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Biology. All procedures using live animals in this study were
conducted in accordance with the guidelines of the National Institute
of Health Sciences, Japan.

Materials. Dulbecco’s modified Eagle’s medium (DMEM) and
fetal bovine serum (FBS) were purchased from GIBCO (CA, USA).
Glutamate dehydrogenase (GLD) was purchased from Roche
(Mannheim, Germany). S-Nicotinamide adenine dinucleotide
(ANAD), 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium
bromide (MTT), 1-methoxy-S-methylphenazinium methyl sulfate
(MPMS), lactate lithium salt and LY294002 were purchased from
Sigma (MO, USA). pL-threo-f-benzyloxyaspartic acid (TBOA) and
ICI182,780 were purchased from Tocris (MO, USA). U0126 was
purchased from Promega (WI, USA). Assay kits for hormonal effects
on HEK293/hERa and HEK293/hER reporter cells were purchased
from Clontech (CA, USA).

Cell Culture. Primary cultures of astrocytes were prepared from the
cerebral cortices of 3-day-old neonates of Wistar rats, as described
previously.® Briefly, dissociated cortical cells were suspended in
modified DMEM containing 30 mM glucose, 2 mM glutamine, 1 mM
pyruvate and 10% FBS, and plated on uncoated 75 cm? flasks at the
density of 600000 cells/cm®. A monolayer of type I astrocytes was
obtained 12—14 days after plating. Nonastrocytes such as microglia
were detached from the flasks by shaking and removed by changing
the medium. Astrocytes in the flasks were dissociated by trypsinization,
reseeded on uncoated 96-well microtiter plates at 20 000 cells/cm?,
and incubated until the cells became confluent (approximately 9—10
days after reseeding). In this culture, >98% of the cells were identified
as type I astrocytes on the basis of positivity for GFAP and flattened,
polygonal appearance.

Measurement of Extracellular 1-Glu Concentration. Extracellular
1-Glu concentration was measured by means of a colorimetric method
according to Abe et al.*>* Briefly, 50 L of culture supernatant was
transferred to each well of a 96-well microtiter plate and mixed with
50 pL of substrate mixture consisting of 20 U/mL GLD, 2.5 mg/mL
B-NAD, 025 mg/mL MTT, 100 uM MPMS and 0.1% (v/v) Triton
X-100 in 0.2 M Tris-HCl buffer (pH 8.2). After 10 min incubation at
37 °C, the reaction was stopped by adding 100 uL of solution
containing 50% (v/v) dimethylformamide and 20% (wt/vol) SDS (pH
4.7). In this reaction, MTT (yellow) is converted into MTT formazan
(purple) in proportion to the L-Glu concentration. The amount of
MTT formazan was determined by measuring the absorbance at 570 nm
(test wavelength) and 655 nm (reference wavelength) with a
microplate reader. The concentration of L-Glu was estimated from a
standard curve, which was constructed in each assay using cell-free
medium containing known concentrations of L-Glu. L-Glu clearance
was shown as the amount of L-Glu taken up by astrocytes, which was
calculated from the concentration difference in the medium.

Treatment with Test Compounds. 1-Glu was dissolved at 1 mM in
phosphate-buffered saline and diluted to 100 yM with the culture

1

medium. Compounds 1, 2, 3, and 4 were dissolved at 100, 100, 100,
and 10 mM, respectively, in dimethyl sulfoxide (DMSO) and diluted
to the required final concentrations with the culture medium. The
concentration of DMSO in the medium was controlled to be below
0.1%, because we had already confirmed that 0.1% DMSO has no
effect on L-Glu transport activity or cell viability (data not shown).
Cells were incubated with test compounds for 24 h. TBOA (IC50 =
48 uM for GLAST, 7 uM for GLT1) was freshly dissolved at 1 mM in
culture medium for each experiment. IC1182,780 (ICS0 = 0.29 nM for
ERs), U0126 (IC50 = 72 nM for MEKI, 58 nM for MEK2), and
LY294002 (ICS0 = 1 uM for class 1 PI3K, 19 uM for class 2 PI3K)
were dissolved at 1, 5, and 5 mM, respectively, in DMSO, and the
solutions were diluted with culture medium to yield the required final
concentrations. These inhibitors were coapplied with 1 nM test com-
pounds (1—4) for 24 h.

