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Fig. 3 The formation of DE cells, hepatoblasts, hepatocytes, and cholangiocytes from human ESCs.
(a) Human ESCs (H9) were differentiated into DE cells according to the protocol described in Fig. 6a and
subjected to immunostaining with anti-CXCR4 antibodies on day 6 of differentiation. On (b) day 9 or (c) day
12, human ESC-derived cells were subjected to immunostaining with anti-AFP, CK7, and ALB antibodies.
The percentage of antigen-positive cells was measured by flow cytometry. The gray, white, or hatched bars
represent the percentage of AFP-, CK7-, or ALB-positive cells, respectively. All data are represented as
means = SD (n=3).
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Fig. 4 Transduction of HNF4 & into hepatoblasts promotes hepatic differentiation.

(a-c) The human ESC (H9)-derived cells, which were cultured for 6, 9, or 12 days according to the protocol described in
Fig. 6a, were transduced with 3,000 vector particles (VP)/cell of Ad-HNF4 a: for 1.5 hr and cultured until day 20. The
gene expression levels of (a) hepatocyte markers (ALB and a-1-antitrypsin), (b) cholangiocyte markers (CK7 and
SOX9), and (c) pancreas markers (PDX1 and NKX2.2) were examined by real-time RT-PCR on day 0 (human ESCs
[hESCs]) or day 20 of differentiation. The horizontal axis represents the days when the cells were transduced with Ad-
HNF4 . On the y axis, the level of the cells without Ad-HNF4 & transduction on day 20 was taken as 1.0. All data are
represented as means = SD (n=3).
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Fig. 5 Time course of LacZ expression in hepatoblasts transduced with Ad-LacZ.

X-gal staining

Human ESCs were differentiated into hepatoblasts according to the protocol described in Fig. 6a, and then
transduced with 3,000 VP/cell of Ad-LacZ for 1.5 hr. On days 10, 12, 14, 16, and 18, X-gal staining was
performed. The scale bar represents 100 #m. Similar results were obtained in two independent experiments.
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hESF-DIF medium hESF-DIF medium L-15 medium
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b
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Fig. 6 Hepatic differentiation of human ESCs and iPSCs transduced with 3 factors.

(a) The procedure for differentiation of human ESCs and iPSCs into hepatocytes via DE cells and hepatoblasts is
presented schematically. (b) Sequential morphological changes (day 0-20) of human ESCs (H9) differentiated into
hepatocytes via DE cells and hepatoblasts are shown. Red arrow shows the cells that have double nuclei. (c) The
morphology of primary human hepatocytes is shown. Scale bar represents 50 um.
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phase contrast _ CK18 CYP2D6 CYP3A4

Fig. 7 The morphology of induced hepatocytes that have two nuclei.

Human ESCs were differentiated into hepatocytes according to the protocol described in Fig. 6a. The induced
hepatocytes (day 20) were subjected to immunostaining with anti-ALB (green), CK18 (green), CYP2D6 (red), or
CYP3A4 (red) antibodies. Nuclei were counterstained with DAPI (blue). The scale bar represents 25 um. Similar
results were obtained in two independent experiments.
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Fig. 8 Transduction of HNF4 & promotes hepatic maturation from human ESCs and iPSCs.

(a, b) The human ESCs were differentiated into hepatocytes according to the protocol described in Fig. 6a. On
day 20 of differentiation, the gene expression levels of (a) CYP enzymes (CYP1A2, CYP2C9, CYP2C19, CYP2D6,
CYP3A4, and CYP7A1) and (b) POR were examined by real-time RT-PCR in undifferentiated human ESCs
(hESCs), induced hepatocytes, and primary human hepatocytes (PH, hatched bar). On the y axis, the expression
level of primary human hepatocytes, which were cultured for 48 h after the cells were plated was taken as 1.0. (c
and d) The induced hepatocytes (day 20) were subjected to immunostaining with (c) anti-hepatic surface protein
(ASGR1 and c-Met) and (d) anti-ALB antibodies, and then the percentage of antigen-positive cells was examined
by flow cytometry on day 20 of differentiation. All data are represented as means £ SD (n=3).
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Fig. 9 Upregulation of the expression levels of conjugating enzymes and hepatic transporters by HNF4 o
transduction.

