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Figure 5 HNF4o promotes hepatic differentiation by acrivating MET. Human ESCs were differentiated into hepatoblasts according to the
protocol described in Figure 2a, and then transduced with 3,000 VP/cell of Ad-LacZ or Ad-HNF4o for 1.5 hours, and finally cultured until day 12 of
differentiation. (a) The hepatoblasts, two factors plus Ad-LacZ-transduced cells (SOX17+HEX+LacZ) (day 12), and the three factors-transduced cells
(SOX17+HEX+HNF4¢7) (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 HNF4o
(red) antibodies on day 9 or day 12 of differentiation. Nuclei were counterstained with DAPI (blue). The bar represents 50 um. Similar results were
obtained in two independent experiments. (c) 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
(G1/5/G2/M). (d) The expression levels of AFP, PROX1, a-T-antitrypsin, ALB, CK7, SOX9, N-cadherin, Snaill, Ceacam], 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 repre-
sented as means + SD (n = 3). (e) The model of efficient hepatic differentiation from human ESCs and iPSCs in this study is summarized. The huran
£SCs 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« transduction provokes hepatic maturation by
activating MET. ESC, embryonic stem cell; HNF4u, hepatocyte nuclear factor 4¢; iPSC, induced pluripotent stem cell; MET, mesenchymal-to-epithelial
transition; RT-PCR, reverse transcription-PCR; VP, vector particle.

The gene expression levels of hepatocyte markers (o 1-antitrypsin
and ALB)® and epithelial markers (CeacamI and E-cadherin) were
upregulated by HNF4o transduction. On the other hand, the gene
expression levels of hepatoblast markers (AFP and PROX 1), mes-
enchymal markers (N-cadherin and Snail)®, and cyclin dependent
kinase inhibitor (p15 and p21)* were downregulated by HNF4c:
transduction. HNF40 transduction did not change the expression
levels of cholangiocyte markers (CK7 and SOXS). We condude
that HNF4er promotes hepatic maturation by activating MET.

DISCUSSION

This study has two main purposes: the generation of functional
hepatocytes from human ESCs and iPSCs for application to drug
toxicity screening in the early phase of pharmaceutical development
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and; elucidation of the HNF4o. function in hepatic maturation from
human ESCs. We initially confirmed the importance of transcrip-
tion factor HNF40! in hepatic differentiation from human ESCs by
using a published data set of gene array analysis (Supplementary
Figure S1)* We speculated that HN¥4c: transduction could
enhance hepatic differentiation from human ESCs and iPSCs.

"To generate functional hepatocytes from human ESCs and iPSCs
and to elucidate the function of HNF4o. in hepatic differentiation
from human ESCs, we examined the stage-specific roles of HNF4or,
‘We found that hepatoblast {day 9) stage-specific HNF4o transduc-
tion promoted hepatic differentiation (Figure 1). Because endog-
enous HNF4o is initially expressed in the hepatoblast,* our system
might adequately reflect carly embryogenesis. However, HNF4or
transduction at an inappropriate stage (day 6 or day 12) promoted
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bidirectional differentiation; heterogeneous populations, which
contain the hepatocytes and pancreas cells or hepatocytes and cho-
langiocytes, were obtained, respectively (Figure 1), consistent with a
previous report that HNF4ct plays an important role not only in the
liver but also in the pancreas.” Therefore, we concluded that HNF4o!
plays a significaut stage-specific role in the differentiation of human
ESC- and iPSC-derived hepatoblasts to hepatocytes (Figure 5¢).

‘We found that the expression levels of the hepatic functional
genes were upregulated by HNF4o transduction (Figure 3a,b,
and Supplementary Figures S7 and §8). Although the ¢/EBPa
and GATAA4 expression levels of the three factors-transduced
cells were higher than those of primary human hepatocytes, the
FOXAIL, FOXA2, FOXA3, and HNF1le, which are known to be
important for hepatic direct reprogramming and hepatic differ-
entiation,™* expression levels of three factors-transduced cells
were slightly lower than those of primary human hepatocytes
(Supplementary Figure $8). Therefore, additional transduction
of FOXAL, FOXA2, FOXA3, and HNF1¢, might promote further
hepatic maturation. Some previous hepatic differentiation proto-
cols that utilized growth factors without gene transfer led to the
appearance only of heterogeneous hepatocyte populations.* The
HNF40: transduction led not only to the upregulation of expres-
sion levels of several hepatic markers but also to an almost homo-
geneous hepatocyte population; the differentiation efficacy based
on CYPs, ASGR1, or ALB expression was ~80% (Figure 3¢c-e). The
efficient hepatic maturation in this study might be attvibutable to
the activation of many hepatocyte-associated genes by the trans-
duction of HNF4q, which binds to the promoters of nearly half of
the genes expressed in the liver.*? In the later stage of hepatic mat-
uration, hepatocyte-associated genes would be strongly upregu-
lated by endogenous transcription factors but not - exogenous
HNF4q because transgene expression by Ad. vectors was almost
disappeared on day 18 (Supplementary Figure S5). Another rea-
son for the efficient hepatic maturation would be that sequential
transduction of SOX17, HEX, and HNF4¢: could mimic hepatic
differentiation in early embryogenesis.

Next, we examined whether or not the hepatocyte-like cells
had hepatic functions. "The activity of many kinds of CYPs was
upregulated by HNF4o. transduction (Figure 4b). Ad-HNF4a-
transduced cells exhibit many characteristics of hepatocytes:
uptake of LDL, uptake and excretion of ICG;:and storage of gly-
cogen (Figure 4a,c,d). Many conventional tests of hepatic char-
acteristics have shown that the hepatocyte-like cells have mature
hepatocyte functions. Furthermore, the hepatocyte-like cells can
catalyze the toxication of several compounds (Figurede). Although
the activities to catalyze the toxication of test compounds in pri-
mary human hepatocytes are slightly higher than those in the
hepatocyte-like cells, the handling of primary human hepatocytes
is difficult for a number of reasons: since their source is limited,

large-scale primary human hepatocytes are difficult to prepare as .-

a homogeneous population. Therefore; the hepatocyte-like ‘cell
derived from human ESCs and iPSCs would be a valuable tool for.
predicting drug toxicity. To utilize the hepatocyte-like cells in
drug toxicity study, further investigation of the drug metabolism
capacity and CYP induction potency will be needed.

We also investigated the mechanisms underlying efficient
hepatic maturation by HNF4o transduction. Although the

134

" Humdn ESC and iPSC. culture. A human
‘Tnnhhli Madi on,: HI); was, maintai d

& The American Socicty of Gane & Celi Therapy

number of cholangiocyte populations did not change by HNFde
transduction, we found that the number of hepatoblast popula-
tions decreased and that of hepatocyte populations increased,
indicating that HNF4a promotes selective hepatic differentiation
from hepatoblasts (Figure 5a). As previously reported, HNF4a
regulates the expression of a broad range of genes that code for
cell adhesion molecules,” extracellular matrix components, and
cytoskeletal proteins, which determine the main morphological
characteristics of epithelial cells.*>5¥ In this study, we elucidated
that MET was promoted by HNF4. transduction (Figure 5b,d).
Thus, we conclude that HINF4o. overexpression in hepatoblasts
promotes hepatic differentiation by activating MET (Figure 5e).

Using human iPSCs as well as human ESCs, we contirmed
that the stage-specific overexpression of HNF4o could promote
hepatic maturation (Supplementary Figure §9). Interestingly, the
differentiation efficacies differed among human iPS$ cell lines: two
of the human iPS cell lines (Dotcom and lic) were more commit-
ted to the hepatic lineage than another human iPS cell line (20187)
(Supplementary Figure S7). Therefore, it would be necessary to
select a human iPS$ cell line that is suitable for hepatic matura-
tion in the case of medical applications, such as drug screening
and liver (ransplantation. The diflerence of hepatic differentiation
efficacy among the three iPSC lines might be due to the differ-
ence of epigenetic memory of original cells or the difference of the
inserted position of the foreign genes for the reprogramming.