Assay Procedure for Hormonal Effects on HEK293/hERa and
HEK293/hERpB Reporter Cells. Human embryo kidney 293 cells
(HEK293) were grown in FBS (+) DMEM in 100 mm dishes. Cells
were subcultured once or twice a week at about 80% confluence. A
solution of 12.4 uL of 2 M calcium ion, 100 ng/well reporter or
negative control vector (pERE-TA-SEAP or pTA-SEAP, Clontech),
S0 ng/well expression vector (pcDNA3 ERa or pcDNA3 ERS,
generous gift from Dr. Shige-aki Kato, University of Tokyo, Japan),
and 100 ng/well positive control vector (pSV-f-galactosidase,
Promega) was diluted to a final volume of 10 pL/well. This mixture
was carefully added dropwise to the same volume of HEPES solution
with slow vortexing, and the mixture was incubated at rt for 20 min to
obtain a precipitate. Cells from the exponential growth phase were
seeded (3.0 X 10* cells/ml) into 96-well plates the day before
transfection. The cells were incubated with fresh medium for 1 h, then
1/10 volume of precipitate was added to each well and incubation was
continued for 24 h at 37 °C in an atmosphere of 5% CO, in air. The
medium was replaced with fresh FBS (-) medium and incubation was
continued for a further 24 h. Then the cells were incubated with test
compounds for 24 h at 37 °C in an atmosphere of 5% CO, in air.
SEAP activity (Great EscapeTM SEAP chemiluminescence kit 2.0,
Clontech) and S-galactosidase activity (f-Galactosidase Enzyme Assay
System with Reporter Lysis Buffer, Promega) were measured with a
Spectramax MS microplate reader (Molecular Devices Japan, Tokyo,
Japan). All transfections were performed in triplicate.

Statistical Analysis. Data were obtained from four independent
experiments (averaged values of six wells for each) unless otherwise
noted. Data are expressed as means + SEM of these data. Tests of
homogeneity of variance, normality, and distribution were performed
to ensure that the assumptions required for standard parametric
ANOVA were satisfied. Statistical analysis was performed by one-way
repeated-measures ANOVA with post hoc Tukey's test for multiple
pairwise comparisons.
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Eﬁlclent Hepahc mfferentlatmn from Human
iPS cells hy Gene Transfer -

‘»Kenn Kawabata Mltsuru lnamura, and leoyuki Mlzuguch, PR

 Abstract

Establishment of protocols for the differentiation of hepatic cells from human embryonic stem (ES) and
induced pluripotent stem (iPS) cells could contribute to regenerative cell therapies or drug discovery and
development. However, the differentiation cfficiency of endoderm-derived cells, such as hepatic cells, from
human ES and iPS cells is‘poor becauise hepatic cells are differentiated via multiple lineages including
- endodermal cells, hepatic progenitor cells, and mature hepatocytes. We show here the protocols for efficient
" hepatic differentiation from human ES and iPS cells by adenovirus vector-mediated gene transfer.

~ Key words: ES cells; iPS cells; Hepatocytes, Adenovirus vector, Regenerative ‘medicine, Drug
development ; .

© 1.intoduction

~ In vertebrate development; the liver is derived from the primitive
*gut tube, which is formed by a flat sheet of cells called the definitive
- endoderm (1, 2). Afterward, the definitive endoderm is separated
into the liver buds and differentiated into hepatoblasts. The hepato-
- blasts can differentiate into both mature hepatocytes and cholan-
 giocytes. Each step of cell growth and differentiation is tightly
- regulated by intra- and extracellular signaling (3).-Activin A, fibro-
~ blast growth factors (FGFs), bone morphogenic protein (BMP),
- hepatocyte growth factor (HGF), and oncostatin M (OSM) are the
" ‘most essential extracellular signaling molecules. At the intracellular
~level, the liver-enriched transcription factors, i.e., hepatocyte
' "vnuclear factors (HNFs), CCAAT enhancer binding protein (C/
- EBP) o and B; and hematopoietically eéxpressed homeobox (HEX),
are required for the hepatic differentiation (4, 5). Among these

" Takahirs’ Ochiya (éd ) leer Stem Cells: Methods and Protoco!s Methods in Molecular Blology, vol 826,
DOI 10.1007/978-1-61779-468-1_10, © Springat Sctence-l-Busmess Media, LLC 2012
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* Fig. 1. A strategy for the differentiation of human iPS cells into hepatbblasts and hepatocytes./i schematic representation
- illustrating the procedure for differentiation of human iPS cells into hepatocytes is shown.

