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K4 HBV /SO~ T20F ) (e) EBHBEBEERA NI L

(AHBVHBYV S0 r—D 77 h{e) RNAIC LS B 5N % pseudo-not WER L 5 EFE 2 5NTV 3,
HBV pol K Z VB CRBMEND EEZ 5N T T, HHWIC 1 B E L2385 & (bulge) DIRTOTF
ZVEHBNIICHBYV pol ® B3 BEDF I UL IS4 37305, (B) HBVEEA L= XL, O ehb
Mia L7 S EEEYIE 5 DRI $ THERE G L, @3 DRI KEET 5 I L TEROHDNA AT HE &
%5, ®5DR1 ZTOHEDNABGRIETTBICE bk, @ 85 pgRNA & HBV pol ® RNaseH HEific & 9
BASHBINGE, Fy vy TBE~DRL 2525 OEV pgRNA B RERL DNA-RNAN, 7Y v Rick bk
WD EE RN, JOR4S 0 RNA H S ITEV DR2 BIRICHEBNCEET 2 L TOHEDNARRO T T4
Tl LTHERT2 (VU4 VADOOHE DNA RO 754 +—& % % polypurine tract (ppt) CHHT3),
® @ DNA 5F 3O DNAS' £ T3, ® #0%, 3'DRI KEET2 LT, @ & bic©% DNA G KA
i, JORGEERT, ® DREFOHEMNLZEI R D L CRREER L 2, O DNA GREHER & LI-E
HEEDTIREVD, 50 ~80%L b DEIATERIELEL TV R, BRI TREEF V87 2 UIEF
ELTHGTWADS, HBV pol BEES CABI i vwicd, RRZ /I ~ERBERERVE DD
ZELUTHRELTV 5,

HBV : B IR T A VA

(XEO & 1)

HBRV O E (08 DNA &) »H @8 JhEELITRTR BRCSOFESLTY
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ATRFRNTHLNE EEZLRTRY, ¥ i Smsha 2 503, ATHTFO
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b WEILNMATEERE DV LoD
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HBV O RS 5 FEDFENFEZ THEIC
BE3h, FRETFOREPHELLICINTE
Feo LD3L, IHETOHENHBVORER
BUANAERE ZFTERCREBLT S
DhEBINTEZHEND S, Thbb, Dk
S & HEEEMBEE R L7 in vitro BREER T,
R ThhE~y AEZ2F AL - EEEEE
FNVTDRIAEPBHETH S, ZhbDREER
OB HRBV O U A VAEZREIE S
Bz b7, MEBRERBORBEY, Z0EXE
CHIL 7 BB EOBERANE BT 2 I L 2K
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bbbl iEbTIThE, —RED
DTEMETAINVADEICHAZ B, BT
oo A VBRI R D {, Ba OflED:
HDWRBEOHEBDELV, EVA VADE
RN GHBRZRRTEIED, WARVWARE
BRCH: B ZELL S Livkl,

1) Blumberg BS, etal : A “new” antigen in leu-
kemia sera. JAMA 191 : 541-546, 1965.

2) Blumberg BS, et al ' A serum antigen {(Aus-
tralia antigen) in Down’s syndrome, leuke-
mia and hepatitis. Ann Intern Med 66 : 924-
931, 1967.

3) Okochi K., Murakami S : Observation on
Australia antigen in Japanese. Vox Sang
15 374-385, 1968.

4) Schaefer S : Hepatitis B virus taxonomy and
hepatitis B virus genotype. World J Gastro-
enterol 13 : 14-21, 2007.

- 118 -

1. BEEFR (1) BERFFRODAINZE

5) Seeger C, et al : Hepadnaviruses. “Fields'Vi-

6)

7

10)

11

12)

13)

14)

185)

16)

rology” Knipe DM and Howley PM ed. 5® ed.
Lippincott Williams and Wilkins Philadel-
phia. p2977-3029, 2007.

Liang TK : Hepatitis B : The Virus and Dis-
ease. Hepatol 49 : S13-S21, 20089.

Wynne SA, et al: The crystal structure of
the human hepatitis B virus capsid. Mol Cell
3:771-780, 1999.

Watts NR, et al: The morphogenic linker
peptide of HBV capsid protein forms a mo-
bile array on the interior surface. EMBO J
21 :876-884, 2002.

Beck J, Nassal M : Hepatits B virus replica-
tion. World J Gastroenterol 13 :48-64,
2007. '

Yang W, Summers J : Integration of Hepad-
navirus DNA in infected liver : evidence for
a linear precursor. J Virol 73 9710-9717,
1999.

Bruss V, Ganem D : The role of envelope
proteins in hepatitis B virus assembly. Proc
Natl Acad Sci USA 88 : 1069-1063, 1991.
Ueda K, et al : Three envelope proteins of
hepatitis B virus : large S, middle S, and ma-
jor S proteins needed for the formation of
Dane particles. J Virol 65 :3521-3529,
1991.

Kim CM, et al : HBx gene of hepatitis B vi-
rus induces liver cancer in transgenic mice.
Nature 351 : 317-320, 1991.

Wei Y, et al : Molecular biology of the hepa-
titis B virus and role of the X gene. Patholo-
gie Biologie 58 ® 267-272, 2010.

Suzuki T, et al : Detection and mapping of
spliced RNA from a huma hepatoma cell line
transfected with the hepatitis B virus ge-
nome. Proc Natl Acad Sci USA 86 :8422-

- 8426, 1989.

Gripon P, et al : Infection of a human hepa-
toma cell line by hepatitis B virus. Proc Natl
Acad Sci USA 99 @ 15655-15660, 2002.