To control hepatic differentiation mimicking embryogenesis,
we employed Ad vectors, which are one of the most efficient tran-
sient gene delivery vehicles and have been widely used in both
ies-and clinical trials.* We used a fiber-modified

the EE- lu promoter and a strelch of Jysme

¢ K7 pepude ‘targets hepzuan sulfates on the
cellular surface, and the fiber-modified Ad'vector containing the
K7 peptides was shown to be efficient for transduction into many
kinds of cells including human ESCs and human ESC-derived
cells.™** Thus, Ad vector-mediated transient gene transfer should
be a powerful tool for regulating cellular differentiation,

In sumumary, the findings described here demonstrate that
transcription factor HNF4c, plays a crucial role in the hepatic
differentiation from human ESC-derived hepatoblasts by activat-
ing MET (Figuare 5¢). In the present study, both human ESCs and
iPSCs (three lines) were used and all cell lines showed efficient
hepatic maturation, indicating that our protocol would be a uni-
versal tool for cell line-independent differentiation into functional
hepatocytes. Moreover, the hepatocyte-like cells can catalyze the
toxication of several compounds as primary human hepatocytes.
Therefore, our technology, by sequential transduction of SOX17,
HEX, and HNF4q, would be a valuable ool for the efficient gen-
eration of functional hepatocytes derived from human ESCs and
IPSCs, and the hepatocyte-like cells could be used for the predic-
of drug tomcrty i

ATER!ALS ND METHODS

cellline, H9 {WiCell Research
feeder layer of mitomycin
C-treated mouse erubryonic fibroblasts (Millipore, Billerica, MA) with Repro
Stem (Repro CELL, Tokyo, Japan) supplemented with Sng/mi fibroblast
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growth factor 2 (FGF2) (Sigma, St Louis, MQ). Human ESCs were dissoci-
ated with 0.1 mg/ml dispase (Roche Diagnostics, Indianapolis, IN) into small
clumps and then were subcultured every 4 or 5 days. H9 was used follow-
ing the Guidelines for Derivation and Utilization of Human Embryonic Stem
Cells of the Ministry of Education, Culture, Sports, Science and Technology
of Japan. Two human iPS cell lines generated from the human embryonic
lung fibroblast cell line MCRS were provided from the JCRB Cell Bank (Tic,
JCRB Number: JCRB1331; and Dotcom, JCRB Number: JCRB1327).24
These human iP$ cell lines were maintained on a fecder layer of mitomy-
cin C-treated mouse embryonic fibroblasts with iPSellon (Cardio, Kobe,
Japan) supplemented with 10ng/ml FGF2. Another human iP$ cell line,
20187, generated from human dermal fibroblasts was kindly provided by
Dr$S. Yamanaka (Kyoto University). The human iPS cell line 201B7 was main-
tained on a feeder layer of mitomycin C-treated mouse embryonic fibroblasts
with Repro Stem (Repro CELL) supplemented with 5ng/ml FGF2 (Sigma).
Huiman iPSCs were dissociated with 0.1 mg/ml dispase (Roche Diagnostics)
into small clumps and were then subcultured every 5 or 6 days.

in vitro differentiation. Before the initiation of cellular differentiation, the
medium of human ESCs and iPSCs was exchanged for a defined serum-free
medium, hESF9, and cultured as we previously reported." hESF9 consists
of hESF-GRO medium (Cell Science & Technology Institute, Sendai, Japan)
supplemented with 10ug/ml human recombinant insulin, 5jg/ml human
apotransferrin, 10[tmol/l 2-mercaptoethanol, 10mol/! ethanolamine,
10umol/t sodium selenite, oleic acid conjugated with falty-acid-Iree bovine
albumin (BSA), 10ng/ml FGF2, and 100 ng/ml heparin (all from Sigma).

The differentiation  protocol for the induction of DE cells,
hepatoblasts, and hepatocyles was based on our previous report with some
modifications.” Briefly, in mesendoderm differentiation, human ESCs
and iPSCs were dissociated into single cells and cultured for 3 days on
Matrigel (Becton, Dickinson and Company, Tokyo, Japan) in hESF-DIF
medium {Cell Science & Technology Inslitute) supplemented with 10ug/
ml human recombinant insulin, 51g/ml human apotransferrin, 10 pmol/l
2-mercaptoethanol, 10pumol/l ethanolamine, 10mol/l sodium selenite,
0.5mg/ml BSA, and 100ng/ml Activin A (R&D Systems, Minneapolis,
MN). To generate mesendoderm cells and DE cells, human ESC-derived
cells were transduced with 3,000 vector particles (VP)/cell of Ad-SOX17 for
1.5 hours on day 3 and cultured until day 6 on Matrigel (BD) in hESF-DIF
medium (Cell Science & Technology Inslitute) supplemented with 10ug/
ml human recombinant insulin, 5 ptg/ml human apotransferrin, 10 pmol/l
2-mercaploethanol, 10 mol/l ethanolamine, 10 umol/! sodium selenite,
0.5 mg/ml BSA, and 100 ng/ml Activin A (R&D Systems). For induction of
hepatoblasts, the DE cells were transduced with 3,000 VP/cell of Ad-HEX
for 1.5 hours on day 6 and cultured for 3 days on a Matrigel (BD) in hESF-
DIF (Cell Science & Technology Institute) medium supplemented with
the 10 pg/ml human recombinant insulin, 5ig/ml human apotransferrin,
10 pumol/l 2-mercaptoethanol, 10 umol/l ethanolamine, 10 umol/1 sodium
selenite, 0.5mg/ml BSA, 20ng/ml bone morphogenetic protein 4 (R&D
Systems), and 20 ng/ml FGF4 (R&D Systems). In hepatic differentiation,
hepatoblasts were transduced with 3,000 VP/cell of Ad-LacZ or Ad-
HNF4e, for 1.5hr on day 9 and were cultured for 11 days on Malrigel
(BD) in L15 medium (Tnvitrogen, Carlsbad, CA) supplemented with 8.3%
tryptose phosphate broth (BD), 8.3% fetal bovine serum (Vita, Chiba,
Japan), 10pmol/t hydrocortisone 21-hemisuccinate (Sigma), 1pumol/l
insulin, 25 mmol/1 NaHCO, (Wako, Osaka, Japan), 20ng/ml hepatocyte
growth factor (R&D Systems), 20 ng/ml Oncostatin M (R&D Systems),
and 107 mol/l Dexamethasone (Sigma).

Ad vectors. Ad veclors were constructed by an improved i vitro ligation
method.”* The human HNF4o gene (accession number NM_000457) was
amplified by PCR using primers designed to incorporate the 5" Not T and
3" Xba I restriction enzyme sites: Fwd 5'-ggcclclagalggaggeagggagaatg-3”
and Rev 5’-cccegeggecgeageggetigetagataac-3'. The human HNF4w gene
was inserted into pBSK (Invitrogen), resulting in pBSKII-HNF4c;, and
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then the human HNF40. gene was inserted into pHMEFS," which contains
the human elongation factor-10t (EF-10) promoter, resulting in pHMEF-
HNF4g. The pHMEF-HNF40. was digested with [-Ceul/PT-Scel and ligated
into [-Ceu I/PI-Scel-digested pAdHM41-K7," resulting in pAd-HNF4o..
The human EF-10. promoter-driven LacZ-, SOX17-, or HEX-expressing
Ad vectors, Ad-LacZ, Ad-SOX17, or Ad-HEX, were constructed previ-
ously.”™* Ad-LacZ, Ad-SOX17, Ad-HEX, and Ad-HNF4q, each of which
contains a stretch of lysine residue (K7) peptides in the C-terminal region
of the fiber knob for more eflicient transduction of human ESCs, iPSCs,
and DE cells, were generated and purified as described previously” The VP
titer was determined by using a spectrophotometric methed.

LacZ assay. Human ESC- and iPSC-derived cells were transduced with
Ad-LacZ at 3,000 VP/cell for 1.5 hours. After culturing for the indicated
number of days, S-bromo-4-chloro-3-indolyl (-D-galactopyranoside
(X-Gal) staining was performed as described previously.™

Flow cytometry. Single-cell suspensions of human ESCs, iP$Cs, and their
derivatives were fixed with methanol at 4 °C for 20 minutes and then incu-
bated with the primary antibody, followed by the secondary antibody.
Flow cytometry analysis was performed using a FACS LSR Fortessa flow
cytometer (BD).