(a, b) The human ESCs were differentiated into hepatocytes according to the protocol described in Fig. 6a. On day 20
of differentiation, the gene expression analysis of (a) hepatic conjugating enzymes (glutathione s-transferase A1
[GSTA1], GSTA2, and uridine diphosphate glucuronosyltransferase 1A1[UGT1A1]) and (b) hepatic transporters (multi-
drug resistant gene 1 [MDR1], multi-drug resistance protein 3 [MRP3], MRP6, and bile salt export pump [BSEP])
showed higher expression levels in the 3 factors-transduced cells (SOX17 + HEX + HNF4 a') as compared with control
cells on day 20. On the y axis, the expression level of primary human hepatocytes (PH, hatched bar), which were
cultured for 48 h after the cells were plated was taken as 1.0. All data are represented as means =+ SD (n=3).
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Fig. 10 Generation of hepatocytes from various human ES or iPS cell lines.

Hepatoblasts were transduced with 3,000 VP/cell of Ad-LacZ or Ad-HNF4 « for 1.5 h and cultured until day 20 of
differentiation according to the protocol described in Fig. 6a. The expression levels of the hepatocyte markers
(ALB, CYP2D6, CYP3A4, and CYP7A1) were examined by real-time RT-PCR in human ESC (H9)-derived
hepatocytes and human iPSC (201B7, Dotcom, or Tic)-derived hepatocytes. The gene expression profiles of cells
transduced with 3 factors (black bar) were compared with those of cells transduced with 2 factors plus Ad-LacZ
(gray bar). The level of primary human hepatocytes (PH, hatched bar), which were cultured 48 hr after plating the
cells were plated, was taken as 1.0. All data are represented as means = SD (n = 3).
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Fig. 11 Human ESC-derived hepatocytes uptake LDL.

The human ESCs were differentiated into hepatoblasts and transduced with 3,000 VP/cell of Ad-LacZ or Ad-

HNF4 a for 1.5 h and cultured until day 20 of differentiation according to the protocol described in Fig. 6a. The
hepatic functions of the 2 factors plus Ad-LacZ-transduced cells (SOX17 + HEX + LacZ) and the 3 factors-
transduced cells (SOX17 + HEX + HNF4 ') were compared. Undifferentiated human ESCs (hESCs) and induced
hepatocytes (day 20) were cultured with medium containing Alexa-Flour 488-labeled LDL (green) for 1 h, and
immunohistochemistry and flow cytometry analysis were performed. The percentage of LDL-positive cells was
measured by flow cytometry. Nuclei were counterstained with DAPI (blue). The scale bar represents 100 um. All

data are represented as means = SD (n = 3).
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The human ESCs were differentiated into hepatoblasts and transduced with 3,000 VP/cell of Ad-LacZ or Ad-HNF4 & for 1.5 h and
cultured until day 20 of differentiation according to the protocol described in Fig. 6a. The hepatic functions of the 2 factors plus Ad-
LacZ-transduced cells (SOX17 + HEX + LacZ) and the 3 factors-transduced cells (SOX17 + HEX + HNF4 &) were compared. (a)
Induction of CYP3A4 (left), CYP2C9 (middle), or CYP1A2 (right) by DMSO (gray bar), rifampicin (black bar), or omeprazole (black
bar) in induced hepatocytes (day 20) and primary human hepatocytes (PH), which were cultured for 48 hours after the cells were
plated. On the y axis, the activity of primary human hepatocytes that have been cultured with medium containing DMSO was taken
as 1.0. (b) The induced hepatocytes (day 20) (upper column) were examined for their ability to take up Indocyanin Green (ICG)
and release it 6 h thereafter (lower column). (c) Glycogen storage of induced hepatocytes (day 20) was assessed by Periodic Acid-
Schiff (PAS) staining. PAS staining was performed on day 20 of differentiation. Glycogen storage is indicated by pink or dark red-
purple cytoplasms. The scale bar represents 100 um. (d) The cell viability of undifferentiated human ESCs (black), 2 factors plus
Ad-LacZ-tansduced cells (green), the 3 factors-transduced cells (blue), and primary human hepatocytes (red) was assessed by
Alamar Blue assay after 48 h exposure to different concentrations of four test compounds (troglitazone, acetaminophen,
cyclophosphamide, and carbamazepine). The cell viability is expressed as a percentage of cells treated with solvent only treat:
0.1% DMSO except for carbamazepine: 0.5% DMSO. All data are represented as means + SD (n=3).
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Fig. 13 HNF4 « promotes hepatic differentiation by activating MET.

