In vitro B - BIRESHI O Bl

BT VAR —FRERB LRI DS, BETY i vito TOREMB E L TEYHE
BRBETHCORTVEY, LipLiss, b bORSERIFMLE, FF—»sHREEARA
Mmka L PRI EAFSRETH D 10 BMACEoTWAZ L, Ty FEIFKEL
Db, BMTHEIE, HMELAWAEDCREMAASELY S L, BEREEICY by uy
PASO R BEEDEILET AR LD LRSI &, SOMBESIH SN BT, Lo
5T, {ERIMIEAEE AT B ¢ b iPSHIIEA SE)ERE < P A S LS TE T TR e OB K
PIRRCE D LPFSA TN D,

3 b hiPSHEEES S Frla~DMEEEE

‘& b iPSHIMEk e MES (embryonic stem) Ml & FHICAMEE ML H L, MECER,

J§, Mg, OHEO=FREHEOMBATT A EHTELY Y v MPSHIO S LHEE
b MESHIlRoMEFE L EARMICESETHY, wIndIEBOFELHVTHLFETE %,
Liehio T, MTIMHT 2 e M iPSHIlED & e~ O a{bFEdi, © b ESHIRA & T4
CBEAOSEFERCETAREDREL VA EICHEINL L,

3.1 b bMPSHifar s REEAOMEEE

e b iPSHIfRO A LBENIRIC B VT, TS ONRIEMuICHT 28981, HiERgEo
SHRZES IS BI T SO DAY - iR S O PR ESLIC BT AR L ) BTV
(B Do ¥ b ESH, S FHBRAORPOSCFEOHE T, BEHE (embryoid body : EB)
PR S, RERERFEEHSELIECHAMESRASNRED, L LY S, EB
TR CIRMRERPFRE—TH Y HMLAT ¥ F A8 L, IFIEAOBIRK 2L SFIHC
Ehwv, FIC, I ITHIEADIL R 5700, BH—L0{biBENCE D PHEERT, &
HWNTORFFEE - S{LOBEZEBLTHL bbb A v RWHEET 2 CORMERERT 2 HEH X
LT EICE o, WAKE WIRSE KRR, PR BRERICSES T T

€1 & hiPS#fah > SEEAOM LN
b MPSHIBLIE L P ESHIRLE B7% UL SEEEMET 52 EATE B,
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{specification) {maturation)

2 kb biPS#ial b AT~ DOHME
t b iPSHIERZ & WA~ O S CIEBOBECIT B I LATE S,

EVEEEh (H2)Y,

b b iPSHIA SHEEANOLFEA T v ST, T2 FEVARIRIEETHOTT ha—-N
bR TWAE> W, 729Y Y AIXTGF (transforming growth factor) -7 7 3V —I12RT
LR TFCTH Y, ZFAFIE LR, MBATSmad & JENET F 7y -5 FRFEE ML
$5W, 7€ Y ALFABERSESIET, FGF (fibroblast growth factor) 2% Wnt3a b 1
BEMEFECHCOND LD B 9,

3.2 KEREDSLTFRFEMARADO2ME

P RE AT ISR BRI~ L (B B4L © specification) $5 &, Hilgide-7x= bTUFL U %
PO VAL VFURERTAIIC RS (HDM Y, ZoBBTEEGE Y 7 v & BMP
%memﬁmwmammmmﬂ97%»%@%?&%:&%%%%?30.F@M&EMW%%
RSs o Eic & 0 S E I Tl 5 2 LABES A T0waY, $a20Micd,
FGF1/2/4 & BMP2/4 DM AR DRI & o T, WIKED S M EHETE 2 L v i
RV v 2 M U7 RS VLR TH B DMSO (dimethyl sulfoxide) % Sodium butyrate 2SHF
MDD HFEUHTIZ BN THENTH S Z LB HE SN Tn B,

3.3 FrEvunERmsas & FFRAOME - BEEL ‘

HPERRT BRSO LIPS e & RS LRl & ) 2R O RAUMIBIZ M T A Z L 5T & 5
(= 2);}333%‘%?3‘11555%}&7% LIFEEMBADETA2IZoNTa-7 2 b7RFA4 VOFHEIETL,
RboT7 V73 VvORHENLERLTL 3, COBBIBVTEERREET W HGF
(hepatocyte growth factor) &3 ¥ TR F ¥ M Th 5% 19, HGF i IFRTERMIM W % 1%
Bk BB~ EEL, 49X ¥ F Y MR ORI R BET 5 2
EPEIE TV Do ‘ |

SHIZAMER Ty T, REBEMRHEAT I ) v 7 R (TRIF—5 Y% ) 7V
RSnz) omE e 41—y —MoOEEENE 7T L 93—V CIESRT A, €|
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In vitro 3t - ByREE Hﬁﬁ@ﬁwﬁ“ﬁ

PSS LTSI 2 B EE R 2354101, MiEe 7 4 — ¥ — o Bigg
W R B L, oM OB L LR (chemically defined medium) CTHMEEFE 42
BEND Do —F, IPSHINL ML EIEAIN % QIS IS T 2 81032 0 & 5 SR
BHECELRL, T LABIEBHIZBW TR Y A m}?fﬁ]}mé}"\{ LS 5
B bo LALEND, SREOWERTYA b4 ¥ QWM bk 5 HLBEEIL, IF
HIBAOSEE D T3 B+ R OVTRTD Y, Bl 2RO EARE L 225 Ts
Ao

3.4 BEFEALLIFHEREMEZEE

S L7z & 912, iPSHIIEA & a0 MMEFFEREIERIZ 5 TlEL {, FMWHFHR TS
BT 538 bR b BEBRSLECH S, BELRMBO S V— 71, WEEMUCEELES
WFTdhHSOXITREFE L MPSHIESRSIZT 2 F € ¥ ATHEEHE L - h RSB A T 2
Tk, WBREAOSLHENERERCHET A L2 M LER D, T Ak
FTHBERL T BBTETFOFOXAZBET & HAERICEAT 5 & & T PERILId R
HENDED, JFRRIAORAT v AT, WFREKEELEERTF T 5 HEXBIET % iPSHI
HSRAIRZEEIZBATA I LICX Y, RIS IBES WL Z LEEL LDV — T
EDHESh TR R W,

%%6@%6m,@&@ﬁﬁ%%%ﬁ@%@&%%&@&%k#%’&K&@ t FiPSHIf
5K F CO—EOH{LERBENICH L X225 2 LY Lz, Blb, KoLiPSHIT
NPTV FEY A&mﬁ*@ﬁﬂt SRR SOXI7R{ET 2, WIEED SRR~ O
AT v SR HEXGEEF £, S 5 SR O P~ 08bA 7 v 7 Tid HNP4
aBEFEBEATLHILT, BWTVT I VEERCEDAMEREEE LR zR L {4
EFUT AL HEI LAY, SHIEETIE, ¢ b iPSHIRD & IFRADE AT v TIC
BWC7HEO FEEERT (FOXA2, SOX17, HEX, HNFI «, HNF1 g, HNF4 «, HNF6)

’”‘ﬁﬁféﬁiﬁ;%% A7) ==y 7 UfER, FOXAZB X UTHNFL ¢ @iz FE#AEHET

%ﬁéﬁéb&ki@ 8 OITAERE CRBIHII R ML T A S LI L ()Y,

" FOXA2

Activin A
bFGF

Activin A
bFGF 3

4 days : 3 days 11 days

2 days

M3 EERFHAZHVEE MPSHIEY 5 BRI DSLFE
SALOBE R H LB ET B RB S I LI
Ly, AR L E MMEFETE S
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SW4E v b iPSHINRHEITMA % v 7 B S

i gis) \ K7 &
PFI/OAI TFI/IAIR
AR Bm

4 MBREFFIDANIANT 4~
AT (K78 79/ A WARY § =375 94 v ZA2F M (CAR) ZiTk<,
ARG UBBLBERTAII LY, L OMBEICHRL GEEFEANTRE 5,

BB, ASFEIIBWAEEFEACE, #EmcEn, MERZLARRETF /940
ARG F = Tz iPSHIRES BRI~ OMED L H 12, SMEOERT v TR
BEHET, EHEAT v TCRTEASBETIRET S L9 (BofilasibiciEr 51k
WD) BIETHRBEHME—E8%TH L L, FLTHRIL MREREMLEE 20121,
100 % DBEIEFHEMBCHEBFRBIGI I EPLEE 21D, ARB7TF/OA4VARY Y
—EZD XD B HCHE-H IR ¥ —Th b, RETHWZRRB T 7/ T4 VARY §—
i, HBAOREICHETEY 4 VAER Y Y2 BOT 7 4A5—% Y SZBo CRBERICE
)Y Y rEF (KKKKKKK ;U V> (K) 8708 OTK7 LHEH) 28R ETIZFNICHSL
THY, HREFHOANNT YHEERMRL TS OB L (EBETFBEANTEL 25
EDD, KIBT 7/ 94 WARY =13, e biPSHIN%, v biPSHlfaL &3 E L7z
HIRLITH LT b 100 % DR CRIZTFEAFTI TH o 122,