RNA isolation and reverse transcription-PCR. Total RNA was isolated
from human ES$Cs, iPSCs, and their derivatives using ISOGENE (Nippon
Gene) according to the manufacturer’s instructions. Primary human hepa-
tocytes were purchased from CellzDirect, Durham, NC. complementary
DNA was synthesized using 500 ng of total RNA with a Superscript VILO
cDNA synthesis kit (Invitrogen). Real-time reverse (ranscription-PCR
was performed with Taqman gene expression assays (Applied Biosystems,
Foster City, CA) or SYBR Premix Ex Taq (TaKaRa) using an ABI PRISM
7000 Sequence Detector (Applied Biosystems). Relative quantification
was performed against a standard curve and the values were normalized
against the input determined for the housekeeping gene, glyceraldehyde
3-phosphate dehydrogenase. The primer sequences used in this study are
described in Supplementary Table S1.

Immunohistochemistry. The cells were fixed with methanol or 4% para-
formaldehyde (Wako). After blocking with phosphate-buffered saline
containing 2% BSA (Sigma) and 0.2% Triton X-100 (Sigma), the cells
were incubated with primary antibody at 4 °C for 16 hours, followed by
incubation with a secondary antibody that was labeled with Alexa Fluor
488 (Invitrogen) or Alexa Fluor 594 (Invitrogen) at room temperature for
1 hour. All the antibodies are listed in Supplementary Table $2.

Assay for CYP activity. To measure cylochrome P450 3A4, 2C9, and 1A2
activity, we performed Lytic assays by using a P450-GloTM CYP3A4
Assay Kil (Promega, Madison, WI). For the CYP3A4 and 2C9 activity
assay, undifferentiated human ESCs, the hepatocyte-like cells, and pri-
mary human hepatocyles were treated with rifampicin (Sigma), which
is the substrate for CYP3A4 and CYP2CS, at a final concentration of
25 pumol/1 or DMSO (0.1%) for 48 hours, For the CYP1A2 activity assay,
undifferentiated human ESCs, the hepatocyte-like cells, and primary
human hepatocytes were trealed with omeprazole (Sigma), which is the
substrate for CYP1AZ, ata final concentration of 10 pM or DMSO (0.1%)
for 48 hours. We measured the fluorescence activity with a luminometer
(Lumat LB 9507; Berthold, Oak Ridge, TN) according (o the manufac-
turer’s instructions.

Pyronin Y/Hoechst Staining. Human ESC-derived cells were stained with
Hoechst33342 (Sigma) and Pyronin Y (PY) (Sigma) in Dulbecco’s modi-
fied Bagle medium (Wako) suppl d-with 0.2 mmol/l HEPES and 5%
FCS (Invitrogen). Samples were then placed on ice for 15 minules, and
7-AAD was added to a final concentration of 0.5mg/ml for exclusion of
dead cells. Fluorescence-activated cell-sorting analysis of these cells was
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performed on a FACS LSR Portessa flow cytometer (Becton Dickinson)
equipped with a UV-laser.

Cellular uptake and excretion of ICG. ICG (Sigma) was dissolved in
DMSO at 100 mg/ml, then added to a culture medium of the hepatocyte-
Tike cells to a final concentration of 1 mg/ml on day 20 of differentiation.
After incubation al 37°C for 60 minutes, the medium with ICG was
discarded and the cells were washed with phosphate-buffered saline. The
cellular uptake of 1CG was then examined by microscopy. Phosphate-
butfered saline was then veplaced by the culiure medium and the cells
were incubated at 37°C for 6 hours. The excretion of ICG was examined
by microscopy.

Periodic Acid-Schiff assay for glycogen. The hepatocyte-like cells were

fixed with 4% paraformaldehyde and stained using a Periodic Acid-Schiff

staining system (Sigma) on day 20 of differentiation according to the man-
ufacturer’s instructions.

Cell viability tests. Cell viabilily was assessed by Alamar Blue assay kit
(Tnvitrogen). After treatment with test compounds™-* (troglitazone, acel-
aminophen, cyclophosphamide, and carbamazepine) (all from Wako) for 2
days, the culture medium was replaced with 0.5 mg/ml solution of’ Alamar
Blue in culturing medium and cells were incubated for 3 hours at 37°C.
‘The supernatants of the cells were measured at a wavelength of 570nm
with background subtraction at 600 nm in a plate reader. Contro] refers to
incubations in the absence of test compounds and was considered as 100%
viability value.

Uptake of LDL. The hepatocyte-like cells were cultured with medium con-
laining Alexa-488-labeled LDL (Invitrogen) for 1 hour, and then the cells
that could uptake LDL were assessed by immunohistochemistry and flow
cytometry.

Primary human hepatocytes. Cryopreserved human hepatocytes were
purchased from CellzDircct (lot Hug072). The vials of hepatocytes were
rapidly thawed ina shaking water bathat 37 °C; the contents of the vial were
emptied into prewarmed Cryopreserved Hepatocyle Recovery Medium
(CellzDirect) and the suspension was centrifuged al 100g for 10 minutes
at room temperature. The hepatocytes weve seeded at 1.25 x 10° cells/cm?®
in hepatocyte culiure medium (Lonza, Walkersville, MD) conlaining
10% FCS (GIBCO-BRL) onto type T collagen-coated 12-well plates. The
medium was replaced with hepatocyte culture medium containing 10%
FCS (GIBCO-BRL) 6 hours after seeding, The hepatocytes, which were
cultured 48 houss after plating the cells, were used in the experiments.

SUPPLEMENTARY MATERIAL .
Figure $1. Genome-wide screening of transcription factors involved
in hepatic differentiation emphasizes the importance of the transcrip-
tion factor HNF4a:.

Figure $2. Summary of specific markers for DE cells, hepatobiasts,
hepatocytes, cholangiocytes, and pancreas cells.

Figure $3. The formation of DE cells, hepatoblasts, hepatocytes, and
cholangiocytes from human ESCs.

Figure $4. Overexpression of HNF4c mRNA in hepatoblasts by Ad-
HNF4o: transduction.

Figure 55. Time course of LacZ expression in hepatoblasts transduced
with Ad-LacZ.

Figure $6. The morphology of the hepatocyte-like cells.

Figure §7. Upregulation of the expression levels of conjugating en-
zymes and hepatic transporters by HNF4o, transduction.

Figure $8. Upregulation of the expression levels of hepatic transcrip-
tion factors by HNF4e transduction,

Figure $9. Generation of hepatocytes from various human €S or iP$
cell lines.

Figure 510. Promotion of MET by HNF4q transduction.

136

€) The American S04

sene & Celt Mheapy

Figure S11. Arrest of cell growth by HNF4 transduction.
Table §1. List of Tagman probes and primers used in this study.
Table $2. List of antibodies used in this study.
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Hepatocyte-like cells differentiated from human embryonic stem cells (hESCs) or human induced
pluripotent stem cells (hiPSCs) are known to be a useful cell source for drug screening. We recently
developed an efficient hepatic differentiation method from hESCs and hiPSCs by sequential transduction
of FOXA2 and HNF1e. It is known that the combination of three-dimensional (3D} culture and co-culture,
namely 3D co-culture, can maintain the furictions of primary hepatocytes. However, hepatic maturation

Keywords: of hESC- or hiPSC-derived hepatocyte-like cells (hEHs or hiPHs, respectively) by 3D co-culture systems
Hepatocyte N o . . .