Human ESCs were differentiated into hepatoblasts according to the protocol described in Fig. 2a, and then
transduced with 3,000 VP/cell of Ad-LacZ or Ad- HNF4 & for 1.5 h, and finally cultured until day 12 of differentiation.
(a) The hepatoblasts, 2 factors plus Ad-LacZ-transduced cells (SOX17 + HEX + LacZ) (day 12), and the 3 factors-
transduced cells (SOX17 + HEX + HNF4 a) (day 12) were subjected to immunostaining with anti-N-cadherin, ALB, or
CK7 antibodies. The percentage of antigen-positive cells was measured by flow cytometry. (b) The cells were
subjected to immunostaining with anti-N-cadherin (green), E-cadherin (green), or HNF4 & (red) antibodies on day 9
or day12 of differentiation. Nuclei were counterstained with DAPI (blue). The scale bar represents 50 ¢ m. Similar
results were obtained in two independent experiments. (¢) The cell cycle was examined on day 9 or day 12 of
differentiation. The cells were stained with Pyronin Y (y axis) and Hoechst 33342 (x axis) and then analyzed by flow
cytometry. The growth fraction of cells is the population of actively dividing cells (G1/S/G2/M).
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Fig. 14 HNF4 a promotes hepatic differentiation by activating MET.

Human ESCs were differentiated into hepatoblasts according to the protocol described in Fig. 6a, and then
transduced with 3,000 VP/cell of Ad-LacZ or Ad- HNF4 & for 1.5 h, and finally cultured until day 12 of differentiation.
(a) The expression levels of AFP, PROX1, a-1-antitrypsin, ALB, CK7, SOX9, N-cadherin, Snail1, Ceacam1, E-
cadherin, p15, and p21 were examined by real-time RT-PCR on day 9 or day 12 of differentiation. The expression
level of hepatoblasts (day 9) was taken as 1.0. All data are represented as means = SD (n=3). (b) The model of
efficient hepatic differentiation from human ESCs and iPSCs in this study is summarized. The human ESCs and
iPSCs differentiate into hepatocytes via definitive endoderm and hepatoblasts. At each stage, the differentiation is
promoted by stage-specific transduction of appropriate functional genes. In the last stage of hepatic differentiation,
HNF4 o transduction provokes hepatic maturation by activating MET.
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Supporting Table 1. List of Tagman probes and primers used in this study.

Genes Assay ID or Primers (forward/reverse; 5' to 3')