3.5 SRSTHAEEMIC L3 FHBORRAL

v AN, S5 L AT R R R E A b T D E AR ST
Wb, FiZIE, PP 2 OLPBIBERLTNVT I YOBRETFHEBR, BEL SR ESEEg T
HLCH, ISHMDHES S L, Wl GUEIMIBOBE) EHEOBEFREERET2 10
~105DIBECEFET T2, —H T, A7 x0{ FEBSEO=RITRESR, Bl
WA P A & DIEHERR T MRS RIFAI E 8T 5L, ¥ b7 04 PASORERT VT
I VEQIERIMSEOREIL, HARENHSNL S EFMBATY S, 22C, Ml —
PLEEEHEECL I LT, ¥— MRICEINL 7 Swiss3T3MAg & v b iPSHifa» & D{kehE L
2 REAIL & A BB S KT L, S0 M EASTREARE LD, ZofE, BEoL
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In vitro BV « BYERFAT O RATHR

PSS LTI & et U, AL 2 R ETRBER T V7 3 Y SRR
CHINT A L LA O ot £z, € b iPSHRESEIHEAT AL O BB LI TR
¥ Swiss3T3MIL & OB 2 BHAEF TH L E 2 AM L 61, & biPSHMERS
HEITAA~, (B35 —F Y PR ERT B LI 0 FBRIMEIMRE S Wb —F T,
05— 4 Y ARRERTER T 12 H W C i Swiss3T3HINL & ORE = WITHHE IO BAL A
ENFZ LB, SwissITIMBAEAT B 18 35— 5 v AFHIRRRIL #E 5 RRERF 0
VLoOTHBEIEFHLNE T, '

BT, MBI SRS RS AN &P SRS TBY, TRLOENEHNT
bt MPSHIEH S LFEFMB ORI Er PR TE D, FHEOWEF/¥I—-T V)
(B4 72 70 9—2R4) 12, & FiPSHIEA & AL L 2 iR £ 485 L, X7
x4 FREESERPEERE, FRbzBLAE A, V7 0APSOBERLT VT I Y
EORETRERSLEL, ¥ 72 APBOREC L 2 BAAHES AT LR HRLY,
HFEEOTRIC & o THIFBADMESEITH LT 5 2 8 261 Uiz S0 & 9 28HE,
BB 2 BELET, ANV—Ty MEZDERS 20, BUFFMEOAIREEICIED TH
BEEZL BN,

4 iPS%ﬁﬁ@ﬂ%&ﬂ?ﬂﬁa%%wt%%ﬁﬁ%ﬁ%mﬁ%

COESELTY b iPSHNA b AL L AN, AR R % A L2
BEOERELTCBY, 80~0%UEOMIEE TNV T IV, TIV7OfEy 80 HZRHK
LDL (low density lipoprotein) LD A&, 4 ¥ K 7=y 7y — VI AHEE KHA B
# (Y M7 ohP450 3A4, TAL, ZDG‘%E) BECh Yy, v bR IS 5 SR
BEOBETRRLAVER U $72, ¥ k7 0 A PSORES & CRE SN OBEDEN O
RIS TT 74 WAL 25, SUHEITFAT ORI RBIER & b IRERITAN X b v
LOD (b5 0 APBIMEOWEEIC & ) Rk 54 SMEFHLTANE © NIRRT O 1
~ 40 BRIEDFEM), WTNOBEWICH LTHREEEE LTSS LIHRSNED, £}
2 0 A PASOBEEORET R L B L ORI, PSHNBHES AT & © b AR
S CTREEATD NS, COEEE LTI, 2525y b 0h PASOREE ORI ILBAL
BREND EDVHMONTE Y FHE~THEEOBAZ), £y b7 1A PSIREEEOR
A B PSHIMAAHIL S TR TTREMES, ¥ b7 1A PASORER ORI DB LR O
RHAES MBI TS LERE L SNl 5%, Bho2BAS SBTL
Felfa e e b PSRUIEHT AL AT & I CRBOMRE %479 FRTH B0 72 Rashid
Sidgl-7vF M) TV VRIBE - RESI VAT I —VIIUERE - 7Y 32V IFBEBE] o
OBEORMHIS S PSHIEE R L, FBEAMUEESE, ZRENOFHEE Kk L7
MR ERCE B 2 AR LAY, Lo, EMICIRIEE, $2VIEAZELRLAL
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WAZ b b iPSHUIHISRITHUR & v e B R

| PSR E SR D LTS HEITAINL % F0 > 7= AR D RIS 2 B TH S 9
5513, ¢ b PSARBESMEHBIFAILE T, BHICH T 5 BRI OV T bR
Lize FFBMEERFRHEEWIONVT, F /€5 =7 b b Lo EFE L2 I & v Tl
FUFELLPFMULAE A, MBHEO2RITIERE LA b PSR L 5L I %
HepG2Aile (77 €9 —7 L — b LCH%) & AOLAIis, L) RIERARFEERL,
POT DB |2 U K PSOREOMEH BN Z 5 & B LED, LidisT, b
b iPSHIRL B M EFBEIFAIEE AV B 2 212 X 5T, ¥ b2 1 A PASOREE CRA S NI
(BUSHEACH) (& o CEUHMBEEME 2 FRERCHRIMTEAZ LIS h Lok, K
ISR R RSO R ER EZ 2 5N THY, & hiPSHIT RS EIF M TR
PR X BB R RN TE 2o L, B TRERERE DO L EAONS, ML
DZEdD, FEELHIMR U b iPSHIRHE MU, EYOBER 7 )2y
ST E BT RIS S Nz

5 HbHiC ‘

ek e PSS & A EFFE U IR, BEREEIC By TSI IS Tk &
(EoTBY, AIENENOINHIZEECH o720 LA LEMS, FEOIMREL LEEFEA
ZERE L 2 eEEEC K Y, BIEEIS AT C X ) R S REROMBN DT RER LRV E TH
AL LRI 155 & EWTERIC o720 —HC, & b iPSHINE B3R LET BRI 2 5L < Al
BRI T 572010, RRECSBEIZREMEFELT ) LEFS Y, MREROBIA
POFRPENLEL bND, T CTHEFE O, SMEEhOIFBRBMOBRE T, S
RERBICHEIETE 2L W) BECIIY AT S, G, Lh—BRiks (R
ww) v b iPSHEHISR G BEINIaOEEIE DM 2 HD 5 & & HIT, AMEFEFMR S
AEMAETHEEHSNL ZL2IHLCD, B, ARETHEALLHMEHREECER IR
" b b PSHIN AL, HAR Y O LY ReproHepato & L CHE S LT
5 (AnCwa e FiPSHIBOHENEE S EREL o TV A LDBHRHA—TIE2W),
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The combination therapy of a-galactosylceramide and
5-fluorouracil showed antitumor effect synergistically against
liver tumor in mice
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- Galactosylceram;de (oz GalCer) has been reported to be therapeutsc agamst metastatu: Iwer tumars in muce However httie‘"‘
_is known regarding the efﬂcacy ‘of combined chemo- ;mmunotherapy usmg o GalCer and antlcancer drugs in thlS study, we e
:,,evaluated ‘the antitumor effect of the combination therapy of u—GalCer and S-ﬂuarouracﬂ (5 FU) agamst !:ver tumors of MCBS,;_,,

~colon cancer cells. The liver weights of tumor—bearmg nice treated with the combmatmn were szgmﬂcantly lower than those, "

- of nontreated mice and of mice treated with 5-FU or ¢-GalCer atone No toxic effects on the liver and renal functlons were - ;

- observed in any of the treatment groups. o-GalCer treatment mdm:ed significant actwat:on of liver NK cells in vivo, but 5- FU :
treatment did not. 5-FU treatment resulted in-a significant upreguiahon of NKGZD actsvatmg molecuies (Rae 1 and Héo) and
'DNAM-1 ligands:(CD112 and CD155) on MC38 cells, but o-GalCer did nct The cytolytsc actt\nty of o- GalCer actzvated liver . ,
'mononuctear cells against 5- FU-treated MC38 cells was sngmf;canﬂy hrgher than that agamst nontreated cells The mcrease of :
the cytolytrc actwsty induced by 5- FU partially depended on NKG2D- Rae-1 or H60 Slgﬂa[S Depletoon o'f‘NyK' célls s;gmﬁcantiy -