Co-culture has not been examined. Therefore, we utilized a cell sheet engineering technology to promote hepatic
Collagen maturation. The gene expression levels of hepatocyte-related markers (such as cytochrome P450
Fibroblast enzymes and conjugating enzymes) and the amount of albumin secretion in the hEHs or hiPHs, which
Liver were 3D co-cultured with the Swiss 3T3 cell sheet, were significantly up-regulated in comparison with

ECM (extracelular matrix)

those in the hEHs or hiPHs cultured in a monolayer. Furthermore, we found that type I collagen

synthesized in Swiss 3T3 cells plays an important role in hepatic maturation. The hEHs or hiPHs that
were 3D co-cultured with the Swiss 3T3 cell sheet would be powerful tools for medical applications, such

as drug screening.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Several studies have recently shown the ability of human
embryonic stem cells (hESCs) [1] and human induced pluripotent
stem cells (hiPSCs) [2] to differentiate into hepatocyte-like cells
[3-6]. Although primary human hepatocytes are generally
employed for drug toxicity screening in the early phase of phar-
maceutical development, these cells have some drawbacks, such as
their limited range of sources, difference in variability and functions
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from batch to batch, and de-differentiation. Because hESC- or
hiPSC-derived hepatocyte-like cells (hEHs or hiPHs, respectively)
have potential to resolve these problems, they are expected to be
applied to drug screening. The hepatic differentiation processes
from hESCs and hiPSCs are divided into three-stages, differentiation
into definitive endoderm (DE) cells, hepatoblasts, and mature
hepatocytes. Hepatic differentiation methods based on the treat-
ment of growth factors have been widely used to generate
hepatocyte-like cells from hESCs or hiPSCs [5—8]. However, the
hepatic differentiation efficiency is not high enough for medical
applications such as drug screening | 10]. To promote the efficiency
of hepatic differentiation and hepatic maturation, we have devel-
oped hepatic differentiation methods that combine the trans-
duction of transcription factor genes involved in liver development
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with stimulation by growth factors [11~13]. The hepatocyte-like
cells generated by our protocols have levels of expression of
hepatocyte-related genes similar to the levels in (cryopreserved)
primary human hepatocytes cultured for 48 h after plating [12].
Moreover, we have recently established more efficient and simple
methods for hepatic differentiation from hESCs and hiPSCs by
sequential transduction of forkhead box AZ (FOXA2) and hepato-
cyte nuclear factor 1 homeobox A (HNF1a) (in submitted). In that
recent study, we showed that the hEHs or hiPHs expressed the
genes of hepatocyte-related markers at levels similar to those in
primary human hepatocytes and could metabolize various types of
drugs.

It is known that cell-cell interactions between hepatocytes and
their surrounding cells are essential for liver development and
maintenance of liver functions [14—17]. Although primary human
hepatocytes rapidly lose their functions under a monolayer culture
condition, they could retain their functions, such as albumin
secretion and urea synthesis, in three-dimensional (3D} culture and
co-culture [ 18~21]. Moreover, it has been reported that the primary
hepatocytes maintain their functions for a long time by the
combination of 3D culture and co-culture, namely 3D co-cuiture
{22—24]. In particular, the functions of primary. rat hepatocytes
cultured in a 3D co-culture, were shown to be -more efficiently
preserved than the functions of primary rat hepatocytes cultured in
monolayer a co-culture [24]. Recently, Kim et al. reported that
primary rat hepatocytes are able to maintain their functions in 3D
co-culture with an endothelial cell sheet [25]..To.perform 3D co-
culture with a cell sheet, they employed cell sheet engineering
technology using temperature-responsive - culture dishes
grafted with a temperature-responsive polymer, poly(N-iso-
propylacrylamide). This cell sheet engineering technology make it
possible to manipulate a monolayer cell sheet with the extracellular
matrices (ECMs) synthesized from the cells {26]. Although 3D
culture or co-culture methods have been individually applied to
promote hepatic differentiation from ESCs or iPSCs [27—29], few
studies have investigated the hepatic d:fferennanon from hESCS or
hiPSCs using a 3D co-culture method.

In this study, we examined whether 3D: co-culture. which tises.
the cell sheet engineering technology, could. promote hepatic -

differentiation, and particularly the -differentiation .into mature
hepatocyte-like cells, from hESCs and hiPSCs.-Because Swiss 3T3
cells are widely used for co-culture with primary hepatocytes
[18—20}, we employed Swiss 3T3 cells for 3D co-culture with the
hEHs or hiPHs. After hEHs and hiPHs were 3D co-cultured with
a Swiss 3T3 cell sheet, we examined the expression levels of
hepatocyte-related genes. Moreover, we investigated a Swiss 3T3
cell-derived factor that can promote hepatic maturation from
hESCs and hiPSCs.

2. Materials and methods
2.1. hESC and hiPSC culture

AhESC line, H9 (WiCell Research Institute), was maintained on a feeder layer of
mitomycin C (MMC)-treated mouse embryonic fibroblasts (MEF, Millipore) with
(ReproCELL) I with 5 ng/ml fibroblast growth factor 2
(FGE) (Sigma). HESCs were dissociated with 0.1 mg/ml dispase (Rache Diagnostics)
into small clumps and were then subcultured every 4 or 5 days. H9 cells were was
used g the Guidelines for Deri and L ion of Human Embryonic
Stem Cells of the Ministry of Education, Culture, Sports, Science and Technology of
Japan. One hiPSC line generated from the human embryonic lung fibroblast cell line
MCRS was provided'from the JCRB Cell Bank (Tic, JCRB Number: [CRB1331). Another
hiPSCline, 20187, generated from human dermal fibroblasts was kindly provided by
Dr. S. Yamanaka (KyotoUniversity). These hiPSC lines were maintained on a feeder
layer of MMC-treated MEF with iPSeilon (for Tic, Cardia) or ReproStem (for 20187,
ReproCELL) supplemented with 10 ng/ml (for Tic) or 5 nginl (for 201B7)
FGF2.hiPSCs were dissociated with 0.1 mg/mi dispase (Roche Diagnostics) into small
clumps and were then subcultured every 5 or 6 days.

* HGF, 20 ng/ml OsM, and if -8

2.2. Swiss 313 cell culture

A mouse fibroblast line, Swiss 3T3, was maintained with RPMI-1640 medium
(Sigma) supplemented with fetal bovine serum (10%) (FBS), streptomycin (120 ug/
ml), and penicillin (200 pg/mi).

2.3. Ad vectors

The human eukaryotic translation elongation factor 1 alpha 1 {(EF-1a) promoter-
driven HNFla- and FOXA2-expressing Ad vectors (Ad-HNFla and Ad-FOXAZ2,
respectively) were constructed previously.(in submitted). All of Ad vectors contain
astretch of lysine residue (K7) peptides in the C-terminal region of the fiber knob for
more efficient transduction of hESCs, hiPSCs, and DE cells, in which transduction
efficiency was almost 100%, and puriﬁcd as described prevmusly [11,12,30}. The
vector particle (VP) titer by using a spect icmethod [31].

24. Invitra differentiation

Before the initiation of celtular differentiation, the medium of hESCs and hiPSCs
was exchanged for a defined serum-free mediuin, hESFS, and hESCs and hiPSCs were
cultured as previously reported [32]. The dil ion protocot for the i ion of
DE cells, hepatoblasts and hepatocytes was based on our previous report with some

(in itted). Briefly, in differentiation, hESCs and
hiPSCs were dissociated into single cells by using Accutase (Millipore) and cultured
for 2 days on Matrigel (BD Biosciences) in hESF-DIF medium: (Cell Science & Tech-
nology Institute) supplemented with 10 pg/ml human recombinant insulin, 5 pgfml
human Tin; 10 pM 2+ h 10 pM et ine, 10 uM
sodium selenite, and 0.5 mg/ml bovine serum albumin (BSA} (all from Sigma)
(differentiation hESF-DIF medium) ccmtammg 100 ng/ml Activin A (R&D Systems)
and 10 ng/mIFGF2. To generate DE cells, hESC= or hiPSC-derived mesendoderm cells
were transduced with 3000V}>/cell of Ad:FOXA2 for 1.5 h on day 2 and cultured until
day6on Matngel in differentiation hESF-DIF medium supplemented with 100 ng/m!
Activin A and 10 ng[ml FGF2:For mducno theheparohlaszs the hESC- or hiPSC-
derived DE cells were transduced with-each 1500 VP/cell of Ad-FOXAZ and Ad-
HNF1z for 15 h on day 6:and cultured for3 days on Matrigel in hepatocyte culture
medium (HCM) (Lonza) supplemented with 30 ng/ml bone morphogenetic protein 4
(BMP4) and 20 ngfml FGF4 (alt from R&D Systews). To expand the hepatoblasts, the
hepatoblasts were transduced with each 1500 VP/cell of Ad-FOXA2 and Ad-ENF1a
for 1.5 h on day 9 and cultured for 3 d‘ 570N M geI in HCM supplemented with
10 ngjml hepatocyte gm’wth fact
mi FGF10 (all from R&l? ys(zms

\'urtlyk{lnvitmgen)“supp!cmented with 83%
), 10% FBS (Vi(;);jp KM hydrocortisone 21-

ntq like cells on
S\ipplemented with 20 ng/ml

onto the cells and cuitured i

differentiation L15 medium supplemen[ed with 20 ng/
ml HGF, 20 ng/mi OsM; And 10 .