CYP2D6 CTTTCGCCCCAACGGTCTC/TTTTGGAAGCGTAGGACCTTG

CYP7A1 GAGAAGGCAAACGGGTGAAC/GCACAACACCTTATGGTATGACA

SOX9 TTTCCAAGACACAAACATGA/AAAGTCCAGTTTCTCGTTGA

NKX2.2 Hs00159616_m1

GAPDH GGTGGTCTCCTCTGACTTCAACA/GTGGTCGTTGAGGGCAATG

CYP1A2 CAATCAGGTGGTGGTGTCAG/GCTCCTGGACTGTTTTCTGC

CYP2C19 ACTTGGAGCTGGGACAGAGA/CATCTGTGTAGGGCATGTGG

TGCAACAATTAAGTGCTTTACCTAAGTG/TTAACTAAGTGGGTGAATAGGAGTTGTATT

POR GGTGGCCGAAGAAGTATCTCT/ATTTTGGTGAACTCGGGGACT

MRP3/ABCC3 GTCCGCAGAATGGACTTGAT/TCACCACTTGGGGATCATTIT

BSEP/ABCBL11 TGATCCTGATCAAGGGAAGG/TGGTTCCTGGGAAACAATTC

PROX1 TTGACATTGGAGTGAAAAGGACG/TGCTCAGAACCTTGGGGATTC

N-cadherin GAGGAGTCAGTGAAGGAGTCA/GGCAAGTTGATTGGAGGGATG

TCACCTTGAATGTCACCTATGGC/GGCTTTGCTACTACTGGACTTAG

pls TGGACCTGGTGGCTACGAAT/AGGGCCTAAGTTGTGGGTTCA

30



Supporting Table 2. List of antibodies used in this study.

Antigen Company

Alpha-1-Fetoprotein rabbit DAKO

Type

ALB rabbit SIGMA

CYP2D6 goat Santa Cruz Biotechnology

ASGR1 Santa Cruz Biotechnology

LDL mouse Invitrogen
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BohTBy, MELOBEESHER S
77

34

w1 Eotigd
* ol

PFL pTRIA = °
* Y )

1 i i I I
K 1 . FEESAPS. ECHlfafA CHi 158 x-FRER
Jid 3,50
b NES/IPS, ECHERRD. FH{LIRMEIZ BT,
RNAZFEH L. P 1 uricotency POR armav®E 17
v, BFd) - A) ESLIPSEIRE, B) EC
SiPSHNE. ) ECLIHFSHIM B2 S8 BinFO
15 B L~ L EScatter Plot TR L jz, R
PSR ETT.



2 . in vitro \ZBJ 5 %5 {LEERHAH 5 ¥ D B
%

JCRB1327 (Dotcom) % AV T, EB %2/
L. 2 FEEGIET 2 BRIERZ1To 7214,
RNA ZHhiH L TR FREMBIT 21T -7
W& DHFEZBWT ORI~ — T —DF
BLUIHA L, b~ — — ORI
HEMICH Y, ERICEBEOBEBEN K
FARRETIARVAR, LU 5L A3 el
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KDOFETHSTHD Z LR ENT, H13 50 nes and Tumor r
FRBHQBEN
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DHREHEIC B A5 8ETOREMEBE L E
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b d 3fEU LM ELN RSN LBEFETH
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Pluripotency Array (ABIVERHLYTREIAL 72, Stemnessl 3
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3. FHMEORWEE LT-EEFIEORESNL

bt MNIRE'R S 7 F /YA bbb, 7
4 —F— 7 b KSR % AV /-4t
FIZTHISL L7zt b iPS Ml UTA-1 %, 7
7A7axsF L hESF9 BT 7 F
BV ERM L& T, BREIRRERA-
(Hayashi et al. 2010), Z D#E %, MR
FERIZE(ER T, 77 b—<BRICL D5
{fEEELRFF L Tz (X 4),

oz, FMFCEEND E MERTIX
AEINBWNITYV VN AT7 IV
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4. t b iPS #iikan: & NI~ D & %h
KL EH EOR R

EROBEIZBNT, b b iPS M

NWHEEMRZFETIERRHEFIC
100ng/ml &V 9 ERE D ActivinA * M
LTW3, 4 2BA% L7 h ESF9 KiHhiZ
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D EFEIEERREREEZ T D7D
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50ng/ml DI\ T, Foxa2 BEtERIT
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ZERHALNERoTZ(K6), o, HRE D
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ActivinA ZE L TWz, LxLAenRs, 4
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WT, b R iPS HlRaRRR C O P REREEMAE 53
LhEZ B LK 5), ZOREHE. KA L
DTT )T ANVARY Z—k RV RIET
- YNGR S aWieh 53 -3:0pA9n 2 i ) )

DLZhEE & FBEEENH D T & AR S
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