133 (1041)



EEFRAHBVA FIWE L &7 2 —DIESR

+ H

R
y

F5|HEE | HBVXY & —, HBV psuedotype,” HBVL & 74 —, HBVEHR

IRAR

E'g : BEIFFA Y 4 L X (hepatitis B virus, HBV) BFEE E W TH 5, HEHEAEE
I ELTwa, BRICESEH 1307 ARHE, HANICE3EBADREEENTF
BT 2H, AREEOHANETRFERIISE > THEELEZVNE WS TEEBE T
W, Z OB EEBOVE DR, YA ZIIXEE L in vitro B 503 in vivo B
ENFAELEVNIEICXEERBbNS. ZOZLIXMICHRVEREL 75 —DFE
EEEATHWALELNS S, HAFTERIN T332 DT - 2DBAERICY
EHOTHRIIEZAILDTH S, T4 NMAENICE /-7 DRI Lk ARERER
O, WEERFDOFIMIDERICIL, invitro H 5 VI3 in vivo BRIE R DRELER
WBETHBEELS., LrLEDNS, ZDXS 2E#EETRL, HBVEREL ¥ 74 —
AREE, BEREBYTAI0E2E0ORIBIRMBELEDNS. ATRTIE, Ih
TR LT E/-HBV i vitro BRGYR, HBVIESL ¥ 74 — B3 3 AHEL,
S O HUBVERL ¥ 7' & —FE & BRI ARG 72 8ETRAHBVOfFERIE 2 h
AWV ET - OREERIE T 5.

EU®HIC

1964 FE1Z Blumberg 234 — 2 b 5 1 THIR
LT, HATHD THBVOFEEZRL T
25V, FRHEIEA S & LTS, HBV
XET, PR, FEOREICED LS
ARBEERINEYAALZITHY, TORMAR
D=, XEFXEFHEE» ST A NZFER,
BREZENMEIBR SN TE .

HBV I, #EELcWEEEELSEH, 32kb

DES ZEBHDNAIZT — FE¥ Nt oin4
DOEETT, RITRENICIFEEMRICK
WTAERA2 ST 574 L REMIC SR
BIANATH B2, DFEWFNFEOR
RBEBE-T, ¥/ oaou—=Vvy, EER
R, HBVEIERBEZEFHNT, SXAALE
BT ENEBRECN, 777V ORREPA
va—Jxzuy, FIHIVARIORBIZ X 51
BEDERES oI L3EETHS. 25
Wo A ERICL, BEY A L AFNIC

Keiji UEDA : Separation and identification of the hepatitis B virus receptors with recombinant HBV technology
PRk AR R R R EEBE Y A )L A% [T 565-0871 AFRFIRHAT LE R 2-2]

FFEERE 65 (4) : 601-609, 2012 601
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preS-S RNA

[ paprec RNA=35 ke 7 /

X RNA~0.8 kb
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1 HBVY / A& L ERTFEEEY '

A HBVD Y ) AfEE L KR, AR TRT. OHDNARRIZpl B3 ET 2. DRIB LU DR OMES
Al7. ZORANCHBVEEBEZEFEDOFTHOMERL TS, BETFIZELXNIZ preCore-Core
(preC-C), preSsS, pol, XD4DTH 3. 3.5kb mRNA D preCDATG % &34, preCore-Core & LT
B, DR CNROFWY 77V XU CKAIE & T HBe MR (pl7) & 4%, preCDATG
A& E kWA M pregenome RNA (pgRNA) Td 5. pgRNARWEEDHEI & 2 3 BBt & o
C R IZ coreZBH, pol DEIFRICFIE &N D, preSSEIE T I mRNAD BB OFENZED, 24kb
mRNA#D> Blarge S (preSl-preS2-small S [SS]) (LS), 2.2 kb mRNA#* &middle S (preS2-SS) (MS), 2.1
kb mRNAZ 5 SSHFERE N B, ZONHRLEEEL L TEVWDIESSTH 5. XBETIXEHDOmMRNA

(O8Kkb) P EFERE NG, @ F v v THEELRT.

B : peRNADHHE. MHIZEE L =65 () 2z 5. DREF, Svr—VvrvsrFule), pldT 54

SVIOTANEBEERT.

FE IR REINIERD 5 7zDh, T

104, HAOHBY DEMHFREIEREOR
RTHo7=. LaL, BfspsEAERMNCY

1B0FA, HFREITII36EADE KB
&R 5 NJEE BB b ffE g & BRMED

VEoTHY, FOERICZHBVOKEE

SRR T & B invitro & 5 M din vivo R
WRNAAE LTHEMBETHY, BEReLE
ELUREBREBBOMI L 2h 6 IcED<
7 A L ZAHER AT Te AR L IR RED R F
NEETHHEEZEL TS,
HRVEARDEETH D PEHELIEF
VISV Y= EDe MERENRIC U, RS

Lisw, 2 b OFEEFMEIEHBY &
ZuRE LTOREE WD, ZOFELRE
RIC S RABRICIES, TERLLTEEDF
MAZABE, & HLOERCERIH
WHENBRBELR LTV AR,

£H AR Y 5 HBV % &\ 7z animal
hepadnaviruses (7 E L BEIFF &Y 4 L 2
[duck hepatitis B virus = DHBV]®, & ¥
F 5 v 7 BFJ Y 4 L 2 [woodchuck hepatitis
virus = WHV]®, #11) ZFF%~ 4 )L 2 [ground
squirrel hepatitis virus = GSHV)) # 7247
FIANZEHT T o —FIE, BrIZEo
EEZHLMILTERZERI D, Thic

602 FTHERE 65%4% - 20124E 10 B
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LTd, BREPEL T E—, BEER, cccDNA
(covalently closed circular DNA) &£ & 5 & %
DM GRS, TRE, HREE OEE, HBV
VAT—E¥DTve4 R, FEHLBEE =
XLkl BLDBPBINEETHS.