~inhibited the antitumor efficacy of 5-FU against MC38 liver tumors, which stxggested that the antitumor effect of 5- FU parttaily :
,depended on the cytolytic activity of NK cells. These results demonstrated that the cambmatmn therapy of s-GalCer and 5 FU : ,' ‘

~ produced synergistic antitumor effects against liver tumors by increasing the expressmn 'of NK actlvatmg molecules on cancer :
cells, This study suggests a promising new chemo- immunotherapy agamst metastattc hver cancer. : :

Colon cancer is one of the most common cancers in the
world. Despite recent progress in the development of treat-
ment, the overall 5-year survival rate is only 50-60% due to
local recurrence or distant metastasis." In particular, patients
with metastatic colon cancer have a median survival rate of

Key words: «-GalCer, 5-FU, NK cells, liver tamor

Abbreviatiens: 5-FU: 5-fluorourcil; Alb: albumin; ALT: alanine
aminotransferase; Cr: TFN-o MICA:
major histocompatibility complex class I-related chain A; MNCs:
mononuclear cells; PBS: phosphate buffered saline; T-Bil: total bil-
irubin; a-GalCer: «-galactosylceramide
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only six months. 5-Fluorouracil (5-FU) remains key-drug in
chemotherapy against colon cancer. However, colon cancer
cells are becoming increasingly resistant to existing chemo-
therapies including 5-FU.* Therefore, novel strategies are
needed especially for the treatment of advanced colon cancers
including metastatic liver cancer.

A normal liver contains abundant lymphocytes that are
usually enriched with NK and NKT cells in contrast to pe-
ripheral blood.** Thus, the effective activation of innate
immune cells might be beneficial in the treatment of meta-
static liver cancer. To date, however, immunotherapy has not
yet been established against metastatic liver cancer. a-Galac-
tosylceramide (a-GalCer) induces the activation of NKT cells
in a CDld-dependent manner.® Recently, a-GalCer has
been attracting attention as a novel antitumor therapy. Sys-
temic administration of «-GalCer has demonstrated antitu-
mor effects against various tumors (including melanoma,
sarcoma, colon carcinoma, and lymphoma) in vivo in animal
models of hepatic and lung metastasis.”® We and others have
demonstrated that sequential activation of both NKT and NK
cells could be observed in the liver after a-GalCer adminis-
tration.®>** Although most NKT cells had disappeared from
the liver within 12 hr of «-GalCer administration, strong
activation and proliferation of liver NK cells could be
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a-Galactosylceramide (a-GalCer) is effective agamst metastatzc l:ver tumors in mlce m thls study, the authors evaluated the
antitumor effect of a combination therapy of o-GalCer plus 5-FU. They found that the combmatlon therapy produced synergis-
tic antitumor effects against liver tumors of colcm cancer cells m mice, by both mcreasmg the act:vatlon of natural killer (NK)
cells and enhancing the sensitivity of the cancer cells to those NK cells Thls combmatnon may therefore represent a prormsmg

new chemo-immunotherapy against metastatlc hver cancer

observed, and the antitumor effect of the a-GalCer treatment
against liver tumors depended primarily on NK cells. Based
on the promising results of preclinical studies, several Phase
1 clinical studies using intravenous administration of a-
GalCer have been conducted, but dinical responses of
«-GalCer have been limited.' In view of future «-GalCer
treatment of metastatic liver cancer, new strategies should be
explored. We have previously reported that anticancer drugs
enhance the expression of the human NKG2D ligand, mem-
brane-bound major histocompatibility complex class I-related
chain A (MICA), and the NK sensitivity of human hepatocel-
lular carcinoma cells in vitro."»"> These findings suggest that
the efficient activation of liver innate immunity after chemo-
therapy might represent a promising approach to the sup-
pression of liver tumor growth.

In this study, we investigated the therapeutic potential of
the combination of «-GalCer and 5-FU in the treatment of
liver tumor of colon cancer cells. We found that 5-FU can
enhance the NK sensitivity of colon cancer cells by increasing
the expression of NK activating molecules. In addition, the
combination therapy of a-GalCer and 5-FU showed synergis-
tic antitumor effects against liver tumor of colon cancer cells.
This study demonstrates a promising new therapeutic strat-
egy for the treatment of metastatic liver cancer.

Mizterial and Methods

Mice

Female C57BL/6 and BALB/c mice were purchased from
Charles River Laboratories Japan, INC (Yokohama, Japan)
and were used at 6-10 weeks of age. The mice were housed
under conditions of controlled temperature and light with
free access to food and water at the Institute of Experimental
Animal Science, Osaka University Graduate School of Medi-
cine. All animals received humane care and our study proto-
col complied with the institution’s guidelines.

Cell lines

MC38, a mouse colon cancer cell line derived from C57BL/6
mice, was generously provided by Dr. Michio Imawari
(Showa University School of Medicine, Tokyo, Japan). Co-
lon26, a mouse colon cancer cell line derived from BALB/c
mice, was kindly provided by Dr. Takashi Tsuruo (Institute
of Molecular and Cellular Bioscience, University of Tokyo,
Tokyo, Japan). This cell line was maintained in complete me-
dium (CM, RPMI-1640 medium supplemented with 10%

Int. §. Cancer: 133, 1126-1135 {2013) © 2013 UICC

heat-inactivated fetal bovine serum, 100 U/ml penicillin, 100
pg/ml streptomycin, and 10 mM r-glutamine: all reagents
from GIBCO/Life Technologies, Grand Island, NY) in a
humidified incubator at 5% CO, and 37°C

Reagents

a-GalCer was purchased from Funakoshi (Tokyo, Japan) and
prepared as previously described by Kawano ef al.> 5-FU was
purchased from Kyowa Hakko Kirin (Tokyo, Japan) and dis-
solved in phosphate buffered saline (PBS). MC38 cell viability
was determined 24 hr after the addition of 5-FU (used at 10
nmol/l to 2 pmol/l) or PBS by the WST assay using the cell
count reagent SF (Nacalai Tesque, Kyoto, Japan) as previ-
ously described (10).

Flow cytometry

MC38 cells were cultured with or without «-GalCer (100 ng/
ml) or 5-FU (500 nmol/l) for 24 hr and evaluated for the
expression of NK activating molecules. Treated and non-
treated MC38 cells were incubated with PE-conjugated anti-
bodies (Abs) against anti-Rae-1 (R&D Systems, Minneapolis,
MN), H60 (R&D Systems), CD112 (Nectin-2) (Abcam, Cam-
bridge, UK), and CD155 (BioLegend, San Diego, CA). Flow
cytometric analysis was performed using a Canto II flow cy-
tometer (Becton Dickinson, San Jose, CA).

Preparation of hepatic mononuclear cells from 5-FU-

or a-GalCer-treated mice

C57BL/6 mice were administered 5-FU (20 mg/kg body
weight)or PBS intraperitoneally (1p.) for 3 consecutive days.
Liver mononuclear cells (MNCs) were prepared as previously
described.® In some experiments, C57BL/6 mice were admin-
istered a-GalCer (0.4 pg/mouse) or PBS ip. on Day 0. On
Day 3, hepatic MNCs were prepared. NK cells were identified
as DX5+/TCRB- by flow cytometry as previously described.®
The expression levels of NKG2D and DNAM1 were eval-
uated with anti-NKG2D (R&D Systems) and anti-DNAMI1
(BioLegend) Abs by flow cytometry.

Cytolytic assays

C57BL/6 mice were injected 1.p. with a-GalCer (2 pg/mouse)
for the preparation of activated NK cells as previously
described.® Liver MNCs were prepared on Day 3 after a-
GalCer injection. MC38 cells were cultured with or without
5-FU (500 nmol/l) for 1 day. a-GalCer-activated liver MNCs
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Figure 1. The antitumor effect of the «-GalCer and 5-FU combination therapy against MC38 liver tumors. (g, b) C57BL/6 mice or BALB/c
mice were injected in the fiver with 3 X 10° MC38 cells or 5 X 10° Colon26 cells on Day 0. To evaluate the efficacy of the a-GalCer and 5-
FU combination therapy, the mice were treated with «-GalCer (0.4 ng/mouse) on Day 0 and/or 5-FU (C57BL/6, 10 mg/kg body weight;
BALB/¢c, 20 mg/kg body weight) for 5 consecutive days after tumor inoculation. Two weeks after the tumor injection, the liver weight was
measured to examine intrahepatic tumor growth. N = 7-9 mice/group. Each data point represents the mean liver weight = SD. The fraction
of mice achieving tumor rejection in each treatment group is shown in parentheses. *p < 0.05 versus PBS group, #p < 0.05 versus 5-FU
group, 1p < 0.05 versus «-GalCer group. (c) Blood samples from treated C57BL/6 mice were obtained 1 day after the final injection of each
treatment. The serum levels of ALT, T-Bil, Alb, and Cr were examined. N = 3 /group. No significant differences were observed between any

of the groups.

were subjected to a 4-hr *'Cr release assay against 5-FU-
treated or nontreated MC38 cells as previously described.'?
The assays were performed in triplicate, and the spontaneous
release of all assays did not exceed 25% of the maximum
release. In some experiments, the cytolytic ability of activated
NK cells was assessed by a 4-hr *'Cr-release assay with or

without blocking Abs against Rae-1 (R&D Systems) or H60
(R&D Systems).