¢M DF)( until: day 25

2.5. Cell sheet harvestmg and srranﬂmg pmcedure unhzmg a gelatin-coated
manipulator

The stratifying prof col WS pmform d.as prevmusly described with some
maodifications {2533} Briefly, Swiss ils. seeded on a 24-well
temperature-responswe mlmre plate (TRCP).(Cell Seed Inc, Tokyo) on day 12. Two
: confluence. On the same

r-60 min. By removing the
cont; cell sheet that
stratified on'the hEHs or

To dissolve the gelatin, me culture pla(e was mcuhated a 37 »C for 60 min, and this
was followed by several washmg steg :

d cells using ISOGENE
to the cDNA was synthesized
using 500 ng of total RNA with a Supers CDNA synthesis kit (Invitrogen).
Real-time RT-PCR was performed with Tagman gene expression assays or Fast SYBR
Green Master Mix using an ABI Step One Plus (all from Applied Biosystems). Relative
quantification was performed against a standard curve and the values were
norinalized against the input determined for the housekeeping gene; glyceraldehyde
3-phosphate dehydrogenase (GAPDH). The primer sequences used in this study are
described in Supplementary Tables 1 and 2.
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2.7. Preparation of verticalsection

On day 15, the hEHs cultured with or without the Swiss 3T3 cell sheet were
frozen in Tissue-Tek 0.C.T. Compound (Sakura Finetek), then vertically sectioned and
fixed with 4% paraformaldehyde. These sections were monitored by a phase contrast
microscope (Olympus).

2.8 ELSA

hESCs or hiPSCs were diffe iated into the like cells as ibed in
Fig. 1A. The culture supernatants, which were incubated for 24 h after fresh medium
was added, were collected and analyzed to determine the amount of ALB secretion
by ELISA, ELISA kits for ALB were purchased from Bethyl Laboratories. ELISA was
performed according to the manufacturer’s instructions. The amount of ALB secre-
tion was calculated according to each standard.

29, Co-culture and culture in a cell culture insert system (insert-culture)

hESCs were differentiated into the hepatocyte-like cells as described in Fig. 1A
until day 14, and then the hESC-derived cells were harvested and seeded onto a 6-
well culture plate (Falcon) with Swiss 3T3 (1:1) in a co-culture system. In a insert-
culture system, hESC-derived hepatocyte-like cells were harvested and seeded
onto a 6-well culture plate alone, and Swiss 3T3 cells were plated in cell culture
inserts (membrane pore size 1.0 pm; Falcon), and placed in a weli of the culture
palate ining hESC-derived h fike cells. These cells were cultured in
i iation L15 medium d with 20 ng/ml HGF, 20 ng/ml OsM, and
1076 M DEX until day 25.

2.10. Stratification of type I collagen gel

Atypel collagen gel solution was prepared as suggested by Nitta Gelatin: 7 parts
of selubilized coflagen in HC1 (pH 3.0) 2 parts of 5x concentrated RPMI-1640
medium, and 2 parts of re:onsﬁt\ tion buffer (0.2 M HEPES, 0.08 M NaOH) to
neutralize the collagen gel, were:mixed gently but rapidly at 4 °C. Next, the hESC-
derived cells were cultured in a:type I collagen gel solution for 3h, and then the
medium waschanged and the cells were cultured in differentiation L15; medium
supplemented with 20 ng/mt HGE, 20 ng/ml OsM, and 10”5 M DEX until day 25.

2.11. Inhibition of collagen synthesis

hESCs were dil i into the -fike cells as il in Fig. 1A
until stratification of the Swiss 3T3 cell sheet. After stratification of the Swiss 3T3 cell
sheet, the cells were cultured in differentiation L15 medium supplemented with
20 ng/ml HGF, 20 ngjm! OsM, 10°° M DEX, and 25 yM 2,2"-Bipyridyl (Wako), an
inhibitor of collagen synthesis, until day 25.

2.12. Western blotting analysis

Swiss 3T3 cells were cultured wnth 25 M 2,2’-Bipyridyl solvent (@ ‘1% DMSD)
for 3 days, and these cells were't] lmmogemzed with lysis buffer (1%
40,1 mM EDTA, 25 mM Tris-HCI.

collected. The lysates were subjected to SDS-PAGE on 7.5% polyacrylamidé gel and
were then transferred onto polyvinyli fluoride (Millipore). After
the reaction was blocked with 1% skim milk in TBS containing 0.1% Tween 20 at room
temperature for 1 h, the membranes were incubated with goat anti-coflal Ab
(diluted 1/200; Santa Cruz Biotechnology) or mouse anti-f-actin Ab (diluted 1/
5000; Sigma) at 4 <C overnight, followed by reaction with horseradish peroxidase-
conjugated anti-goat IgG (Chemicon) or anti-mouse IgG (Cell Signaling Technology}
at room temperature for 1 h. The band was visualized by ECL Plus Western blotting
detection reagents (GE Healthcare) and the signals were read using a LAS-3000
imaging system (FUJI Film).

2.13. Staistical analysis

Statistical analysis was performed using the unp: 1 two-tailed Student's (-

3. Results
3.1. Efficient hepatic maturation by stratification of the Swiss 3T3
cell sheet

The hEHs, which were generated by the transduction of HNFla
and FOXA2 genes, were 3D co~cultured with the Swiss 3T3 cell sheet
to promote hepatic differentiation and to generate mature hepa-
tocytes from hESCs and hiPSCs. Our differentiation strategy using

the stratification of the Swiss 3T3 cell sheet is illustrated in Fig. 1A,
The stratifying procedure was performed on day 14 as described in
Fig. 1B. The day after stratifying the Swiss 3T3 cell sheet on the
hEHs, vertical sections of the monolayer hEHs (hEHs-mono) and
the hEHs stratified with the Swiss 3T3 cell sheet (hEHs-Swiss) were
prepared (Fig. 1C). We found that Swiss 3T3 cells were successfully
harvested and overlaid onto the hEHs as a monolayer cell sheet
(Fig. 1C). Moreaver, the hEHs seemed to be larger than the Swiss
3T3 cells. The space between the hEHs cells and Swiss 3T3 cells
suggests the formation of ECMs (Fig. 1C).

To investigate whether stratification of the Swiss 3T3 cell sheet
could promote hepatic maturation of the hEHs, hESCs (H9) were
differentiated into the hepatocyte-like cells according to the
protocol described in Fig. 1A, and then the gene expression levels of
hepatocyte-related markers and the amount of albumin (ALB)
secretion in the hEHs-Swiss were measured on day 25 (Fig. 2). By
3D co-culturing of the hepatocyte-like cells with the Swiss 3T3 cell
sheet for 10 days (days 15—25), the gene expression levels of
hepatocyte-related markers, such as ALB (Fig. 2A), hepatocyte
nuclear factor 4 alpha (HNF4A) (Fig. 2B), cytochrome P450 (CYP)
enzymes (CYP2(9, CYP7AT, CYPIAZ2, and CYP3AS5) (Fig. 2D—G), and
conjugating enzymes (glutathione S-transferase alpha 1 [GSTA1],
GSTA2, and UDP glucuronosyliransferase [UGT1A1]) (Fig. 2H—]) were
significantly increased as compared with those in hEHs-mono.
Moreover, the amount of ALB secretion in hEHs-Swiss was also
up-regulated as  compared with that in hEHs-mono (Fig. 2K).
s known that hepatoblasts can differentiate into hepa-
tocytes and cholangiocytes [34,35], we examined the gene
expression level of cytokeratin 7 (CK7), a cholangiocyte-related
marker, in hEHs-Swiss and hEHs-mono. In 3D co~culture with the
Swiss 3T3 cell sheet, the gene expression level of CK7'was down-
regulated in the hEHs-Swiss relative to the hEHs-mono (Fig. 2C).
These results clearly showed that stratification of the Swiss 3T3 cell
sheet could promote the hepatic maturation of the hEHs and, in
turn, suppress the cholangiocyte differentiation.