_siently expressed in the definitive endoderm of HEX-null embryos,

that differentiation of hepatoblasts from the human ES and iPS cell--

mediated transient transduction of a HEX gene (10). Hepatoblasts

* differentiate into functional hepatocytes in vitro. Furthermore, all
‘the procedures for culture ‘and differentiation were performed
~under serum/feeder cell-free chemically defined conditions.. Our

' chemically defined conditions would provide a platform for drug
. screening as well as safe regenerative cell theraplcs

transcription factors, Hex is known to function at the earliest stage
in hepatic differentiation (6). Targeted deletion of the HEX gene
in the mouse results in embryonic lethality and a loss of the fetal
liver parenchyma (7, 8). The hepatic genes, such as albumin,-
HNF4a, and prospero-related homeobox 1 (PROX1), are tran-

and further morphogenesis of the hepatoblasts does not occur (9).
Together, these findings underscore that HEX is essential for the
definitive endoderm to adopt a hepatic cell fate.

Here, we show the protocol for the efficient differentiation of
hepatoblasts from human ES and iPS cells. Our strategy is based on
an imitation of in vivo liver development (Fig. 1). We have found

derived definitive endoderms, but not from undifferentiated human
ES and iPS cells, could be facilitated by adenovirus (Ad) vector-

derived from human iPS cells by HEX transduction were able to

protocol based on Ad vector-mediated tran31ent transduction under

2. Materials :

2.1, Adenovirus -
Vectors

1. The human HEX cDNA (GenBank Acccssmn No. BC014336) V,
(Invitrogen, Carlsbad, CA). - :

2. Shuttle plasmid pHMEF5 (11). -
~3. Vector plasmid pAdHM41-K7 (12).
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1. Human iPS ¢ells (sec Note 1)

.-Mitomycin -C- inactivated mouse embryomc ﬁbroblasts (MEF) -
(Hygro-Resistant Strain C57/BL6) (Mﬂhpoxe ‘Bedford, MA) ;
(see Note 1).

. HepG2 cells.

. Defined ‘serum-free medium (hESF9): hESF-GRO medium
(Cell Science & Technology Institute, Sendai, Japan) supple- -
mented with 10 fgg/ml human recombmant msuhn, 5ug/ml i
. human apotransferrin, 10 pM 2- -mercaptocthanol, 10 pM
~ethanolamine, 10 pM sodium selenite, oleic acid conjugated

with fatty acid-free bovine albumin, 10 ng/ml bFGF, and
100 ng/ml heparin (all from Sigma, St Louis, MO).

. Laminin from the Engelbreth- -Holm-Swarm murine sarcoma

basement membrane (Sigma).

. Twelve-well culture plate (Sumitom'o‘Bakelitc‘, Tokyo, Japan).

. Laminin-coated tissue culture 12-well plate: Dilute Jaminin in o
PBS for a final dilution of 1:50. Add 1 ml of laminin solution .

to coat each well of a 12-well plate. Incubate the plates for

3-24 h at 37°C. Remove laminin solution and wash the well
- “with PBS immediately before use.

. Accutase (Invitrogen).

. Differentiation medium A: hESF- GRO medinm (Cel Scxence :

& Technology Institute) supplemented with 10 ug/ml human -

. recombinant insulin, 5 pg/ml human apotransferrin, 10 uM
" 2-mercaptoethanol, 10 pM ethanolamine, 10 uM sodium selenite,

" and 0.5 mg/ml fatty acid- ﬁee bovine albumin (BSA) (Slgma)

co

10

11

. bFGF (Sigma). :
. Activin A (R&D Systems, aneapohs ‘MN). : L
. Trypsin~-EDTA: O 0125% tr ypsm 0.01325 mM EDTA ‘

(Invitrogen).

Trypsin inhibitor A: Differentiation medium A supplemented
with 0.1% soybean trypsin inhibitor (Sigma).