Animal experiments

C37BL/6 or BALB/c mice were injected in the liver with 3
X 10° MC38 cells or 5 X 10° Colon26 cells on Day 0.

int. J. Cancer: 133, 1126-1135 (2013) © 2013 UICC
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To evaluate the efficacy of the combination therapy of
«a-GalCer and 5-FU, the mice were treated with a-GalCer
(0.4 pg/mouse) on Day 0 and/or 5-FU (C57BL/6, 10 mg/kg
body weight; BALB/c, 20 mg/kg body weight respectively)
for 5 consecutive days after tumor inoculation. Two weeks
after the tumor injection, the liver weight was measured to
examine the intrahepatic tumor growth. To evaluate the
involvement of NK cells in the antitumor effect of 5-FU,
mice were injected with an anti-asialo GM-1 (ASGM1) Ab
(WAKO, Osaka, Japan) on Days —1, 4, and 9 after tumor
inoculation. The efficiency of NK cell depletion was vali-
dated by flow cytometric analysis of splenocytes using PE-
conjugated anti-DX5 mAbs (BD-Pharmingen) as previously
described.® NK-depleted mice were treated with or without
5-FU (10 mg/kg body weight) for 5 consecutive days. Two
weeks after the tumor injection, the livers of treated mice
were removed, and the liver weight was measured to exam-
ine the intrahepatic tumor growth.

NKG2D lignads and DNAM1 ligands expression in MC38
tumor tissues and nontumor tissues in 5-FU-treated mice
C57BL/6 mice were injected in the liver with 3 X 10° MC38
cells on Day 0 and were treated with 5-FU on Day 4-8 after
tumor inoculation. On Day 8, MC38 liver tumor or nontu-
mor tissues were harvested and divided into single cells to
evaluate the expression of NKG2D ligands (Rae-1 and H60)
and DNAMI1 ligands (CD112 and CDI155) by flow
cytometry.

Blood biochemistry test

Blood samples were obtained 24 hr after treatment. The lev-
els of serum alanine aminotransferase (ALT), total bilirubin
(T-Bil), albumin (Alb), and creatinine (Cr) were measured
with a standard UV method using a Hitachi type 7170 auto-
matic analyzer (Tokyo, Japan).

Statistics

All values are expressed as the mean and SD. Statistical anal-
yses were performed by the unpaired Mann-Whitney U test
or one-way ANOVA unless otherwise indicated. When
ANOVA analyses were applied, differences in the mean val-
ues among groups were examined by the Scheffe post hoc
correction. We defined statistical significance as p < 0.05.

Results

The combination therapy of «-GalCer and 5-FU showed a
synergistic antitumor effect against MC38 liver tumors

We examined the antitumor effect of the combination ther-
apy of «-GalCer and 5-FU against MC38 liver tumors.
C57BL/6 miice were injected intrahepatically with MC38 cells.
The mice were treated with a-GalCer on Day 0 and/or 5-FU
for 5 consecutive days after tumor inoculation. As shown in
Figure 1a, the liver weights of the mice treated with «-GalCer
plus 5-FU were significantly lower than those of nontreated
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Figure 2. Expression of NKG2D and DNAM1 on liver NK cells iso-
lated from «-GalCer- or 5-FU-treated mice. C57BL/6 mice were
treated with «-GalCer (0.4 pg/mouse) i.p. on Day 0 or with 5-FU
(10 mg/kg body weight) for 3 consecutive days. Liver NK cells were
isolated from «-GalCer or 5-FU-treated mice, and the expression
levels of NKG2D and DNAM1 were evaluated by flow cytometry,
Black bold line histograms: NKG2D or DNAM1 staining of NK cells
from «-GalCer or 5-FU-treated mice; dotted line histograms: NKG2D
or DNAM1 staining of NK cells from PBS-treated mice; shaded/gray
histograms: control staining. The data are represented as the aver-
age of the MFi obtained from 3 separate experiments. *p < 0.05
versus PBS-treated group.

mice and mice treated with either 5-FU or «-GalCer alone.
The liver weights of mice treated with 5-FU were significantly
lower than those of nontreated mice, but treatment with «-
GalCer did not produce this effect. We also examined the
antitumor effect of a-GalCer plus 5-FU in a Colon26 liver
tumor model. The liver weights of mice treated with «-
GalCer plus 5-FU were significantly lower than those of non-
treated mice and mice treated with either 5-FU or «-GalCer
alone. The liver weights of mice treated with a-GalCer were
significantly lower than those of nontreated and 5-FU-treated
mice (Fig. 16). Tumor rejection in the MC38 liver tumor
model was observed in 2/8 of the a-GalCer plus 5-FU-treated
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Figure 3. Expression of NKG2D ligands (Rae-1 and H60) and DNAM1 ligands (CD112 and CD155) on MC38 cells treated with «-GalCer and/
or 5-FU. MC38 cells were cultured with or without a-GalCer (100 ng/ml) or 5-FU (500 nmol/l) for 24 hr. The treated cells were harvested

and evaluated for the expression levels of NKG2D ligands (Rae-1 and H60) and DNAM1 ligands (CD112 and CD155) on M(38 cells by flow
cytometry. Upper panel: representative data. Shaded/black histograms: NKG2D or DNAM1 ligand staining of «-GalCer or 5-FU-treated M(38
cells; shaded/gray histograms, control staining. Lower panel: data are represented as the average of MF! obtained from 3 separate experi-

ments. *p < 0.05 versus PBS group, #p < 0.05 versus a-GalCer group.

mice, 0/8 of the 5-FU-treated mice, 1/8 of the «-GalCer-
treated mice, and 0/7 of the PBS-treated mice (Fig. 1a). These
results were consistent with those of another Colon26 liver
tumor model in BALB/c mice, where tumor rejection was
. observed in 2/8 of the a-GalCer plus 5-FU-treated mice, 0/8
of the 5-FU-treated mice, 0/9 of the a-GalCer-treated mice,
and 0/8 of the PBS-treated mice (Fig. 15). These results dem-
onstrated that the combination therapy of «-GalCer and 5-

FU produced a synergistic antitumor effect against liver
tumors in both the MC38 and Colon26 models. To evaluate
the safety of this combination therapy, serum levels of ALT,
T-Bil, Alb, and Cr were evaluated in C57BL/6 mice immu-
nized with o-GalCer plus 5-FU, 5-FU, a-GalCer, or PBS.
There was no toxic effect upon the ALT, T-Bil, Alb, or Cr
levels for any of the treatment groups (Fig. 1¢). These results
demonstrated that the combination therapy of «-GalCer and

Int. ). Cancer: 133, 1126-1135 (2013} © 2013 UICC
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Figure &. The cyiolytic activity of a-GalCer-activated MNCs against
5-FU-treated MC38 cells. C57BL/6 mice were injected i.p. with a-
GalCer (2 pg/mice) to activate NK cells. Liver MNCs were pre-
pared on Day 3 after a-GalCer injection. (@) MC38 cells were cul-
tured with or without 5-FU (500 nmol/l) for 24 hr. a-GalCer-
activated liver MNCs were subjected to a 4-hr **Cr release assay
against 5-FU-treated (@) or nontreated (@) MC38 cells. (b) In
some experiments, the cytolytic ability of activated NK cells was
assessed by a 4-hr **Crrelease assay with or without blocking
Abs against Rae-1 or H60 at an E/T ratio of 30:1. Similar results
were obtained from 3 independent experiments, *p < 0.05 versus
the cytolytic activity of activated NK cells against nontreated
cells, #p < 0.05 versus the cytolytic activity of activated NK cells
against 5-FU-treated cells.

