 protein has been detected at the plasma membranes
of oocytes injected with cRNAs derived from all NPT4
mutants. It has been suggested that the reduced transport
activity caused by some SNPs is not due to an absence of
surface membrane expression. These functionally relevant
NPT4 variants may explain some of the interindividual dif-
ferences in susceptibility to certain diseases, such as gout
(Pascual and Perdiguero 2006), that are observed in individuals
with altered NPT4 function. Diuretics are NPT4 substrates, so it
would be interesting to further investigate whether individuals
who possess SNPs in NPT4 are resistant to diuretic treatment.
Functional analysis of other hNPT isoforms that have same
amino acid replacement in the corresponding position to
hNPT4 may provide further insight about the importance of
these residues on OA transport in SLC17 members.

Renal urate transporters as causes of diuretic-
induced hyperuricemia

Hyperuricemia is a well-known adverse effect of diuretic

treatment (Ravnan et al. 2002). Diuretics are thought to
have direct actions on urate transporters in renal proximal
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tubules by enhancing urate influx and causing an increase
in the serum urate. We focused on whether hNPT4 is a
transporter of urate.

Both membrane transporters and metabolic enzymes are
involved in the clearance of drugs from the kidney and
liver; therefore, if these organs show altered drug transport
activity, the pharmacokinetics of the substrate drugs might
be affected (Anzai and Endou 2007). One substrate trans-
ported by hNPT4 is bumetanide, so polymorphic changes
in hNPT4 might affect the pharmacokinetics of this and
other loop diuretics (Jutabha et al. 2010). For example, the
phenomenon known as “diuretic resistance” is exhibited
by about one-third of patients with chronic heart failure
(Ravnan et al. 2002). This phenomenon has been defined as
a failure to decrease extracellular fluid volume despite the
liberal administration of diuretics. A possible cause of this
phenomenon is decreased tubular delivery of loop diuret-
ics, which is often attributed to decreased renal perfusion in
patients with heart failure. Furthermore, the differences in
function of the hNPT4 variants mentioned earlier probably
explain some of the interindividual differences in diuretic
response. Thus, it would be interesting to determine if
diuretic resistance is sometimes explained by altered
hNPT4 function (Jutabha et al. 2011b).

Common diuretics, such as loop diuretics (furosemide
and bumetanide) and thiazide, also reduce urinary uric acid
excretion and increase the serum uric acid level (Russel
et al. 2002). The protein hNPT4 likely serves as a common
secretion route for drugs and urate. The dose-dependent
inhibitory effects of furosemide and bumetanide on
hNPT4-mediated urate transport suggest that the inhibition
of urate efflux through this transporter by loop diuretics
may be responsible for diuretic-induced hyperuricemia
(Jutabha et al. 2011b).

Conclusions

We have demonstrated that hNPT4 is a multispecific OA
efflux transporter expressed in the kidneys and liver. In the
kidneys, it is localized on the apical sides of renal tubules
and functions as a voltage-driven urate transporter. The
kidneys play a dominant role in maintaining the serum
urate level. Renal urate excretion is a function of the bal-
ance between reabsorption and secretion. It has recently
been demonstrated that the uptake of luminal urate into
renal proximal tubular cells is mediated by the urate-anion
exchanger URATI, and that the voltage-driven urate efflux
transporter URATvV1/GLUTY facilitates the exit of intra-
cellular urate from the cells into the interstitium/blood
space. OAT1 and/or OATS3, located on the basolateral sides
of renal proximal tubular cells, have been proposed to act
as uptake transporters for urate from the interstitium/blood
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space into cells; however, the molecular identity of the
apical urate transporter that excretes intracellular urate into
the luminal (urine) space is elusive. We suggest that NPT4/
OATV1 is the missing component of the three-factor model
because it functions in renal tubular efflux and the elimi-
nation of various anionic drugs, such as PAH and diuretics,
as well as in the secretion of endogenous substrates such as
urate. In addition to a known effect on renal urate uptake
transporters, another mechanism for diuretic-induced
hyperuricemia may be an inhibition of NPT4-mediated
urate secretion. Therefore, the NPT4/OATv1-mediated
efflux of urate may represent a new drug target for
hyperuricemia.
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Transporters for prostaglandins and organic anions

Naohiko Anzai, Kazuhisa Okamoto, Kenji Hanada, Tokuro Abe, Naoyuki Otani, Motoshi Ouchi
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Organic anion transporters (OATSs) play a fundamental role in the elimination of numerous endogenous
and exogenous organic anions from the body. The secretion of numerous organic anions including
endogenous metabolites, drugs, and xenobiotics, is an important physiological function of excretory
organs such as kidney and the process of secretion of organic anions through the proximal tubule cells is
achieved via unidirectional transcellular transport. To date, several families of multispecific organic anion
transporters, including organic anion transporter (OAT) family, organic anion-transporting polypeptide
(OATP) family, sodium-phosphate transporter (NPT) family and ATP-dependent organic anion transporters
such as multidrug resistance-associated protein (MRP) are identified by molecular cloning. Among them,
some members of OATP (SLC21/SLCO) family and OAT (SLC22) family are thought to contribute to the
membrane permeation of prostglandins (PGs), for example, PGE: and PGF.,, that play various physiological
and pathophysiological roles. The first PG-specific transporter PGT (prostaglandin transporter), a member
of SLC21/SLCO family, was identified in 1995. This transporter may play a primary role in the removal of
bioactive PGs from the circulation. Recently, we identified a novel member of the SLC22 family expressed
in mouse kidney and designated this member as OAT-PG (organic anion transporter for prostaglandins).
This OAT-PG specifically transports PGs which are localized in proximal tubules.

Key words: organic anion, prostaglandin, transporter, OAT, OATP
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OATP2A1(PGT)

N

OAT1, OAT2, OAT3, OAT4

Organic Anion Transporter (OAT) family: SLC22 (G#7 =4+ > b T Y AR—=F =77 31 —)

3. MRP (multidrug resistance-associated protein) family: ABCC(ZHIM MR- 5 /327 7 3 —)

MRP4
4. Organic Solute Transporter (OST)
OSTa-OSTp
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transporter)
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