Differentiation medium B: hESF-DIF (Cell Science &
Technology Institute) medium supplemented with 10 pg/ml -

- human recombinant insulin, 5 pg/ml human apotransferrin,
"~ 10 uM 2-mercaptoethanol, 10 uM ethanolamine, 10 pM

~ sodium selenite, and 0.5 mg/ ml fatty a<:1d free BSA.

12.
13
14,

1.

FGF4 (R&D Systems).

BMP4 (R&D Systcms)

Trypsin inhibitor B: Differentiation medium B supplcmentcd B
‘with 0.1% soybean trypsin inhibitor (Sigma). ‘

Hcpatocyte ‘culture: medium (HCM) supplemented ‘with
- SingleQuots (Lonza; Walkersville, MD).

6.

HGF (R&D Systems).
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17.
18.
19.
20.

2.4, Analysis 1.

(423

o 0 N o

Table 1
List of Tagman gene expressnon assays

Gene Assay ID

— e e
~ Hs00910225_m1
00430021 m1
”‘Hs00167982 _ml
© Hs02576168_g1

Oncostatin M (OSM) (R&D Systems).
Dexamethasone (Sigma).
Type I collagen (Nitta Gelatin, Osaka, Japan).

Type I collagen-coated 12-well plate (15 pg/cm?): Dilute type
I collagen in PBS for a final dilution of 1:50. Add 1 ml of type

‘I collagen solution to coat each well of a 12-well plate. Incubate

the plates for 3-24 h at 37°C. Remove type I collagen solution
immediately before use.

Human fetal (22~40' weeks old) liver total RNA (Clontech :
Laboratories, Mountain View, CA).

. Human adult (51 years old) liver total RNA (Clontech

Laboratories).

. RNeasy Plus Mini. k1t (Qiagen, Hilden, Germany).
. Superscript VILO cDNA synthcsm kit (Invitr ogcn) ) ,
. Tagman gene expression assays (Applied Blosystems Postex

City, CA): The primer sequences are described in Table 1.

. ABI PRISM 7700 Sequence Detector (Applied Biosystems).
. P450-GloTM CYP3A4 Assay Kit (Promcga Madison, WI)
. Rxfamplcm (Sigma). ,

9. Dimethyl sulfoxide (Sigma).

- 10.

Luminometer (Berthold, Tokyo, Japan). B

3. Methods

' 3.1. Adenovirus Vector 1L
. Construction :

Ad vectors were constructed by an '»iiﬁpx¥b\'fe’d'»i11 vitro liga“tiéxi"
according to the method of Mizuguchi and Kay. (13, 14). The

. - human HEX ¢DNA was inserted into pHMEF5, which contains -
* the human elongation factox lo (EF- 1oc) pxomoter, resultmg
 in pHMEF-HEX. SR :




b
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 2

3.2.InVitro Definitive 1.

The pHMEF- HEX ‘was’ dlgested with  I-Ceul /PI-Scel and‘
hgated into I-Ceul /PI-Scel-digested pAdHM41-K7, resulting
in pAd-HEX.

. Ad-HEX, which contains the EF- loc promoter and a stletch of

lysine residues (K7) peptides in the C-terminal region of the

* fiber knob, was generated and punﬁed
. The vector particle (VP) titer was determined by using a -

spectrophotometric method (15). -

Prepare human iPS cells, which were ni'éiﬁtéiiﬁed on MEF on a.
gelatin-coated 25 cm? flask in human iPS cell culture medium

(see Note 1). ,
. Before the initiation of cellular dxffexcnmauon, change the .

medium of human iPS cells for the deﬁncd serum-free medium

hESF9. -
. Incubate the cells in-a humidified atmoSphcre of 10% CO, and

90% air at 37°C overnight (see Note 2)

. For  induction of definitive endoderm, remove the hESF9

medium, add 1.0 ml Accutase per 25- cm2 flask, incubate for

3 min at 37°C, and remove the Accutase (see Note 3). »
. Add 10 il of cold hESF9 medium, resuspend the human iP$

cells into a single cell suspension by pipetting, and centrifuge

at 267 xg for 3 min at 4°C (see Note 4).
. Aspirate the supernatant and resuspend the cells with 10 ml of

cold differentiation medium A and centrifuge them at 267 x g
for 3 min at 4°C.

. Repeat step 6.