HBVEER LV v 72 — 048 - FElE, W%
¥& 7 v VRS (primary duck hepatocyte =
PDH) % FW 7z DHBV & HD D 5 Fu7-.
HBVRER T2 &0, BRICH T 6N=A
T, BEETALTIVLVETSE =905 EE
F 5T, gpl209, gpl80 P E N D0 dH D
23, DR LR &5 ICREERDOBEEIZIT
Eo5TWwEw, ZhEE TICHEE L HBVE
VT E—DOREE - REICHEITTED L
357 70— FRBREEOR, BEFEA
HBVOEELE Zha Wiz v £ 7 4 — DJH
TEERE A E R L7z,

In vitro HBVEEEZ

BB Z & <, fHE 2RI in vitro BRLR
BDHEELEZ W LD, HBVERYEL £ 74 —
OBt - BFEIZE > THRERBEEEE 25T
WAZ EFWD ETERWD, invitro HBV
LR (WMCEETMEZ R <OBEOE R
mIeonTwsd, SROI xR H, HBV
B EEFEEMENSRNEZR L, BhEsE
ERETAHI L, WEEMREERLEZ
515 HepG2, HuH77% &k b FFEEEH
AR R L TEREINTEZ. Ihb
O HEBVOEEY { L EBRE L TE
BLUHBVERN A —% NI VAT 22
VavEhZeitkh, BREERNTEZEE

BT LM bh o TNEED, EERIZROT

ED XS aIE% S OFEREMRICRET 5
DOPELBEH OBV, —BEICER
e EsftiRgIcd L EL bR B
W, ZhsDfifgz27u4F, {2

v, dimethyl sulfoxide (DMSO) & FH\W T4
LEFFEL, BEERZRALZEVIHENDS
B0, e Zns Ofifas AT, e
IBERIREE A TE B A BRI 2ENTER
EZWITREIC & 2 HBVEBLR DEEOR,
B H BN, BEHE, AR T x—T Y
AzEZL B HBVIBRER L UTOMEILF
flig % L iZhnk b E 3 EERN.
—REEMRRRRER L LTI, &k
WoTH, TTICFEERBT )M
7z HCVREZUETIE A 5 1837 & 7172 HepaRG
ERHWZHBVEERANMH—TH 5 tEbh
W ZOHEE 2~4% DMSO THEM 4
{LFET 5 & 20%2E O HBVEAAE L E
Ehdland., LrLahrs, —ENxE
EEFEMRLAOEERACTERN 0 m D
TAvvaTIOTHE®RE T 5EMEMET
H0, ETHLHENICERTE 3BT
V. cccDNATER S &, AR ORI A o1
PR LT3 2 BhNB 2, DanelfllF
DEEPREN T B —TF, BRERF 2k
HTEZOWREORELRE H 5 2.
HBVEEL ¥ 74 — Dtk - WE? 5,
RLERADER %z EHETIHE 10 Z DHepaRG
DERBERBHR I TVEY, REOR
FWTR, MNEBEDOEEICE D 5 il
o {8 JE 80 i 12 B2 (basolateral membrane)
75 HBVIRRESET 2. #I{UEE ¢ b TR
(primary human hepatocyte = PHH) TiZ#EE
MigozmE-—-EINEBEY - -ThH
% multidrug resistance protein 2 (MRP2) @
FEIRAA LR, 8000 multiplicity of ggenome
equivalent (mge) Bl L TIX X100 % D HBV
RPEMER L5 NS DIZH L, DMSO4{L#E
EHepaRGTid, RO N8BT 28I
MRP2 DFEEAA SR, FU mge 2z
GBS T DENMOFEIE I HBV RN E

ATHERE 65%4% 2012510 603
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PreS1

Pres2

2 preS DEEERT
preSIADRE « BAITME L EEEEF (20 ~292), HHERNHEEERF (accessory 15 L Y

ID & preS2ADBEAEETER L TIM 2787

BEINDI LR, ZOHRVEGTA TIRE X
N5, EFEORENGRENERATED LD
25, ZerbEERHEIN. RARZE
RIZB ) AIFREMIEOE L, BEET
FIRRICHANF LOEa{IREIZ S 0, BER
M TRAZICIER LVEVWEEEZET S
ZeEEBIRSE. ToOESIREENHBY
UL v T2 —~DFBIZED 5 0h, EEIC
Bb 3D E, TR E X, ERENE
FETH 5.

{7 - Bi& - BAICEDBHBVET

EEFEMBEO O & D, HepG2il g D
HBVERZES R T A WIZE L nwEE X 538

FIZEBWEEDNB A, YPNLZOMEE

W7 HBVREY R F O BB ICE 3 54
TWIXL A H|E X NE59, BEFETRDEF
g 4 % (HDV) 7% £ & FIFH L T HepaRG
AL & B WA £ 0D, HBV O RS
BT ORI T8 smallS (SSHEF L 1T E
IZHBs) BEH & middle S (MS)EEEBHIZI
Z, largeS IS EEARPLEDORTLE S
S, BEEMEHBVE T OMBEANOMEICEL

T, R preSIEEBOBENEER LT
519 preSUFHIITE AT 7 X ) BEFID
HEEREDENE Z A H 20, BhthBEn
HEAMERS 2 EZLTEL, {55 - ERAI
Bb B hE R, 20DMNBER kB AT
ETBLEZBNTWDS, preS2iEK S FERE
HIEEL<, HIRARBACEDLA EBbN 55
18 (translocation motif = TLM) 23 48 & & L T
W3, E-SSEEANFRICEREAICED
BEEATHER TS, - |
BlED XD ZEHRZE LICLT, preSIA
D BEFESR AN LT, FAHiERER I

CAEMEBEL, VTR - STEABEET,

SSIREENR % I A 7= HBV A T % - 2 I%
BIEsiIy, TIM&rLfiEREA &
W 7HBVOAE - BElE - BAREE
BEns.

HBVEZRL T 5 —D7%EE - BE

T, HBVERE L ¥ T2 —DoEE - BEE
HIREN L ER LA T, PDHDHBVR %
T hC &=, DHBVIZIZHBVOMS
YT AEERII AL, ThaDBpreS2iC

604 FTRERE 65%&45 - 201210 A
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DR2 DRI

3.5 kb mRNA
2.4 kb mRNA
2.2 kb mRNA
2.1 kb mRNA
0.8 kb mRNA

B3 HBVANZ & —HLERFHAHBY T ¥4 v
AHBYVY / A ESERICHENTWS, EBOXy 7 ARFIEORFERT. pgRNA %%
R 2-0DREERL=y b &Rz BEnt ZYNAYY—. pAl RY ANV
. ERENIBETEY ORBGEN, HRIIEEEDERT.