In order to investigate whether stratification of the Swiss 3T3
cell sheet promotes maturation of hiPHs as well as hEHs, the hiPSCs
(Tic and 201B7) were differentiated into the hepatocyte-like cells
accordmg to the protocol described in Fig. 1A, The results showed
that the gene expression levels of ALB, CYP2€9, CYP3AS, CYP1A2, and
e hi ified with the Swiss 3T3 cell sheet (hiPHs-
Swiss) were up-regulated in comparison with those in the mono-
nono) (Fig. 3A—E). Moreover, the gene
expression level of 0(7 was markedly decreased in hiPHs-Swiss
(Fig. 3F). The gene expression level of ALB in the hiPHs-Swiss
differentiated from Tic was higher than that in the hiPHs-Swiss
differentiated from 201B7, while the gene expression levels of
CYP enzymes in the hiPHs-Swiss differentiated from Tic were lower
than those in the hiPHs-Swiss differentiated from 201B7
(Fig. 3A—D). These results showed that stratification of the Swiss
3T3 cell sheet promoted hepatic maturation of both hEHs and
hiPHs.

3.2, Identification of maturation factors synthesized from Swiss 313

‘The data described above indicate that hepatic maturation
factors were produced in Swiss 3T3 cells. To elucidate the Swiss 3T3
cell-derived hepatic maturation factors, the hEHs were cultured in
cell culture-insert systems (insert-cultured), in which the hEHs
were co-cultured with Swiss 373 cells without physical contacts, or
co-cultured with Swiss 3T3 cells. Quantitative PCR analysis
revealed that the gene expression levels of ALB and CYP2C9 in the
insert-cultured hEHs were increased in comparison with the hEHs-
mono, while the expression levels of these genes were lower than
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maturation of the Swiss 3T3 cell sheet-stratified hEHs (Fig. 5A and

drugs, for wide-spread use of drug screening. Therefore, we
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Fig. 3. Stratification of Swiss I3 cell sheet.on hiPHs promotes hepatic maturation. Human induced pluripotent stem cells (hiPSCs) (Tic and 201B7) were differentiated into

hepatocyte-like cells as described is in Fg 1A (A

in day 25, the gene expression levels of ALB (A), CYP2C9 (B). CYP3AS5(C), CYPIAZ (D), GSTA! (E), and CK7 (F) were examined in

hiPSC-derived ike cells (hiPHs-mono) and hiPSC-derived: hepatocyte-like cells stratified with Swiss 3T3 cell sheet (hiPHs-Swiss) by real-time RT-PCR. The
values were graphed as the fold-changes relative to hiPHs-mono differentiated from Tic. All data are represented as means = SD (1 = 3), *P < 0.05 **P < 0.01,

attempted to employ a cell sheet engineering technology to further
induce maturation of the hEHs and hiPHs.

We observed a significant increase in the expression of
hepatocyte-related genes in the hEHs- and hiPHs-Swiss as
compared with those in the hEHs: and hiPHs-mono, respectively
(Figs.2 and 3), mdlcatmg that 3D:co-cuiture with'the Swiss 3T3 cell
sheet was effective to promote hepatic maturation of the hEHs and
hiPHs. On the other hand, Han et al; have recently shown that hESC-
derived DE cells cannot be promoted to differentiate into: hepato-
blasts by co-culture of mouse fibroblast 3T3 cells {38]. Considering
that primary rat hepatocytes are also able to grow and retain their
functions for a long period of time in the presence of Swiss 3T3 cells
[19,20], Swiss 3T3 cells would probably have the capacity to
support the functions of freshly isolated mature hepatocytes and
hESC- or hiPSC-derived hepatocyte-like cells, but not DE cells.
Besides Swiss 3T3 cells, we attempted to maturate the hEHs using

3D co-culture with the bovine carotid artery endothelial cell sheet,
because Kim et al. recently succeeded in creating a functional
hepatocyte cuiture system by stacking bovine carotid artery
endothelial cell sheets on primary rat. hepatocytes [25] However,
our prelimindry data s ed that Swiss 3T3 cell sheets were
superior to the bovine carotid artery endothehal cell sheets in terms
of hepatic maturanon o Hs (data not shown). Thus, we con-
ducted the present experiments to facilitate hepatic differentiation
of human plur otent stem cells using Swiss 3T3 cell sheets.
Interestingly, ‘we found a difference in hepatic differentiation
efficiency among hiPSC lines (Fig. 3). This might have been due to
epigenetic memory of the hiPSC line, because several studies
showed that the epigenetic memory of iPSCs affected the differ-
entiation capacity {39,40]. Kleger et al. showed that iPSCs generated
from mouse liver progenitor cells, could be more effectively
differentiated into hepatocyte-like cells in comparison with iPSCs
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hESCs (H9) were di into hepatocyte-like cells as

described in Fig. 1A until day 14, and then the cells were differentiated into hepatocyte-like cells by single-culture, insert-culture, or co-culture with Swiss 3T3 cells. (A~D): On day

25, the gene expression levels of ALB (A), CYP2C9 (B}, CYPIA2(C) and CYP3AS5 (D) wer

in hESC-derived like cells (hEHs) differentiated by single-culture, insert-

culture; or co-culture with Swiss 3T3 cells by real-time RT-PCR. The values were graphed as the fold-changes relative to hEHs by single-culture, All data are represented as

means £ SD (n = 3). **P < 0.01.

generated from mouse embryo fibroblasts [41]. Thus, to more
efficiently differentiate into hepatocyte-like cells from hiPSCs, it
might be valuable to employ hiPSCs generated from freshly isolated
human hepatocytes. Moreover, by using our 3D co-culture system,
such hiPSCs would be differentiated into more mature hepatocyte-
like cells.

We investigated the Swiss 3T3 celi-derived hepatic maturation
factors by using cell culture inserts, and found that the physical
contacts between Swiss 3T3 cells and the hEHs were the major
factors contributing to the hepatic maturation of hEHs (Fig. 4).
Because Swiss 3T3 cell-derived soluble factors partially induce
maturation of hEHs (Fig. 4A and B), it would also be interesting to
search for hepatic maturation factors secreted from Swiss 3T3 cells.

To further investigate the maturation factors, we examined
whether type I collagen, which is abundantly synthesized by Swiss
3T3 cells, could promote hepatic maturation. Stratification of type 1
collagen gel could lead to a promotion of hepatic maturation of
hEHs-mone as well as hEHs-Swiss (Fig. 5A). We also found that
hepatic maturation by 3D co-culture with the Swiss 3T3 ceil sheet
was suppressed by inhibition of collagen synthesis (Fig. 5D). Taken
together, these results show that type I collagen is one of the key
molecules in promotion of hepatic maturation by stratification of
Swiss 3T3 cells. It is known that the space of Disse, which faces
hepatocytes directly, contains various kinds of ECM proteins,
mcludmg type 1 collagen [42]. Because the conditions in 3D co-
culture, which contains type I collagen synthesized from Swiss
3T3 cells, can mimic the in vivo liver microstructure, including the
space of Disse, the hepatic maturation from hEHs and hiPHs might

be efficiently promoted. Furthermore, it was also reported that, by
the stratification of type I collagen gel in primary rat hepatocyte
culture, the cytoskeletal organizations, such as actin localization, in
primary rat hepatocytes were changed and stress fibers were
obliterated just as in the in vivo state {43]. They also showed that
the stratification of type [ collagen gel in primary rat hepatocyte
culture maintained ALB secretion in primary rat hepatocyte. Thus,
the alteration of the cytoskeletal organization might also be
changed in the hEHs and hiPHs by 3D co-culture with the Swiss 3T3
cell sheet. For these reasons, it could be speculated that stratifica-
tion of Swiss 3T3 cell sheets positively affects the maturation
process of hEHs and hiPHs mediated by cell-to-cell and cell-type I
collagen—cell interactions. The expression level of the CK7 gene in
the hEHs was down-regulated by stratification of the Swiss 3T3 cell
sheet or type I collagen gel (Figs. 2C and 5B). Although Matrigel,
which contains large amount of type IV collagen, is widely used to
differentiate hESCs and hiPSCs into hepatocyte-like cells, it is
reported that type IV collagen promotes cholangiocyte differenti-
ation [44]. Therefore, it would be important to note that stratifi-
cation of Swiss 3T3 cell sheet inhibits the cholangiocyte
differentiation and thereby allows the cells to drive the way to
hepatic differentiation. Although we showed that a Swiss 3T3 cell-
derived type I collagen plays an important role in hepatic matu-
ration, it was likely that the other soluble factors would also be
involved in the promotion of hepatic maturation.