. Aspirate the supernatant, and replace the mcdmm with warm R
“fresh- differentiation medium A supplemented with-10 ng/ ml

~ bFGF and 50 ng,/ml Activin A.

~ Endoderm
" Differentiation ,
2
.
4
-5
7
8
9
10
_ 33 InVitro 1
. Hepatoblast :
Differentiation

. Transfer to a laminin-coated 12_{%11 plate in a humidified
- atmosphere of 10% CO, and 90% air at 37°C (2.5x10° cells/

well). The final volume of medium should be 1.0 ml per well
(see Note 5).

Change the differentiation medium A supplernented with

10 ng/ml bFGF and 50 ng/ml Activin A every day.

After 5 days of culture, remove the medium, add 200 pl

- trypsin-EDTA per well, incubate the cells for 3 min at 37°C,
and remove the trypsin~EDTA (see Note 6).

. Resuspend the cell populations in 10 ml of cold ‘t:‘ry'psin' o
 inhibitor A and ‘(féntriﬁlge them at 267 x g for 3 min at 4°C.
. Aspirate the supernatant, resuspend the cells in 10 ml of cold

- differentiation medium B, and centrifuge at 267 x4 for 3 min-
~at4°C.
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a AFP (0 Non-truansduced cells b ALB' [ Non-transduced cells
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Fig. 2. Efficient hepatoblast differentiation from the human iPS celi-derived definitive endoderms by transduction of thé
~ HEX gene. Real-time RT-PCR analysis of the level of AFP (a) and ALB (b) expression in nontransduced cells and Ad-HEX~
transduced cells, both of which were induced from the human iPS cell-derived definitive endoderms (day 0, 5, 8, 9, and

days ‘ liver : days

- 12). The cells were transduced with Ad-HEX at day 6 as described in Fig. 1. The data at day 6 were obtained before the
transduction with Ad-HEX. The graphs represent the relative gene expression levels when the level in the fetal liver was '{,1{7.

- taken as 100.

3.4, In Vitro Hepatic

~ Maturation

1.
. trypsin~-EDTA in each well, incubate the cells for 3 ‘min at

. (see Note 10). o

. After 24 h of culture, remove the medium, and add warm fresh

. Incubate the cells in a humidified atmosphere of 10% CO and

. Remove the medium and replace with warm fresh differentia-

: . Change the medium every day (see Note 8).
- 10.
analyze the cells by RT-PCR (see Note 9) (Fig. 2).

.'Resuspend the cell populations in 10 ml of cold trypsin

. Aspirate the super: natant and replace with warm fresh differentiation
medium B supplemented with 10 ng/ml bFGF and 50 ng/ml
Activin A. i

. Transfer the cells to a laminin-coated tissue culture 12-well

plate (5.0x10% cells/well) and culture them in a humidified
atmosphere of 10% CO, and 90% air at 37°C. The final volume
of medium should be 1.0 ml per well (see Note 5). e

differentiation medium B supplemented with Ad-HEX
(3,000 VP/cell), 10 ng/ml FGF4, and 10 ng/ml BMP4
(R&D Systems) (see Note 7). The final volume of medium -
should be 500 pl per well.

90% air at 37°C for 1.5 h.

tion medium B supplemented with 10 ng/ml FGF4 and
10 ng/ml BMP4, and incubate the cells in a humidified
atmosphere of 10% CO, and 90% air at 37°C. ‘

After 3 and 6 days of culture in differentiation mediﬁrﬁ‘fB‘;

After 3 days of culture in differentiation mediuih B, add 200 ul

37°C, and remove the trypsin-EDTA.

inhibitor B and centrifuge them at 267 x4 for 3 min at 4°C
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3. Aspirate the supernatant, reéuspcnd the cells in 10 ml of éold
"~ HCM and centrifuge them at 267 x g for 3 min at 4°C.

‘4. Aspirate the supernatant, and replace with warm fresh HCM
supplemented with SingleQuots, 10 ng/ml FGF-4, 10 ng/ml
"HGF, 10 ng/ml, and 107 M dcmmethasone

5. Transfer into two wells of a type I collagen-coated tissue
culture 12-well plate and incubate the cells in a humidified °
atmosphere of 10%.CO, and 90% air at 37°C. The final volume
of medium should be 1.0 ml per wcll (see Ngte 5).