B! SSOMUBICEBEERTFERALLTYVA VY eRLE &

DEA, HAIZED, preC-C

EBET, XEEFERIOEPOHBVEEER FRTNTHRESLZ D, IV
G T MBS H 5. BMARMIICK > TlpreCCOEHEE HTEL 2 B

U BB IFLE L . LSO preSHE
BAZE - ERAICED 5 MELBER, 2D
DOTIMIZAEY T 2 EENEE SN TS,

DHBV CRIE X =& & & J7 2 DHBV{T
ZWF1d gpl80 (carboxypeptidase D) TH -
79, ARFREZTEELF v LE
PDH % DHBV & 3 & ¥ 727, #DHBVE
EZEPRZBEOWTRENR TSI LICE T
CSEC-FEEINEZEOTHDH. AERFTOH
%W, HBVOM% - BHe - BACHED?S
HBVEZEL ¥+ 7% — DAEIL 8383 HT &
L CHEE X 7=, LMHMAE (chicken HH 3R

DIEEFFEMER CDHBVEREZHA L
W) & DHBVRBREEFFFMlE~EfLsga 2 &
ETE AR oL, F72gpl80ilT 38k
&7 e LYIMREEF A O DHBVERE %
FHIET BICEL Eh 572,
FTERFOFENRE ST 5 HepG2
MRE2 & & HBVEEMH A S h 3 4{LEE
L 7z HepaRGHifZ 2 6 &, kA & L THBRV
BV 2T 2 —DORFIGESETFOLEE - [
B ShTniny, BERICE T 540,
STTEMFELEOEMZWELTE, BEHE
L7-HBVEEZEEHARF I Ino 0

FTHEEE 65%4% < 2012510 7 : 605
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DBEEEINENDIZEETHAIN? —F
#i#mw@%vafﬁ~@am%im
WICHERRELS b b B, HBVEEEL 7 % —
DAEE - ARICHESOLREENE 2568
B ENBEEDIB.

SBETIEAHBY OfER

_hif®#“ﬁe HBVE S L &
DB - FEANET =H-2BEsH

< eDICEETFEARBV-WHIE, H#E 2
BIHBVE, i pseudotype HBV/E# % 3 4 T
W3, ZD2ODEBEFEAHBVIE, ®i¥E
DT L < HBVOEEEHE = HE L2 HBY X
o4 —Fh, BRFOLEHBVEIZIZEZ /=
pseudotype HBVEIZ AW 6 5. A7 7 'u —

FIEINE TICHA D NAE D - /- HBV RS
R T A RBIC U R REEICTS T v
A ROMBELELTEEIZ TS,

1. HBYAXY &—1

KNy & — DI, HBVOEELEF
2IEHEICHBET A LENSH B, HBVI, %
SESDNAEWIHMEFDT ) AEEE S
DI LW, SHKERTIA I VSIS
Ko THEEEHLTY &0 ) &R TRER
RBEY A IV EE DM,

HBVIXREEZ R %, o _EEHDNAZE

EL, WhWwBceccDNAE WS VY J 4%
BT 5. Ky ASFFEBHEZEAIZS -
T, BEHFEEER L L THEREEOHIE I
535kb 7V ARNAZIEU®, WD
POHBVEEZEEYEEDOHI L U THE
BE4 3. 35kb 7L ¥/ ARNAK preCEIER
FEE A TDR1 (directrepeat 1) = &1 Tls
Exf, 3EIZDR2, XHICSODRIEZEA
7R R TR T polyARIIY 7 F VR E T
T, ThbbFLINEEINLIBTERET
3.

KA TIEHBVEE Y 4 7 LD FEMIZD
WTHAKT 32, 2O~y 4 —BELE
BEXELZI VAV PELT, VT A
RNABERIAE # &0 -5 HpEE, 5
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Background & Aims: Hepatocyte-like cells differentiated from
human embryonic stem cells (hESCs) and induced pluripotent
stem cells (hiPSCs) can be utilized as a tool for screening for hep-
atotoxicity in the early phase of pharmaceutical development.
We have recently reported that hepatic differentiation is pro-
moted by sequential transduction of SOX17, HEX, and HNF4«
into hESC- or hiPSC-derived cells, but further maturation of hepa-
tocyte-like cells is required for widespread use of drug screening.
Metheds: To screen for hepatic differentiation-promoting factors,
we tested the seven candidate genes related to liver
development. .

Results: The combination of two transcription factors, FOXA2 and
HNF1e, promoted efficient hepatic differentiation from hESCs
and hiPSCs. The expression profile of hepatocyte-related genes
(such as genes encoding cytochrome P450 enzymes, conjugating
enzymes, hepatic transporters, and hepatic nuclear receptors)
achieved with FOXA2 and HNFla transduction was comparable
to that obtained in primary human hepatocytes. The hepato-
cyte-like cells generated by FOXA2 and HNFla transduction
exerted various hepatocyte functions including albumin and urea
secretion, and the uptake of indocyanine green and low density
lipoprotein. Moreover, these cells had the capacity to metabolize
all nine tested drugs and were successfully employed to evaluate
drug-induced cytotoxicity.

Conclusions: Our method employing the transduction of FOXA2
and HNF1a represents a useful tool for the efficient generation
of metabolically functional hepatocytes from hESCs and hiPSCs,
and the screening of drug-induced cytotoxicity.
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Introduction

Hepatocyte-like cells differentiated from human embryonic stem
cells (hESCs) [!] or human induced pluripotent stem cells
(hiPSCs) [2] have more advantages than primary human hepato-
cytes (PHs) for drug screening. While application of PHs in drug
screening has been hindered by lack of cellular growth, loss of
function, and de-differentiation in vitro [3], hESC- or hiPSC-
derived hepatocyte-like cells (hESC-hepa or hiPSC-hepa, respec-
tively) have potential to solve these problems.