5-FU is not toxic to hepatocytes and does not harm the liver
or kidney.

a-GalCer, but not 5-FU, treatment induced NK activating
receptors on NK cells

We examined the expression levels of activating (NKG2D
and DNAMI) receptors on liver NK cells. C57BL/6 mice
were treated with «-GalCer (0.4 pg/mouse) ip. on Day 0
or 5-FU (10 mg/kg body weight) for 3 consecutive days
and liver NK cells were isolated from 5-FU- and a-GalCer-
treated mice. As shown in Figure 2, the expression levels of
NKG2D and DNAMI1 on liver NK cells from «-GalCer-
treated mice were significantly higher than those from PBS-
treated mice. In contrast, the expression of NKG2D and
DNAMI on liver NK cells from 5-FU-treated mice was
similar to that of PBS-treated mice. These results demon-
strated that «-GalCer, but not 5-FU, could activate liver
NK cells.

int. J. Cancer: 133, 1126-1135 (2013) © 2013 UICC
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5-FU, but not o-GalCer, treatment induced NK activating
molecules on colon cancer cells

We next examined the expression of the NKG2D ligands
(Rae-1 and H60) and DNAMI ligands (CD112 and CD155)
on MC38 colon cancer cells treated with a-GalCer and/or 5-
FU. We first examined the cytotoxicity of 5-FU on MC38 cells
by the WST-8 assay. The addition of more than 1 pmol/l of 5-
FU resulted in a significant decrease in the growth of MC38
cells {data not shown). On the basis of these findings, we used
500 nmol/l of 5-FU to evaluate the biological effect on MC38
cells. MC38 cells were incubated with a-GalCer (100 ng/ml)
and/or 5-FU (500 nmol/l) for 24 hr and the expression levels
of NK activating molecules on MC38 cells were evaluated by
flow cytometry. 5-FU induced the expression of Rae-1, H60,
CD112, and CD155 on MC38 cells (Fig. 3). The expression of
these molecules on 5-FU-treated MC 38 cells was significantly
higher than that of nontreated MC38 cells. The induction of
these NK activating molecules was dose-dependent (data not
shown). In contrast, a-GalCer could not induce the expression
of Rae-1, H60, CD112, or CD155 on MC38 cells. Even in the
MC38 cells treated with this combination of a-GalCer and 5-
FU, a-GalCer failed to induce additional expression of NK
activating molecules. These results demonstrated that 5-FU,
but not a-GalCer, could enhance the expression of NK activat-
ing molecules on colon cancer cells.

The cytolytic activity of o-GalCer activated liver MRCs
against 5-FU-treated M(C38 cells

We next examined the cytolytic activity of «-GalCer-activated
liver MNCs against 5-FU-treated MC38 cells. We isolated liver
MNGCs from normal a-GalCer injected mice and the cytolytic
activity of these a-GalCer-activated liver MNCs was measured.
The cytolytic activity of liver MNCs against 5-FU-treated
MC38 cells was significantly higher than that against non-
treated cells (Fig. 4a). The cytolytic activity against 5-FU-
treated MC38 cells decreased significantly following the addi-
tion of blocking Abs against Rae-1 or H60 (Fig. 4b).

5-FU treatment induced the expression of NK activating
molecules in MC38 liver tumor tissues but not in M(38
nontumor tissues

We examined the induction of NKG2D ligand (Rae-1 and
H60) and DNAMI ligand (CD112 and CD155) expression in
MC38 liver tumor or nontumor tissues of 5-FU-treated mice.
As shown in Figure 5, the expression of Rae-1 in liver tumor
tissues of 5-FU-treated mice was significantly higher than that
of liver tumor and nontumor tissues of PBS-treated mice and
that of nontumor tissues of 5-FU-treated mice. The expression
of H60 and CD112 was similar to that of Rae-1. The expres-
sion of CD155 in liver tumor tissues of 5-FU-treated mice
tended to be higher than that of PBS-treated mice, although
the difference was not statistically significant. These results
demonstrated that 5-FU treatment induced the expression of
NK activating molecules in liver tumor tissues but not in non-
tumor tissues consistent with the in vitro results.
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Figure 5, Expression of NKG2D ligands {Rae-1 and H60) and DNAM1 ligands (CD112 and CD155) on MC38 liver tumor tissues of mice

treated with 5-FU. C57BL/6 mice were injected in the liver with 3 X 10°

MC38 cells on Day 0 and were treated with 5-FU on Day 4-8 after

tumor inoculation. On Day 8, MC38 liver tumor or nontumor tissues were harvested and divided into single cells to evaluate the expression
of NKG2D ligands (Rae-1 and H60) and DNAM1 ligands (CD112 and CD155) by flow cytometry. N = 3/group. *p < 0.05 versus nontumor tis-
sues of PBS group, #p < 0.05 versus tumor tissues of PBS group, tp < 0.05 versus nontumor tissues of 5-FU group.

The antitumor effect of 5-FU depended on both direct
cytotoxicity and the cytolytic activity of NK cells in mouse
colon cancer

The above results suggested that 5-FU could enhance the NK
sensitivity of MC38 cells. To confirm that NK activity played
a role in the antitumor effect of 5-FU, we examined the anti-
tumor effect of 5-FU against MC38 liver tumors in NK
depleted mice. As shown in Figure 6, the liver weights of 5-
FU-treated mice were significantly lower than those of vehi-
cle-treated mice. Depletion of NK cells significantly inhibited
the antitumor efficacy of 5-FU against MC38 liver tumors.
These results suggested that the antitumor effect of 5-FU
depended on not only on the direct cytotoxic effect of 5-FU
but also on the cytolytic activity of NK cells. Therefore, NK
activity plays a role in the antitumor effect of 5-FU in the
liver which contains abundant NK cells.

Biscussion
The lymphocytes in the liver are typically enriched with a
higher number of NK cells than that found in the peripheral

blood in a normal mouse>* Efficient activation of the abun-
dant NK cells in the liver might be important in antitumor
defense against liver tumors. Interferon-o (IFN-at) could acti-
vate liver NK cells efficiently.'® Bui et al'® reported that
IFN-« reduced the expression of H60 on MCA sarcoma cells,
suggesting that IFN-a treatment may reduce the NK sensitiv-
ity of cancer cells. We and others have previously demon-
strated that the systemic administration of a-GalCer can lead
to antitumor effects against metastatic liver tumors through
the efficient activation of liver NK cells.*'® Although «-
GalCer has not yet been officially accepted for clinical appli-
cation in cancer treatment, these previous results encouraged
us to evaluate the antitumor effect of the combination of «-
GalCer and 5-FU against MC38 liver tumors. In most
reports, high dose (2 pg/mouse) a-GalCer was applied for
the treatment of liver tumors. However, administration of
these high dose resulted in liver injury.™'”'® In the present
study, we used low dose (0.4 pg/mouse) o-GalCer in the
combination therapy. The administration of low dose «-
GalCer is enough to activate liver NK cells and did not affect

Int. J. Cancer: 133, 1126-1135 (2013} © 2013 UICC
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the expression of NK activating molecules on MC38 cells.
Importantly, the administration of this low dose a-GalCer did
not cause liver injury. The antitumor effect of the combination
therapy of «-GalCer and 5-FU against MC38 and Colon26
liver tumors was stronger than that of 5-FU alone or o-GalCer
alone. The antitumor effect of the combination therapy of low
dose (0.4 pg/mouse) a-GalCer and 5-FU was equal to that of
the combination therapy of high dose (2 pg/mouse) o-GalCer
and 5-FU (Aketa et al, unpublished data). Our results might
offer new chemo-immunotherapy strategies, especially for
those patients with advanced stages of cancer.

In this study, we demonstrated that 5-FU treatment
enhanced the expression of both NKG2D ligands (Rae-1 and
H60) and DNAMI ligands (CD112 and CD155) on MC38
cells. In contrast, 5-FU treatment did not affect the activating
molecules on NK cells. Both pathways involving NKG2D and
DNAMI1 play critical roles in the activation of NK cells and
have been implicated in tumor surveillance.” The expression
of NKG2D ligands has been associated with a good prognosis
in patients with colon cancer.?® Thus, these results suggest
that the upregulation of NKG2D ligand expression might
improve the prognosis of patients with colon cancer. Gasser
et al®* previously reported that DNA-damaging agents and
DNA-synthesis inhibitors including 5-FU could induce the
expression of NKG2D ligands on tumor cells. We also dem-
onstrated that 5-FU treatment could induce the expression of
NK activating molecules in MC38 liver tumor tissues but not
in nontumor tissues, which was consistent with the in vitro
results. Our present results suggest that 5-FU treatment
might have strong immune-editing potential to enhance the
NK sensitivity of colon cancer cells by regulating DNAMI
and NKG2D ligands.