6. Change the medium every 2 days.

7. After 9 days of culture in HCM, analyze the cells by RT-PCR
- and measure the cytochrome P450 activity (see Notes 9 and

11) (Fig. 3).
a ,
S . cvpans B CYP2D6
$.100 - ¢ 100
s 10f 2 1
@ i} . ‘©
g Bt & 1
S E2} - >
e E3 B . . ey ; » e
& None . HEX HepG2 Fetal Adult 3 None HEX HepG2 Fetal Adult
&) A

Liver  Liver Liver  Liver

c

2 CYP7A1

2 .

2 .

2 100

3 V

S 10 N

C . . B
8 ‘ L

2 et || I .
® None  HEX HepG2 Fetal Adult -

: Liver  Liver

b ;

;‘; 25 O None
5

©

<t

<<

[s2]

o

>~

@]

2

s 5t DMSO - Rifampoin

Fig. 3. Cytochrome P450 isozymes in human iPS cell-derived hepatocytes. (a) Real-time RT-PCR analysis of CYP3A4,
CYP7A1, and CYP2D6 expression in human iPS cell-derived nontransduced cells (day 18), Ad-HEX-transduced cells (day
18), and fetal and adult liver tissues. (b} Induction of CYP3A4 by rifampicin in human iPS cell-derived nontransduced cells,
- Ad-HEX-transduced cells, and the HepG2 cell line. Data are presented as the mean = SD from triplicate experiments. The
. graphs represent the relative gene expression level when the level in the adult liver is taken as 100. Abbreviations: NONE
nontransduced cells, LacZ Ad-LacZ-transduced cells, HEX Ad-HEX-transduced cells, DMSO dimethyl sulfoxide.
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- 4. Notes

“VILO cDNA synthesis kit. Real-time PCR was performed with

- Sequence Detector. Relative quantification was performed
‘against a standard curve, and the values were normalized

. Culture human iPS cells to maintain the undifferentiated

. Proceed to step 3 within 48 h. Attachment efficiency will be

. By this operation, the feeder cells are removed and only the

. Determine the number of cells using a hemocytometer and

~ tion medium.
. Be sure to gently shake the plate left to right and back to front

. A'low concentration of trypsin-EDTA can reduce cell damage
by passage and promote cell survival. Detach the cells by

. Vortex the 1.5-ml tube supplemented w1th Ad-HEX.
. Proceed to Subheading 3.4. for induction of hepatocytes after

. Total RNA was isolated from human iPS$ cells, their derivatives,

states according to the original protocol (16, 17). Basically,
human ES cells can be cultured, handled, and differentiated
using the same protocol as human iPS cells described here. -

reduced if passage is performed afwx more than 48 hof culture
in hESF9 medium. ’

human iPS cells remain in the flask.

adjust the concentration precisely. An excessive number of cells
per well results in the presence of undifferentiated cells after
5 days of culture with differentiation medium. Also, strain the
cell suspension with a cell strainer to obtain a uniform single
cell suspension, since cell clusters will result in the appearance
of undifferentiated cells after 5 days of culture with differentia-

to obtain evenly distributed cells.

brushing the medium on the cells.

3 days of culture in differentiation medium B.

and HepG2 cells using an RNeasy Plus Mini kit. cDNA was
synthesized using 500 ng of total RNA with a Superscript

Tagman gene expression assays using an ABI PRISM 7700

against the input determined for the housekeeping gene; glyc-.

o eraldehyde-3-phosphate * dchydx'ogenasc (GAPDH). The

. primer sequences used in’ these methods are descnbed m

" Table 1.

- 10.
- cellsas thc cell clumps.
1L

Do not dissociate the cell clusters into smglc cells Passage the

To measure cytochrome P450 3A4 actmty, lytic assays ‘was

performed by using a P450-GloTM CYP3A4 Assay Kit. For

e the cytochrome P450 3A4 activity assay, Ad-HEX-transduced

cells and nontransduced cells as well as HepG2 cells were
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treated with rifampicin, which is the substrate for CYP3A4, at

a final concentration of 25 uM or DMSO for 72 h. The =

fluorescence was measured with a luminometer according to
the manufacturer’s instructions. HepG2 cells were cultur cd as
per the instructions. - ' '
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