Hepatic differentiation from hESCs and hiPSCs can be divided
into four stages: definitive endoderm (DE) differentiation, hepatic
commitment, hepatic expansion, and hepatic maturation. Various
growth factors are required to mimic liver development [4] and
to promote hepatic differentiation. Previously, we showed that
transduction of transcription factors in addition to treatment
with optimal growth factors was effective to enhance hepatic dif-
ferentiation [5~7]. An almost homogeneous hepatocyte popula-
tion was obtained by sequential transduction of SOX17, HEX,
and HNF4q into hESC- or hiPSCs-derived cells {7). However, fur-
ther maturation of the hESC-hepa and hiPSC-hepa is required for
widespread use of drug screening because the drug metabolism
capacity of these cells was not sufficient.

In some previous reports, hESC-hepa and hiPSC-hepa have
been characterized for their hepatocyte functions in numerous
ways, including functional assessment such as glycogen storage
and low density lipoprotein (LDL) uptake {7]. To make a more
precise judgment as to whether hESC-hepa and hiPSC-hepa can
be applied to drug screening, it is more important to assess cyto-
chrome P450 (CYP) induction potency and drug metabolism
capacity rather than general hepatocyte function. Although Duan
et al. have examined the drug metabolism capacity of hESC-hepa,
drug metabolites were measured at 24 or 48 h {8]. To precisely
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estimate the drug metabolism capacity, the amount of metabo-
lites must be measured during the time when production of
metabolites is linearly detected (generally before 24 h). To the
best of our knowledge, there have been few reports that have
examined various drugs metabolism capacity of hESC-hepa and
hiPSC-hepa in detail.

In the present study, seven candidate genes (FOXA2, HEX,
HNF1a, HNF18, HNF4x, HNF6, and SOX17) were transduced into
each stage of hepatic differentiation from hESCs by using an ade-
novirus (Ad) vector to screen for hepatic differentiation-promot-
ing factors. Then, hepatocyte-related gene expression profiles and
hepatocyte functions in hESC-hepa and hiPSC-hepa generated by
the optimized protocol, were examined to investigate whether
these cells have PHs characteristics. We used nine drugs, which
are metabolized by various CYP enzymes and UDP-glu-
curonosyltransferases (UGTs), to determine whether the hESC-
hepa and hiPSC-hepa have drug metabolism capacity. Further-
more, hESC-hepa and hiPSC-hepa were examined to determine
whether these cells may be applied to evaluate drug-induced
cytotoxicity.

Materials and methods
In vitro differentiation

Before the initiation of cellular differentiation, the medium of hESCs and hiPSCs
was exchanged for a defined serum-free medium, hESFS, and cultured as previ-
ously reported {9]. The differentiation protocol for the induction of DE cells,
hepatoblasts, and hepatocytes was based on our previous report with some mod-
ifications [5,6]. Briefly, in mesendoderm differentiation, hESCs and hiPSCs were
dissociated into single cells by using Accutase (Millipore) and cultured for 2 days
on Matrigel (BD biosciences) in differentiation hESF-DIF medium which contains
100 ng/ml Activin A (R&D Systems) and 10 ng/ml bFGF (hESF-DIF medium, Cell
Science & Technology Institute; differentiation hESF-DIF medium was supple-
mented with 10 pg/ml human recombinant insulin, 5 pug/ml human apotransfer-
rin, 10 uM 2-mercaptoethanol, 10 uM ethanolamine, 10 uM sodium selenite, and
0.5 mg/ml bovine serum albumin, all from Sigma). To generate DE cells, mesendo-
derm cells were transduced with 3000 VP/cell of Ad-FOXAZ2 for 1.5 h on day 2 and
cultured until day 6 on Matrigel in differentiation hESF-DIF medium supple-
mented with 100 ng/ml Activin A and 10 ng/ml bFGF. For induction of hepato-
blasts, the DE cells were transduced with each 1500 VP/cell of Ad-FOXA2 and
Ad-HNF1a for 1.5 h on day 6 and cultured for 3 days on Matrigel in hepatocyte
culture medium (HCM, Lonza) supplemented with 30 ng/ml bone morphogenetic
protein 4 (BMP4, R&D Systems) and 20 ng/ml FGF4 (R&D Systems). In hepatic
expansion, the hepatoblasts were transduced with each 1500 VP/cell of Ad-
FOXA2 and Ad-HNF1« for 1.5 h on day 9 and cultured for 3 days on Matrigel in
HCM supplemented with 10 ng/ml hepatocyte growth factor (HGF), 10 ng/ml
FGF1, 10 ng/ml FGF4, and 10 ng/ml FGF10 (all from R&D Systems). In hepatic mat-
uration, cells were cultured for 8 days on Matrigel in L15 medium (Invitrogen)
supplemented with 8.3% tryptose phosphate broth (BD biosciences), 10% FBS
(Vita), 10 uM hydrocortisone 21-hemisuccinate (Sigma), 1 uM insulin, 25 mM
NaHCO; (Wako), 20 ng/ml HGF, 20 ng/ml Oncostatin M (OsM, R&D systems),
and 10™° M Dexamethasone (DEX, Sigma).

Results

Recently, we showed that the sequential transduction of SOX17,
HEX, and HNF4o into hESC-derived mesendoderm, DE, and
hepatoblasts, respectively, leads to efficient generation of the
hESC-hepa [5--7]. In the present study, to further improve the dif-
ferentiation efficiency towards hepatocytes, we screened for
hepatic differentiation-promoting transcription factors. Seven
candidate genes involved in liver development were selected.
We then examined the function of the hESC-hepa and hiPSC-hepa

generated by the optimized protocol for pharmaceutical use in
detail.