‘We employed Swiss 3T3 cells for 3D co-culture with the hEHs
and hiPHs. However, it would be an attractive study to employ
other kinds of cells such as liver sinusoidal endothelial cells, stellate
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cells, and Kupffer cells, to mimic the in vivo liver microstructure. By
mimicking the in vivo liver microstructure, basic molecular mech-
anisms, including cell—cell interactions, in liver development
would be clarified. Moreover, because our cell sheet technology
allows us to stratify the multiple cell sheets and create layered 3D
tissue constructs, combinations with multiple layers consisting of
various types of cells might be able to develop an efficient method
for hepatic maturation of the hEHs and hiPHs. In addition, by using
new biomaterials with cell patterning techniques, more mature
hepatocyte-like cells would be probably generated from human
pluripotent stem cells, and thereby accelerate the research into
tissue generation.

5. Conclusions

We succeeded in promoting the hepatic maturation of both the
hEHs and hiPHs by stratification of the Swiss 3T3 cell sheet using

a cell sheet engineering technology. We also determined that type I
collagen, which is synthesized in Swiss 3T3 cells, plays an impor-
tant role in hepatic maturation. Since our cell sheet engineering
technology enables us to stratify muitiple cell sheets, this tech-
nology would have the potential to mimic the in vivo liver micro-

functions similar to prxmary hepatocytes Our methods would be
powerful tools for in vitro ‘applications, such as dmg toxicity
screening in the early phase of pharmaceutical development
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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 HNF4o
into hESC- or hiPSC-derived cells, but further maturation of hepa-
tocyte-like cells is required for widespread use of drug screening.
Methods: 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
HNF1a, 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 HNF1o transduction was comparable
to that obtained in primary human hepatocytes. The hepato-
cyte-like cells generated by FOXA2 and HNFlo transduction
exerted various hepatocyte functions including albumin and urea
secretion, and the uptalke 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 HNF1o represents a useful tool for the efficient generation
of metabolicaily 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) [1] 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
intofour 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 HNF4« into hESC- or hiPSCs-derived celis [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 funcnonal assessment such as glycogen storage
and low density. lip
precise Judgment as

et al. have exami

drug metabolites were asured at24 o 8 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 d d (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,
HNF1e, HNF1B, HNF4o, 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 mluanon of celfular dnfferenuatmm
was exchanged ' f
ously reported:
hepamblas's and

derm cells were transduced with 3000 VPjcell of Ad-FOXAZ for 1.5 hon day 2 and
cultured until day 6 on Matrigel in differentiation hESF-DIF medmm supple-
mented with-100 ng/ml Activin A'and 10 nglml DBFGF. F

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 M insulin, 25 mM
NaHCO5; (Wako), 20 ng/ml HGF, 20 ng/ml Oncostatin M (OsM, R&D systems),
and 10~5 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

FGF1,10 ng/mi FGF4; and 10 ng/mi] FGFlO (all from R&D Systems). In hepaticmat=,
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generated by the optimized protocol for pharmaceutical use in
detail.

Efficient hepatic differentiation by Ad-FOXA2 and Ad-HNFlo.
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-HNF1y, Ad-HNF1B, Ad-HNF4a, Ad-
HNF6, and Ad-SOX17 were used in this study). We ascertained
the expression of FOXA2, HEX, HNF1a, HNF1B, HNF4a, HNF6, or
S0X17 in Ad-FOXA2-, Ad-HEX-, Ad-HNFla-, Ad-HNF18-, Ad-
HNF4o-, 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-
cxency of DE differentiation was examined (Fig. 1A). The DE dif-
fer i Fﬂcnency ‘based on CXCR4-positive cells was the
Ad-SOX17' or Ad-FOXA2 .were transduced
1 fference between Ad-FOXA2-trans-
nsduced cells, gene expression lev-

We expected that
hepatic commitment would be further accelerated by combining

E cells-were transduced
‘then the gene expres-

_To promote Hepatic'e ion 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 exparided by addition of HGF, FGF1, FGF4, and FGF10
(Supplementary Fig. 4). The hepatic differentiation efficiency
based on asialoglycoprotein receptor 1 (ASGR1)-positive cells
was measured on day 20, demonstrating that FOXA2, HNFlo,
and HNF4o transduction could promote efficient hepatic matura-
tion (Fig. 1H). To investigate the phenotypic difference between
Ad-FOXA2-, Ad-HNF1a-, and Ad-HNF4o-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,
HNFle, or HNF4e transduction. FOXA2 transduction strongly
upregulated gene expression levels of both early hepatic markers
and mature hepatic markers, while HNF1et or HNF4o transduc-

Journal of Hepatology 2012 vol. 57 | 628-636 629




Research Article

A B
£
8
@ 2 %100 B W
3 8o 2 el e ] Bel . R ol
1 L7 Wy X 60 i ¥ N
< =s B 2401 11 ‘ | Ad-SOX17
| 2days  3days  1day S 20 Elbdbd b bbb ; :
! 4 4 = ® 0 5] Qo
4 Passage S‘é g
AGTE g £5
(3000 VP/cell) -5 < B N
£ < < <
5
w
. ég gg % ég E g
D E 22 8% B i
AFP € S8 gg€ £E
g g° B
100 F =
2 2 ¥ 100
o o Y
3 o 55 80
" 3o sl 5
oas b B 20 25 40 »
| 3days , Ll | | gé 23 [l L
H o= 5 1 - - = NN 5 NOD
A TN X 525 68K 5 N B
>2L2IIIQ > 2 ¢ 3%
g¥25233%3 g < 3 %2
2 #
@
G g H ! L
° T o
© -
2 2 =
© T x 80 P
a. a Q | =
: P58 |
o . epatic
2days  1day 8days S 1L markers
Pass'sge ] N 0 I3 $ s
E5£8
Iz 1 :rl\‘/latuge
5 B 5 epatic
< < < \markers
31 cveacrs
J AQUAPORINT
2 9
Biliary
markers

Relative gene
expression

'L

0 . AP
o ‘\X\V Q@L +¢<h°\$@°‘2
Ll St \»";9 v%"‘

x

e
103 10+

Fig. 1. Efficient hepatic differentiation from hESCs by FOXA2 and HNFla transduction. (A) The schematic protocol describes the strategy for DE differentiation from
hESCs (H9). Mesendoderm cells (day 2) were :ransduced with 3000 VP/cell.of transcnpuon 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 di was by ing the' of CXCR4-positive cells using FACS analysis. (C) The gene expression
profiles were examined on day 5. (D) Schematic protocol ibing the strategy for i from DE, DE ce]ls (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" i iation was imating the of AFP-positive
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A
~Stage 1 ‘ : ,Sfage 2 Stage 3 é Stage 4
Definitive endoderm differantiati e ati i : Hepatic-expansion e 1 Hepa!rcmamrenon SR
Activin A (100 ng/mi), bFGF (10 ng/mi) | BMP4 (30 ng/ml); FGF4 (20 ng/ml) . HGF, FGF1, FGF4, FGF10 HGF OsM (20 ng/ml), DEX (10*s M)
N s {10 ng/mi)
hESCs/ Mesendoderm  Definitive endoderm Hepatoblasts Hepatocyte-
hiPSCs cells cells like cells
_ 2days | 3days 1day | 3 days | 2days ; tday | 8 days .
h Pas ;a e T | Ep T
FOXA2 Ad-HNF1a
(3000 VPIoeH) 500-+:1500:VP/cell)-
B - - ) -
Day 0 6 9 v 15 20