In this study, we demonstrated that 5-FU treatment
enhanced the susceptibility of MC38 cells to the cytolytic ac-
tivity of liver MNCs via the NKG2D-NKG2D ligand path-
way. Because the blocking antibody of the DNAMI1-DNAMI1
ligand is not commercially available, we could not evaluate
the involvement of this pathway. We have previously demon-
strated that membrane-bound MICA, an activating molecule
of NK cells, on HCC cells is essential in the NK sensitivity of
HCC cells."" The addition of both epirubicin and sorafenib
enhanced the NK sensitivity of HCC cells by increasing the
membrane-bound MICA.'*'? This finding is consistent with
this study of a colon cancer model. Interestingly, the expres-
sion of death receptors, such as FAS and TRAIL receptors,
on MC38 cells was significantly increased by 5-FU treatment
(Aketa ef al, unpublished data). This result may also explain
the enhancement of the susceptibility of MC38 cells to the
cytolytic activity of liver MNCs. We previously demonstrated
that a-GalCer administration resulted in rapid and strong acti-
vation of liver NK cells and that the cytolytic activity of liver
MNCs early after a-GalCer administration mainly depended
primarily on liver NK cells and not on NKT or T cells.**
Taken together, these results suggest that the addition of 5-FU
enhanced the NK sensitivity of MC38 cells by increasing the
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Figure 6, The antitumor effect of 5-FU against MC38 liver tumors in
NK-depleted mice. To evaluate the involvement of NK cells in the
antitumor effect of 5-FU, mice were injected with an anti-ASGM1
Ab. NK-depleted mice were treated with or without 5-FU (10 mg/kg
body weight) for 5 consecutive days. Two weeks after the tumor
injection, the livers of the treated mice were removed, and the
weight was measured to examine the intrahepatic tumor growth.
*p < 0.05 versus PBS group, #p << 0.05 versus 5-FU group. [Color
figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

expression of Rae-1 or H60 on MC38 cells. Therefore, 5-FU
treatment might be expected to enhance the susceptibility of
MC38 cells to the cytolytic activity of NK cells by modifying
the expression of NKG2D and DNAM]I ligands.

NK depletion decreased the antitumor effect of 5-FU
against MC38 liver tumors, demonstrating that the antitumor
effect of 5-FU depends on NK activity in addition to direct
cytotoxicity. We also examined the antitumor effect of 5-FU
against the Colon26 liver tumor model, derived from BALB/c
colon cancer. The liver weights of 5-FU-treated mice were
significantly lower than those of vehicle-treated mice. The
depletion of NK cells also significantly inhibited the antitu-
mor efficacy of 5-FU against Colon26 liver tumors in BALB/
¢ mice. A significant upregulation of Rae-1, H60, CD112, and
CD155 could also be observed in 5-FU-treated Colon26 cells
derived from BALB/c mice (Aketa et al, unpublished data).
These results were consistent with the results of C57BL/6
mice and suggest that the antitumor effect of 5-FU may
always depend on NK activity in the liver. The liver containg
abundant NK cells. In cancer tissues that are rich in NK cells,
the combination therapy of a-GalCer and 5-FU might have a
potential as a new chemo-immunotherapeutic strategy.

The liver is the most common site of metastasis of gastroin-
testinal cancers (i.e.,, colorectal, gastric, and pancreatic cancers).
Thus, new therapeutic approaches of cancer immunotherapy
for metastatic liver cancer need to be developed. We have
shown here that 5-FU can enhance the NK sensitivity of cancer
cells by inducing the expression of NK activating molecules in
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addition to the direct cytotoxicity of 5-FU to the cancer cells.
In addition, the combination therapy of «-GalCer and 5-FU
showed sufficient antitumor effects against MC38 liver tumors.
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apoptosis in the healthy liver.

anti-apoptotic Bcl-2 family proteins.
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(Background: A fine balance between the anti- and pro-apoptotic multidomain Bcl-2 family proteins controls hepatocyte
Results: Disruption of the BH3-only proteins Bim and Bid prevents spontaneous hepatocyte apoptosis in the absence of

Conclusion: Hepatocyte integrity is maintained by the well orchestrated Bcl-2 network.
Significance: We demonstrated the novel involvement of BH3-only proteins in the healthy Bcl-2 network of the liver.

~

An intrinsic pathway of apoptosis is regulated by the B-cell
lymphoma-2 (Bcl-2) family proteins. We previously reported
that a fine rheostatic balance between the anti- and pro-apo-
ptotic multidomain Bcl-2 family proteins controls hepatocyte
apoptosis in the healthy liver. The Bcl-2 homology domain 3
(BH3)-only proteins set this rheostatic balance toward apopto-
sis upon activation in the diseased liver. However, their involve-
ment in healthy Bcl-2 rheostasis remains unknown. In the pres-
ent study, we focused on two BH3-only proteins, Bim and Bid,
and we clarified the Bcl-2 network that governs hepatocyte life
and death in the healthy liver. We generated hepatocyte-specific
Bcl-xL- or Mcl-1-knock-out mice, with or without disrupting
Bim and/or Bid, and we examined hepatocyte apoptosis under
physiological conditions. We also examined the effect of both
Bid and Bim disruption on the hepatocyte apoptosis caused by
the inhibition of Bcl-xL and Mcl-1. Spontaneous hepatocyte
apoptosis in Bcl-xL- or Mcl-1-knock-out mice was significantly
ameliorated by Bim deletion. The disruption of both Bim and
Bid completely prevented hepatocyte apoptosis in Bcl-xL-
knock-out mice and weakened massive hepatocyte apoptosis via
the additional in vive knockdown of mcl-1 in these mice. Finally,
the hepatocyte apoptosis caused by ABT-737, which is a Bcl-xL/
Bcl-2/Bcl-w inhibitor, was completely prevented in Bim/Bid
double knock-out mice. The BH3-only proteins Bim and Bid are
functionally active but are restrained by the anti-apoptotic Bcl-2
family proteins under physiological conditions. Hepatocyte
integrity is maintained by the dynamic and well orchestrated
Bcl-2 network in the healthy liver.

Apoptosis via the intrinsic pathway, which is known as the
mitochondrial pathway, is regulated by Bcl-2 family members.
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These members are divided into two groups as follows: core
Bcl-2 family proteins, which possess three or four Bcl-2 homol-
ogy domains (BH1-BH4)? and the Bcl-2 homology domain 3
(BH3)-only proteins (1). The former, which are multidomain
proteins, are subdivided into pro- and anti-apoptotic proteins.
Pro-apoptotic core Bcl-2 family members, such as Bax and Bak,
serve as effector molecules of this apoptotic machinery. Upon
activation, these members can form pores to permeabilize the
mitochondrial outer membrane. Apoptogenic factors, such as
cytochrome ¢, can then be released through this membrane into
the cytosol, leading to the activation of the caspase cascade and
to cellular demise (2). Anti-apoptotic core Bcl-2 family mem-
bers, including Bcl-2, Bcl-xL, Mcl-1, Bcl-w, and Bfl-1/A1,
inhibit the intrinsic pathway of apoptosis by either directly or
indirectly antagonizing Bak/Bax activity (3-5). In the original
rheostasis model, cellular life and death are regulated by a bal-
ance between these anti- and pro-apoptotic core Bcl-2 family
proteins (6). We previously reported that the hepatocyte-spe-
cific deletion of the bcl-x gene resulted in spontaneous hepato-
cyte apoptosis, and this effect could be completely prevented by
the additional deletion of the bak and bax genes (7). These
findings elucidated the importance of the rheostatic balance of
the core Bcl-2 family proteins in controlling hepatocyte apo-
ptosis in the healthy liver.

The BH3-only proteins, which include at least eight mem-
bers, are considered to function as pro-apoptotic sensors, and
these proteins set this rheostatic balance toward apoptosis
upon activation by a variety of apoptotic stimuli (8, 9). It has
been reported that hepatocyte apoptosis through the activation
of these BH3-only proteins is involved in the pathophysiology
of various liver diseases (10-12). Alternatively, we previously
reported that the slight activation of Bid, which can trigger he-
patocyte apoptosis, occurs even in the healthy liver and that the
inactivation of Bid partially ameliorated spontaneous hepato-

2The abbreviations used are: BH1-BH4, Bcl-2 homology domains 1-4; SCID,
severe combined immune deficiency; ALT, alanine aminotransferase.
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cyte apoptosis in Bcl-xL- or Mcl-1-knock-out mice (7, 13). In
the present study, we focused on another BH3-only protein,
Bim, which promotes hepatocyte apoptosis upon activation by
free fatty acids or by reactive oxygen species in pathological
settings, and we further clarified the orchestration of the Bcl-2
network, which governs hepatocyte life and death in the phys-
iological state (10, 11, 14, 15). We found that the disruption of
Bim ameliorated hepatocyte apoptosis in Bcl-xL- or Mcl-1-
knock-out mice, indicating the involvement of Bim in this he-
patocyte apoptosis machinery in the healthy liver as well as that
of Bid. Additionally, the deletion of both Bim and Bid prevented
the massive hepatocyte apoptosis caused by the inhibition of
both Bcl-xL and Mcl-1, suggesting that Bim and Bid are func-
tionally active in the healthy liver and are essential regulators
for promoting the intrinsic pathway of apoptosis in hepatocytes
in the absence of anti-apoptotic Bcl-2 family proteins. Our
present study unveiled the fine and dynamic Bcl-2 networks,
the orchestration of which determines hepatocyte life and
death in the healthy liver.