Efficient hepatic differentiation by Ad-FOXA2 and Ad-HNFlc
transduction

To perform efficient DE differentiation, T-positive hESC-derived
mesendoderm cells (day 2) (Supplementary Fig. 1) were trans-
duced with Ad vector expressing various transcription factors
(Ad-FOXA2, Ad-HEX, Ad-HNFlc, Ad-HNF1B, Ad-HNF4c, Ad-
HNF6G, and Ad-SOX17 were used in this study). We ascertained
the expression of FOXA2, HEX, HNFla, HNF1p8, HNF4c, HNF6, or
SOX17 in Ad-FOXA2-, Ad-HEX-, Ad-HNFlg-, Ad-HNF1p-, Ad-
HNF4ot-, Ad-HNF6-, or Ad-SOX17-transduced cells, respectively
(Supplementary Fig. 2). We also verified that there was no cyto-
toxicity of the cells transduced with Ad vector until the total
amount of Ad vector reached 12,000 VP/cell (Supplementary
Fig. 3). Each transcription factor was expressed in hESC-derived
mesendoderm cells on day 2 by using Ad vector, and the effi-
ciency of DE differentiation was examined (Fig. 1A). The DE dif-
ferentiation efficiency based on CXCR4-positive cells was the
highest when Ad-SOX17 or Ad-FOXA2 were transduced
(Fig. 1B). To investigate the difference between Ad-FOXA2-trans-
duced cells and Ad-SOX17-transduced cells, gene expression lev-
els of markers of undifferentiated cells, mesendoderm cells, DE
cells, and extraembryonic endoderm cells were examined
(Fig. 1C). The expression levels of extraembryonic endoderm
markers of Ad-SOX17-transduced cells were higher than those
of Ad-FOXAZ2-transduced cells. Therefore, we concluded that
FOXAZ transduction is suitable for use in selective DE
differentiation.

To promote hepatic commitment, various transcription fac-
tors were transduced into DE cells and the resulting phenotypes
were examined on day 9 (Fig. 1D). Nearly 100% of the population
of Ad-FOXAZ2-transduced cells and Ad-HNF1a-transduced cells
was o-fetoprotein (AFP)-positive (Fig. 1E). We expected that
hepatic commitment would be further accelerated by combining
FOXAZ and HNF1l«x transduction. The DE cells were transduced
with both Ad-FOXA2 and Ad-HNF1a, and then the gene expres-
sion levels of CYP3A7 | 10], which is a marker of fetal hepatocytes,
were evaluated (Fig. |F). When both Ad-FOXA2 and Ad-HNF1a
were transduced into DE cells, the promotion of hepatic commit-
ment was greater than in Ad-FOXA2-transduced cells or Ad-
HNFleo-transduced cells.

To promote hepatic expansion and maturation, we transduced
various transcription factors into hepatoblasts on day 9 and 12
and the resulting phenotypes were examined on day 20
(Fig. 1G). We ascertained that the hepatoblast population was
efficiently expanded by addition of HGF, FGF1, FGF4, and FGF10
(Supplementary Fig, ). The hepatic differentiation efficiency
based on asialoglycoprotein receptor 1 (ASGR1)-positive cells
was measured on day 20, demonstrating that FOXA2, HNFlq,
and HNF4a transduction could promote efficient hepatic matura-
tion (Fig. 1H). To investigate the phenotypic difference between
Ad-FOXA2-, Ad-HNF1a-, and Ad-HNF4a-transduced cells, gene
expression levels of early hepatic markers, mature hepatic mark-~
ers, and biliary markers were examined (Fig. 11). Gene expression
levels of mature hepatic markers were up-regulated by FOXA2,
HNFla, or HNF4o transduction. FOXA2 transduction strongly
upregulated gene expression levels of both early hepatic markers
and mature hepatic markers, while HNFla or HNF4a transduc-
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Fig. 1. Efficient hepatic differentiation from hESCs by FOXA2 and HNFlu transduction. (A) The schematic protocol describes the strategy for DE differentiation from
hESCs (H9). Mesendoderm cells (day 2) were transduced with 3000 VP/cell of transcription factor (TF)-expressing Ad vector (Ad-TF) for 1.5 h and cultured as described in
Fig. 2A. (B) On day 5, the efficiency of DE differentiation was measured by estimating the percentage of CXCR4-positive cells using FACS analysis. (C) The gene expression
profiles were examined on day 5. (D) Schematic protocol describing the strategy for hepatoblast differentiation from DE. DE cells (day 6) were transduced with 3000 VP/cell
of Ad-TF for 1.5 h and cultured as described in Fig. 2A. (E) On day 9, the efficiency of hepatoblast differentiation was measured by estimating the percentage of AFP-positive
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Fig. 2. Hepatic differentiation of hESCs and hiPSCs by FOXA2 and HNFla transduction. (A) The differentiation procedure of hESCs and hiPSCs into hepatocytes via DE
cells and hepatoblasts is schematically shown. Details of the hepatic differentiation procedure are described in Materials and methods. (B) Sequential morphological
changes (day 0-20) of hESCs (H9) differentiated into hepatocytes are shown. (C) The expression of the hepatocyte markers (ALB, CYP2D6, «AT, CYP3A4, and CYP7A1, all
green) was examined by immunohistochemistry on day 0 and 20. Nuclei were counterstained with DAPI (blue).