EXPERIMENTAL PROCEDURES

Mice—Mice carrying a bcl-x gene with two loxP sequences at
the promoter region and a second intron (bcl-»"*/"%), mice
carrying an mcl-1 gene encoding amino acids 1-179 flanked by
two loxP sequences, and heterozygous alb-cre transgenic mice
expressing the Cre recombinase gene under regulation of
the albumin gene promoter have been described previously
(16-18). Hepatocyte-specific Bcl-xL-knock-out mice (bel-
1 o%g1h-cre) (17), hepatocyte-specific Mcl-1-knock-out
mice (bel-x"7%qlb-cre) (13), systemic Bid-knock-out mice
(bid~'7) (12), and Bcl-xL/Bid double knock-out mice (bid ™'~ bel-
K1oxoxg[p-cre) (7) have also been described previously. We
purchased C57BL/6] mice from Charles River (Osaka, Japan),
systemic Bim-knock-out mice (bim ™~/ ~) from the Jackson Lab-
oratory (Bar Harbor, ME), and NOD/ShiJic-scid jcl mice from
Clea Japan Inc. (Osaka, Japan). We generated Bcl-xL/Bim dou-
ble knock-out mice (bim ™' ~bcl-#"%4lp-cre), Mcl-1/Bim
double knock-out mice (bim ™'~ mel-P*"%gib-cre), Bel-xL/
Bim/Bid triple knock-out mice (bim ™'~ bid ™'~ bcl-5"*"*4p-
cre), and Bim/Bid double knock-out mice (bim ™' ~bid~'~) by
mating the strains. We generated mice with a hepatocyte-
specific deletion of Mcl-1 and homozygote severe combined
immune deficiency (SCID) mutations (mcl- P/ *pridc*@* g -
cre) by mating hepatocyte-specific Mcl-1-knock-out mice (bcl-
wo%g b cre) and NOD/Shiic-scid Jcl mice. Genotyping of
prkdc®™@ gene mutation was performed by the PCR-confront-
ing two-pair primer (PCR-CTPP) method reported previously
(19). The mice were maintained in a specific pathogen-free
facility and were afforded humane care under approval from
the Animal Care and Use Committee of Osaka University Med-
ical School.

Histological Analyses—Liver sections were stained with
hematoxylin and eosin (H&E). To detect apoptotic cells, the
liver sections were also subjected to staining by terminal de-
oxynucleotidyltransferase-mediated deoxyuridine triphos-
phate nick-end labeling (TUNEL) according to a procedure
reported previously (20). For immunohistochemical detection
of cleaved caspase-3, the liver sections were incubated with the
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polyclonal rabbit anti-cleaved caspase-3 antibody (Cell Signal-
ing Technology, Beverly, MA) according to a procedure
reported previously (20).

Caspase-3/7 Activity—Serum caspase-3/7 activity was meas-
ured by a luminescent substrate assay for caspase-3 and
caspase-7 (Caspase-Glo assay, Promega) according to the man-
ufacturer’s protocol.

Western Blot Analysis—Liver tissue was lysed in lysis buffer
(1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS, 1X
protein inhibitor mixture (Nacalai tesque, Kyoto, Japan), 1X
phosphatase inhibitor mixture (Nacalai tesque), and phos-
phate-buffered saline, pH 7.4). The liver lysates were cleared by
centrifugation at 10,000 X g for 15 min at 4 °C. The protein
concentrations were determined using a bicinchoninic acid
protein assay kit (Pierce). The protein lysates were electropho-
retically separated with SDS-polyacrylamide gels and were
transferred onto a polyvinylidene fluoride membrane. For
immunodetection, the following antibodies were used: a rabbit
polyclonal antibody to Bcl-xL (Santa Cruz Biotechnology, Inc.),
arabbit polyclonal antibody to Bid, a rabbit polyclonal antibody
to Bax, a rabbit polyclonal antibody to cleaved caspase-3, a rab-
bit polyclonal antibody to cleaved caspase-7, a rabbit polyclonal
antibody to Puma (Cell Signaling Technology, Beverly, MA), a
rabbit monoclonal antibody to Bad, a rabbit polyclonal anti-
body to Noxa (Abcam, Cambridge, MA), a rabbit polyclonal
antibody to Bak (Millipore, Billerica, MA), a rabbit poly-
clonal antibody to Bim (Enzo Life Sciences Inc., Farm-
ingdale, NY), a rabbit polyclonal antibody to Mcl-1 (Rock-
land, Gilbertsville, PA), and a mouse monoclonal antibody to
B-actin (Sigma-Aldrich).

Real-time Reverse Transcription Polymerase Chain Reaction
(Real-time RT-PCR) for mRNA—Total RNA was extracted
from liver tissues using an RNeasy minikit (Qiagen, Valencia,
CA), was reverse-transcribed, and was subjected to real-time
RT-PCR as described previously (21). The mRNA expression of
specific genes was quantified using TagMan gene expression
assays (Applied Biosystems, Foster City, CA) as follows: murine
bcl2l11 (assay ID: Mm00437796_m1), murine fas (assay ID:
MmO01204974_ml), murine bik (assay ID: Mm00476123_
m1l), murine hrk (assay ID: Mm01208086_m1), murine bmf
(assay ID: Mm00506773_m1), and murine actb (assay ID:
Mm02619580_g1 or Mm00607939_s). The transcript levels
are presented as -fold inductions.

siRNA-mediated in Vivo Knockdown—The hepatocyte-
specific Bcl-xL-knock-out mice (bel-#™*%glb-cre) and the
Bcl-xL/Bim/Bid triple knock-out mice (bim™'~bid~'"bcl-
w1001 cre) were injected with 5 mg/kg in vivo grade
siRNA against mcl-1 (MSS275671_eON), which was mixed
with Invivofectamine (Invitrogen), via the tail vein according
to the manufacturer’s protocol. The mice were sacrificed and
examined as indicated by the time courses. The Stealth RNAi
negative control with low GC content (Invitrogen) was used
as the control.

In Vivo ABT-737 Experiment—ABT-737 was dissolved in a
mixture of 30% propylene glycol, 5% Tween 80, and 65% D5W
(5% dextrose in water) with pH 4—5. ABT-737 (100 mg/kg) was
intraperitoneally administered to the Bim/Bid double knock-
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out mice (bim™'"bid™'") or to the Bid-knock-out mice
(bid~'7). The mice were sacrificed and examined 6 h later.

Statistical Analysis—All of the data are expressed as means =
S.D. unless otherwise indicated. Statistical analyses were per-
formed using an unpaired Student’s £ test or a one-way analysis
of variance unless otherwise indicated. When the analyses of
variance were applied, the differences in the mean values
among the groups were examined by Scheffe’s post hoc correc-
tion unless otherwise indicated. p < 0.05 was considered statis-
tically significant.

RESULTS

The Disruption of Bim Alleviated Spontaneous Hepatocyte
Apoptosis in Hepatocyte-specific Bcl-xL-knock-out Mice—To
investigate the involvement of the BH3-only protein Bim in the
hepatocyte apoptosis caused by Bcl-xL deficiency, hepatocyte-
specific Bcl-xL-knock-out mice (bcl-#""alb-cre) were mated
with systemic Bim-knock-out mice (bim™'"). Offspring from
the mating of bim™*'~ bcl-¥""alb-cre mice and bim ™'~ bel-#""
mice were examined at 6 weeks of age. A Western blot study
confirmed the disappearance of both Bcl-xL and Bim protein
expression in the liver tissue of the double knock-out mice
(bim ™'~ bcl-""alb-cre) (Fig. 1A). In agreement with our previ-
ous report (7, 17), H&E staining of the liver sections showed an
increase in the number of hepatocytes, with chromatin conden-
sation and cytosolic shrinkage in the liver lobules of the Bcl-xL-
knock-out mice (Fig. 1B). The staining also showed a significant
increase in TUNEL-positive cells and cleaved caspase-3-posi-
tive cells in the liver (Fig. 1, B—D). Consistent with these histo-
logical observations, the levels of serum caspase-3/7 activity
and serum alanine aminotransferase (ALT), which can be used
as indicators of hepatocyte apoptosis (22, 23), were significantly
higher in the Bcl-xL-knock-out mice than in their wild-type
littermates (Fig. 1, E and F). Additionally, cleaved caspse-3 and
-7 were detected in the livers of the Bcl-xL-knock-out mice by
Western blotting (Fig. 14). All of these findings indicated spon-
taneous hepatocyte apoptosis in these mice. Bim-knock-out
mice did not show any phenotypes in the liver under physiolog-
ical conditions (Fig. 1, B—F). Alternatively, the disruption of
Bim significantly improved all of the parameters that are indic-
ative of hepatocyte apoptosis in Bcl-xL-knock-out mice, includ-
ing the TUNEL-positive cell counts, cleaved caspase-3-positive
cell counts, serum ALT levels, and serum caspase-3/7 activity
(Fig. 1, B-F). These findings clearly demonstrated that Bim was
involved in the hepatocyte apoptosis caused by Bcl-xL disrup-
tion. It should be noted that the gene and protein expression
levels of Bim were not different between the Bcl-xL-knock-out
mice and their wild-type littermates (Fig. 1, A and G), indicating
that the Bim expression levels observed in the healthy liver
could induce hepatocyte apoptosis in the absence of the Bcl-2
family proteins.

The Disruption of Bim Alleviated Spontaneous Hepatocyte
Apoptosis in Hepatocyte-specific Mcl-1-knock-out Mice—Of
the five members of the anti-apoptotic Bcl-2 family proteins, we
previously reported that Mcl-1 and Bcl-xL played a pivotal anti-
apoptotic role in maintaining hepatocyte integrity in the
healthy liver (13). We thus examined the role of Bim in the
hepatocyte apoptosis caused by Mcl-1 deficiency. We gener-
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ated Mcl-1/Bim double knock-out mice (bim™'~ mcl-7""alb-
cre) by mating the hepatocyte-specific Mcl-1-knock-out mice
(mcl-P"qlb-cre) with the systemic Bim-knock-out mice
(bim™'7). A Western blot study confirmed the disappearance
of both Mcl-1 and Bim protein expression in the liver tissue of
the double knock-out mice (bim ™'~ mcl-F""alb-cre) (Fig. 24).
Consistent with our previous report (13), hepatocyte-specific
Mcl-1-knock-out mice showed apoptosis phenotypes very sim-
ilar to those of the Bcl-xL-knock-out mice, as assessed by
TUNEL staining (Fig. 2, B and C), cleaved caspase-3 staining
(Fig. 2, Band D), serum caspase-3/7 activity (Fig. 2E), and serum
ALT levels (Fig. 2F). In contrast, Mcl-1/Bim double knock-out
mice showed significant improvement in these parameters (Fig.
2, B~F), indicating that Bim is also involved in the hepatocyte
apoptosis induced by the disruption of Mcl-1.

The Disruption of Bim and Bid Prevented Spontaneous Hepato-
cyte Apoptosis in Hepatocyte-specific Bcl-xL-knock-out Mice—
We previously reported that a small amount of Bid, which is
another BH3-only protein, was constitutively active and was
involved in the spontaneous hepatocyte apoptosis in Bcl-xL- or
Mcl-1-knock-out mice (7, 13). We thus examined whether
these BH3-only proteins redundantly or cooperatively pro-
moted hepatocyte apoptosis in the absence of Bcl-xL. To this
end, Bim/Bid/Bcl-xL triple knock-out mice (bim ™'~ bid ™'~ bcl-
*#™"alb-cre) were generated by mating the Bim/Bcl-xL double
knock-out mice (bim™'~bel-""alb-cre) with the Bid/Bcl-xL
double knock-out mice (bid ™'~ bcl-#"alb-cre). The offspring
from the mating of bim™*'~bid—/—bcl-""alb-cre mice with
bim™'~bid~'~bcl-#"" mice were examined at 6 weeks of age. A
Western blot study confirmed that Bcl-xL, Bid, and Bim protein
expression disappeared from the liver tissue of the triple knock-
out mice (bim™'~bid™'~bcl-¥""alb-cre) (Fig. 34). Liver sec-
tions of the Bim/Bid/Bcl-xL triple knock-out mice were histo-
logically normal compared with those of the Bid/Bcl-xL double
knock-out mice (bim™'*bid™'~bcl-#""alb-cre), which still
contained some hepatocytes with apoptotic morphologies (Fig.
3B). Both the number of TUNEL-positive cells and the serum
caspase-3/7 activity in the triple knock-out mice were significantly
lower than those in the Bid/Bcl-xL double knock-out mice and did
not differ from their control Bid-knock-out or Bim/Bid double
knock-out littermates (Fig. 3, B~D). Moreover, in contrast to the
mild elevation of serum ALT levels in the Bid/Bcl-xL double
knock-out mice, the levels in the triple knock-out mice were com-
pletely normal (Fig. 3E). These findings demonstrated that hepa-
tocyte apoptosis in the absence of Bcl-xL was completely depend-
ent on these two BH3-only proteins.

Bim and Bid Are Essential Regulators for the Promotion of the
Intrinsic Pathway of Apoptosis in Hepatocytes in the Absence of
Anti-apoptotic Bcl-2 Family Proteins—We then attempted to
further examine the involvement of Bim and Bid in hepatocyte
apoptosis in the absence of both Bcl-xL and Mcl-1, which are
two major anti-apoptotic proteins in the liver. Because, as we
reported (13), the hepatocyte-specific Bcl-xL and Mcl-1 double
knock-out mice died within 1 day after birth due to impaired
liver development, we performed an siRNA-mediated in vivo
knockdown of mci-1 in the Bcl-xL-knock-out mice and in the
Bim/Bid/Bcl-xL triple knock-out mice. mci-1 siRNA adminis-
tration efficiently reduced Mcl-1 protein expression in the liver
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FIGURE 1. The disruption of Bim alleviated spontaneous hepatocyte apoptosis in the absence of Bcl-xL. A-F, the offspring from the mating of bim=bcl-
x"oXfiexglb-cre mice with bim=bcl-x"/"°% mice were examined at 6 weeks of age. Bcl-xL™* and Bcl-xL ™=, bcl-x"/"°% and bcl-x""°%qa|b-cre, respectively. A,
Western blot analysis of whole liver lysates for the expression of Bimg,, Bid, Bcl-xL, Mcl-1, Bak, Bax, Noxa, Bad, Puma, cleaved caspase-3, cleaved caspase-7, and
B-actin. B, representative images for liver histology stained with hematoxylin-eosin (HE), TUNEL, and cleaved caspase-3 (original magnifications, X100 (large
panels) and X400 (insets)); black arrows indicate apoptotic bodies. C, TUNEL-positive cell ratio; n = 8 mice/group; ¥, p < 0.05 versus all. D, cleaved caspase-3-
positive cell ratio; n = 3 mice/group; *, p < 0.05 versus all. E, serum caspase-3/7 activity; n = 11 mice/group; ¥, p < 0.05 versus all. F, serum ALT levels;n = 13
mice/group; *, p < 0.05 versus all. G, offspring from the mating of bcl-x"*"*qalb-cre mice with bcl-x"1% mice were examined at 6 weeks of age. Bcl-xL™* and
Bcl-xL™'~, bel-x"ox and bcl-x"1exqalb-cre, respectively. bim mRNA levels in the whole liver tissue were determined by real-time RT-PCR; n = 6 mice/group.
Error bars, S.D. RLU, relative light units; I/U, international units.

tissue of both mice (Fig. 44), but it caused severe liver injury
only in the Bcl-xL-knock-out mice (Fig. 4B) when assessed by
the H&E staining of liver sections. Notably, mcl-I siRNA
administration caused massive hepatocyte apoptosis in the Bcl-
xL-knock-out mice, but this apoptosis was weakened in the
Bim/Bid/Bcl-xL triple knock-out mice, as evidenced by the
TUNEL staining of the liver sections, serum caspase-3/7 activ-
ity, and serum ALT levels (Fig. 4, C—E). In agreement with these
findings, mcl-1 siRNA treatment impaired the liver function of
the Bcl-xL-knock-out mice, as evidenced by an increase in the
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serum bilirubin levels, but not the liver function of the triple
knock-out mice (Fig. 4F). These findings demonstrated that the
massive hepatocyte apoptosis and liver failure caused by
decreases in these anti-apoptotic Bcl-2 family proteins were
dependent on Bid and Bim.

The Presence of Bim- and Bid-induced Constant BH3 Stress in
the Healthy Liver Causes Hepatotoxicity with the Use of Anti-
cancer Agents That Target the Anti-apoptotic Bcl-2 Family
Proteins—Recent advances in cancer therapy have enabled the
selective targeting of some anti-apoptotic Bcl-2 family proteins,
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