tion did not up-regulate the gene expression levels of early hepa- bination of Ad-FOXA2 and Ad-HNF4o transduction result in the
tic markers. Next, multiple transduction of transcription factors most efficient hepatic maturation, judged from the gene expres-
was performed to promote further hepatic maturation. The com- sion levels of CYP2CI19 (Fig. 1]). This may happen because the
bination of Ad-FOXA2 and Ad-HNF1« transduction and the com- mixture of immature hepatocytes and mature hepatocytes coor-

cells using FACS analysis. (F) The gene expression level of CYP3A7 was measured by real-time RT-PCR on day 9. On the y axis, the gene expression level of CYP3A7 in hESCs
(day 0) was taken as 1.0. (G) The schematic protocol describes the strategy for hepatic differentiation from hepatoblasts. Hepatoblasts (day 9) were transduced with 3000
VP/cell of Ad-TF for 1.5 h and cultured as described in ¥ig. 2A. (H) On day 20, the efficiency of hepatic differentiation was measured by estimating the percentage of ASGR1-
positive cells using FACS analysis. The detail results of FACS analysis are shown in Supplementary Table 1. (I) Gene expression profiles were examined on day 20. (J)
Hepatoblasts (day 9) were transduced with 3000 VP/cell of Ad-TFs (in the case of combination transduction of two types of Ad vector, 1500 VP/cell of each Ad-TF was
transduced) for 1.5 h and cultured. Gene expression levels of CYP2C19 were measured by real-time RT-PCR on day 20. On the y axis, the gene expression level of CYP2C19 in
PHs, which were cultured for 48 h after the cells were plated, was taken as 1.0. All data are represented as mean £ SD (n=3),
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Fig. 3. The hepatic characterization of hiPSC-hepa. hESCs (H1 and H9) and hiPSCs (201B7, 253G1, Dotcom, Tic, and Toe) were differentiated into hepatocyte-like cells as
described in Iy, 2A. (A) On day 20, the gene expression level of ALB was examined by real-time RT-PCR. On the y axis, the gene expression level of ALB in PHs, which were
cultured for 48 h after cells were plated, was taken as 1.0. (B~I) hiPSCs (Dotcom) were differentiated into hepatocyte-like cells as described in Fig. 2A. (B) The amount of ALB
secretion was examined by ELISA in hiPSCs, hiPSC-hepa, and PHs. (C) hiPSCs, hiPSC-hepa, and PHs were subjected to immunostaining with anti-ALB antibodies, and then the
percentage of ALB-positive cells was examined by flow cytometry. (D-G) The gene expression tevels of CYP enzymes (D), conjugating enzymes (E), hepatic transporters (F),
and hepatic nuclear receptors (G) were examined by real-time RT-PCR in hiPSCs, hiPSC-hepa, and PHs. On the y axis, the expression level of PHs is indicated. (H) The amount
of urea secretion was examined in hiPSCs, hiPSC-hepa, and PHs. (1) Induction of CYP1A2, 2B6, or 3A4 by DMSO or inducer (bNF, PB, or RIF) of hiPSC-hepa and PHs, cultured for
48 h after the cells were plated, was examined. On the y axis, the gene expression levels of CYP1A2, 2B6, or 3A4 in DMSO-treated cells, which were cultured for 48 h, were

taken as 1.0. All data are represented as mean + SD (n=3).

dinately works to induce hepatocyte functions. Taken together,
efficient hepatic differentiation could be promoted by using the
combination of FOXA2 and HNF1a transduction at the optimal
stage of differentiation (¥ig. 2A). At the stage of hepatic expansion
and maturation, Ad-HNF4o can be substituted for Ad-HNFla
(Fig. 1J). Interestingly, cell growth was delayed by FOXA2 and

HNF4o transduction (Supplementary Fig. 5). This delay in cell
proliferation might be due to promoted maturation by FOXA2
and HNF1o transduction. As the hepatic differentiation proceeds,
the morphology of hESCs gradually changed into a typical hepa-
tocyte morphology, with distinct round nuclei and a polygonal
shape (Fig. 2B), and the expression levels of hepatic markers
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Fig, 4. Evaluation of the drug metabolism capacity and hepatic transporter activity of hiPSC-hepa. hiPSCs (Dotcom) were differentiated into hepatocytes as described
in Fig, 2A. (A and B) Quantitation of metabolites in hiPSCs, hiPSC-hepa, and PHs, which were cultured for 48 h after the cells were plated, was examined by treating nine
substrates (Phenacetin, Bupropion, Paclitazel, Tolbtamide, S-mephenytoin, Bufuralol, Midazolam, Testosterone, and Hydroxyl coumarin; these compounds are substrates for
CYP1A2, 2B6, 2C8, 2C9, 2C19, 2D6, 3A4, 3A4 (A) and UGT (B), respectively), and then supernatants were collected at the indicated time. The quantity of metabolites
(Acetaminophen [AAP], Hydroxybupropion [OHBP], 6a-hydroxypaclitaxel [OHPCT], Hydroxytolbutamide [OHTB], 4’-hydroxymephenytoin [OHMP], 1/-hydroxybufuralol
[OHBF], 1-hydroxymidazolam [OHMDZ), 6B-hydroxytestosterone [OHTS], 7-Hydroxycoumarin glucuronide [G-OHC], respectively) was measured by LC-MS/MS. The ratios
of the activity levels in hiPSC-hepa to the activity levels in PHs rate are indicated in the graph. (C) hiPSCs, hiPSC-hepa, and PHs were examined for their ability to take up ICG
(top) and release it 6h thereafter (bottom). (D) hiPSCs, hiPSC-hepa, and PHs were cultured with medium containing Alexa-Flour 488-labeled LDL (green) for 1h,
and immunohistochemistry was performed. Nuclei were counterstained with DAPI (blue). The percentage of LDL-positive cells was also measured by FACS analysis. (E)
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(ALB, CYP2D6, alpha-1-antitrypsin [oAT], CYP3A4, and CYP7A1)
increased (Fig. 2C). Hepatic gene expression levels (Supplemen-
tary Fig. 6A), amount of ALB secretion (Supplementary Fig. 6B),
and CYP2C9 activity level (Supplementary Fig. 6C) of Ad-FOXA2-
and Ad-HNFla-transduced cells were significantly higher than
those of Ad-SOX17-, Ad-HEX-, and Ad-HNF4a-transduced cells.
These results indicated that FOXA2 and HNF1a transduction pro-
motes more efficiently hepatic differentiation than SOX17, HEX,
and HNF4o transduction.

Characterization of the hESC-hepa/hiPSC-hepa

As we have previously reported |6}, hepatic differentiation effi-
ciency differs among hESC/hiPSC lines. Therefore, it is necessary
to select a hESC/hiPSC line that is suitable for hepatic maturation
in the case of medical applications such as drug screening. In the
present study, two hESC lines and five hiPSCs lines were differen-
tiated into hepatocyte-like cells, and then their gene expression
levels of ALB (Fig. 3A) and CYP3A4 (Supplementary Fig. 7A), and
their CYP3A4 activities (Supplementary Fig. 713) were compared.
These data suggest that the iPSC line, Dotcom | [ 1,12], was the
most suitable for hepatocyte maturation. To examine whether
the iPSC (Dotcom)-hepa has enough hepatic functions as
compared with PHs, the amount of albumin (ALB) secretion
(Fig. 3B) and the percentage of ALB-positive cells (Fig. 3C) were
measured on day 20. The amount of ALB secretion in hiPSC-hepa
was similar to that in PHs and the percentage of ALB-positive
cells was approximately 90% in iPSC-hepa. We also confirmed
that the gene expression levels of CYP enzymes (Fig. 3D), conju-
gating enzymes (Fig. 3E), hepatic transporters (Fig. 3F), and hepa-
tic nuclear receptors (ig. 3G) in hiPSC-hepa were similar to those
of PHs, although some of them were still lower than those of PHs.
Because the gene expression level of the fetal CYP isoform,
CYP3A7, in hiPSC-hepa was higher than that of PHs, mature hepa-
tocytes and hepatic precursors were still mixed. We have previ-
ously confirmed that Ad vector-mediated gene expression in
the hepatoblasts (day 9) continued until day 14 and almost disap-
peared on day 18 [7|. Therefore, the hepatocyte-related genes
expressed in hiPSC-hepa are not directly regulated by exogenous
FOXA2 or HNFla. Taken together, endogenous hepatocyte-
related genes in hiPSC-hepa should have been upregulated by
FOXA2 and HNF1a transduction.

To further confirm that hiPSC-hepa have sufficient levels of
hepatocyte functions, we evaluated the ability of urea secretion
(Fig. 3H) and glycogen storage (Supplementary Fig. 8). The
amount of urea secretion in hiPSC-hepa was about half of that
in PHs. HiPSC-hepa exhibited abundant storage of glycogen.
Because CYP1A2, 2B6, and 3A4 are involved in the metabolism
of a significant proportion of the currently available commercial
drugs, we tested the induction of CYPIAZ, 2B6, and 3A4 by chemn-
ical stimulation (Fig. 3I). CYP1A2, 2B6, and 3A4 are induced by B-
naphthoflavone [bNF], phenobarbital [PB], or rifampicin [RIF],
respectively. Although undifferentiated hiPSCs did not respond
to either bNF, PB, or RIF (data not shown), hiPSC-hepa produced

more metabolites in response to chemical stimulation, suggesting
that inducible CYP enzymes were detectable in hiPSC-hepa
(Fig. 3I). However, the induction potency of CYPIA2, 2B6, and
3A4 in hiPSC-hepa were lower than that in PHs.

Drug metabolism capacity and hepatic transporter activity of hiPSC-
hepa

Because metabolism and detoxification in the liver are mainly
executed by CYP enzymes, conjugating enzymes, and hepatic
transporters, it is important to assess the function of these
enzymes and transporters in hiPSC-hepa. Among the various
enzymes in liver, CYP1A2, 2B6, 2C8, 2C9, 2C19, 2D6 and 3A4,
UGT are the important phase I and II enzymes responsible for
metabolism. Nine substrates, Phenacetin, Bupropion, Paclitazel,
Tolbtamide, S-mephenytoin, Bufuralol, Midazolam, Testosterone,
and Hydroxyl coumarin, which are the substrates of CYP1A2, 2B6,
2C8,2C9,2C19, 2D6, 3A4, 3A4 (Fig. 4A), and UGT (Fig. 4B), respec-
tively, were used to estimate the drug metabolism capacity of
hiPSC-hepa compared with that of PHs. To precisely estimate
the drug metabolism capacity, the amounts of metabolites were
measured during the phase when production of metabolites
was linear (Supplementary Fig. 9). These results indicated that
our hiPSC-hepa have the capacity to metabolize these nine sub-
strates, although the activity levels were lower than those of
PHs. The hepatic functions of hiPSC-hepa were further evaluated
by examining the ability to uptake Indocyanine Green (ICG) and
LDL (Fig. 4C and D, respectively). In addition to PHs, hiPSC-hepa
had the ability to uptake ICG and to excrete ICG in a culture with-
out ICG for 6 h (Fig. 4C), and to uptake LDL (Fig. 4D). These results
suggest that hiPSC-hepa have enough CYP enzyme activity, con-
jugating enzyme activity, and hepatic transporter activity to
metabolize various drugs.

To examine whether our hiPSC-hepa could be used to predict
metabolism-mediated toxicity, hiPSC-hepa were incubated with
Benzbromarone, which is known to generate toxic metabolites,
and then cell viability was measured (Fig. 4E). Cell viability of
hiPSC-hepa was decreased depending on the concentration of
Benzbromarone. However, cell viability of hiPSC~-hepa was much
higher than that of PHs. To detect drug-induced cytotoxicity with
high sensitivity in hiPSC-hepa, these cells were treated with
Buthionine-SR-sulfoximine (BSO), which depletes cellular GST,
and result in a decrease of cell viability of hiPSC-hepa as com-
pared with that of non-treated cells (Fig. 4E). These results indi-
cated that hiPSC-hepa would be more useful in drug screening
under a condition of knockdown of conjugating enzyme activity.

Discussion

The establishment of an efficient hepatic differentiation technol-
ogy from hESCs and hiPSCs would be important for the applica-
tion of hESC-hepa and hiPSC-hepa to drug toxicity screening.
Although we have previously reported that sequential transduc-

The cell viability of hiPSCs, hiPSC-hepa, PHs, and their BSO-treated cells (0.4 mM BSO was pre-treated for 24 h) was assessed by Alamar Blue assay after 48-hr exposure to
differe2nt concentrations of benzbromarone. The cell viability is expressed as a percentage of that in cells treated only with solvent, All data are represented as mean % SD

(n=3).
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