Cc . . ‘ C - CYPIAT

50 um | 50 m

Fig. 2. Hepatic differentiation of hESCs and hiPSCs by FOXA2 and HNF1et 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, wAT, 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-HNF4« 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 CYP2C19 (Fig. 1]). This may happen because the
bination of Ad-FOXA2 and Ad-HNF1a transduction and the com- mixture of immature hepatocytes and mature hepatocytes coor-
,@. oo e e 3 e ensens e emen e S —— e e et s 5 0 #4102 R et 8B O A B8 1 . Pt 82 e, ke 0 b

cells using FACS analysis. (F) The gene expression level of CYP3A7 was measured by real-time m‘ PCR on day 8, 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 di from {day 9) were transduced with 3000
VP/cell of Ad-TF forl 5 hand cultured as described in Fig. 2A. (H) On day 20, the efficiency of hepatic dif was by the of ASGR1-
positive cells iising FACS analysis, The detail results of FACS analysis are shown in Supplementary Table 1. (I) Gene expression profiles were examined on day 20. (J)

{day 9) were with 3000 VP/céll 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 Fig. 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-1) 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 i ining with anti-ALB antibodies, and then the

of ALB-positive cells was by flow cytometry. (D-G) The gene expression levels 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. (I} Induction of CYP1AZ, 286, or 344 by DMSO or inducer (bNF; PB, o RIF) of hiPSC-hepa and PHs, cuitured for
48 h after the cells were plated, was examined. On the y axis, the gene expression levels of CYP1A2, 286, or 3A4 in DMSO-treated cells, which were cultured for 48 I, were
taken as 1.0. All data are represented as mean+SD (n=3).

dinately works to induce hepatocyte functions, Taken together, HNF4o transduction (Supplementary Fig. 5). This delay in cell
efficient hepatic differentiation could be promoted by using the proliferation might be due to promoted maturation by FOXA2
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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) Quanntatlon of metabolites in mPSCs. hiPSC-hepa, and PHs, which were cultured for 48 h after the cells were plated, was examined by treating nine

(Pl Paclitazel, in, Bufuralol, Mis T and Hydroxyl in; these are for

C‘{PMZ, 2B6, 2C8, 209, 2C19, 2D6, 3A4, 3A4 (A) and UGT (B), respectxvely). and then supernatants were collected at the indicated nme ‘The quantity of metabolites
3 {OHBP), 6 [OHPCT], mide [OHTB], 4" {OHMP)], 1

{OHBF], 1" i [OHMDZ], 68- [OHTS], 7-] ) [G-OHC], respectively) was measured by LC-MS/MS. The ratios

of the activity levels in hiPSC-hepa to the actmty levels in PHs rate are indicated in the graph. (C) hiPSCs, hiPSC-hepa, and PHs were examined for their ability to take up ICG

combination of FOXA2 and HNF1o transduction at the optimal
stage of differentiation (Fig. 2A). At the stage of hepatic expansion
and maturation, Ad-HNF4a can be substituted for Ad-HNF1o
(Fig. 1)). Interestingly, cell growth was delayed by FOXA2 and

and HNF1a 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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(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 i istry was
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Nuclei were counterstained with DAPI (blue). The percentage of LDL-positive cells was also measured by FACS analysis, (E)
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(ALB, CYP2DS6, alpha-1-antitrypsin [otAT], 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-HNFlo-transduced cells were significantly higher than
those of Ad-S0X17-, Ad-HEX-, and Ad-HNF4a-transduced cells.
These results indicated that FOXA2 and HNF1« 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. 78) were compared.
These data suggest that the iPSC line, Dotcom [11,12], 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 (Fig. 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 HNFlo. 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 CYP1A2, 2B6, and 344 by chem-
ical stimulation (Fig. 31). 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

& e st i S

more metabolites in response to chemical stimulation, suggesting
that inducible CYP enzymes were detectable in hiPSC-hepa
(Fig. 31). 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 1l 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,
2(8,2C9,2C19, 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 iof metabolites
was linear (Supplementary Fig. 9). These results indicated that
our hiPSC-hepa have the capacity to metabollze 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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tion of SOX17, HEX, and HNF4c into hESC-derived cells could
promote efficient hepatic differentiation {7), further hepatic mat-
uration of the hESC-hepa and hiPSC-hepa was needed for this
application. To further improve the differentiation efficiency of
every step of hepatic differentiation (hESC to DE cells, DE cells
to hepatoblasts, and hepatoblasts to hESC-hepa), we initially per-
formed a screening of transcription factors. In the stage of DE dif-
ferentiation, FOXA2 transduction could promote the most
efficient DE differentiation (Fig. 1C). In the stage of hepatic com-
mitrnent, expansion, and maturation, the combination of FOXA2
and HNF1a transduction strongly promoted hepatic commitment
and maturation (Fig. 1F and J), although in the stage of hepatic
expansion and maturation, HNF4x transduction was as efficient
as that of HNF1e (Fig. 1)). Since HNF1w is one of the target genes
of HNF4ot [13], the signaling through HNF4o to HNF1o would be
important for efficient hepatic expansion and maturation. Con-
sidering these results together, we ascertained a pair of two tran-
scription factors, FOXAZ2 |
hepatic differentiation fr
sion of FOXA2 and HNFl(x

n embryogenesis, the expres-
ly. e:ected in DE.or hepato-

blasts, respectively and 1l

and HNF1o are elevated as the liver develops [14,15]. Therefore,

our hepatic dlfferermanon technology. whtch employs FOXA2
hi

tern during embryogenesxs

We found that the g
conjugating enzymes,
receptors were upregul ‘transdtiction
(Fig. 3D-G). In contrast to the high expression‘levels of hepato-
cyte-related genes, CYP induction potency and the drug metab-
olism capacity of our hiPSC-hepa were lower than those of PHs
(Figs. 31 and 4A and B). One of the possible reasons for the dif-
ference between gene expression levels of CYP enzymes and
CYP induction activity might be that there were insufficient
expression levels of hepatic nuclear receptors (such as PXR,
SHR, and FXR) in hiPSC-hepa (Fig. 3G). Because many CYPs
require high expression-levels of hepatic nuclear receptor for
efficient drug metabolism [16], transduction of these hepatic
nuclear receptor genes in hiPSC-hepa or development of a dif-
ferentiation method that induces high expression. of these
nuclear receptors might improve the drug metabolic capacity.
Another explanation for the low CYP activities in hiPSC-hepa,
maybe that hiPSCs were established from an individual with
low CYP activities; infact, it is known that large individual dif-
ferences in CYP activities are observed among individuals. It
might be important to use a hiPSC line established from a per-
son with high CYP activities. It is essential to investigate the
reasons behind this significant discordance, an issue that our
group is currently planning to study.

In summary, our method, consisting of sequential FOXA2 and
HNF1¢ transduction along with the addition of adequate soluble
factors at each step of differentiation, is a valuable taol for the effi-
cient generation of functional hepatocytes derived from hESCs and
hiPSCs. The hiPSC-hepa exhibited a number of hepatocyte func-
tions (such as ALB secretion, uptake of LDL or ICG, glycogen stor-
age, and drug metabolism capacity). In addition, the hiPSC-hepa
were successfully applied to the evaluation of drug-induced cyto-
toxicity. Therefore, the hESC-hepa and hiPSC-hepa might be used
for drug screening in early phases of pharmaceutical development.
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Inhibition of Lnk in Mouse Induced Pluripotent Stem Cells
Promotes Hematopoietic Cell Generation

Katsuhisa Tashiro,"" Miyuki Omori"#" Kenji Kawabata,"® Nobue Hirata! Tomoko Yamaguchi,
Fuminori Sakurai? Satoshi Takaki,* and Hiroyuki Mizuguchi®#$

Embryonic stem (ES) cell- and induced pluripotent stem (iPS) cell-derived hematopoietic stem/progenitor cells
(HSPCs) are considered as an unlimited source for HSPC transplantation. However, production of immature
hematopoietic cells, especially HSPCs, from ES and iPS cells has been challenging. The adaptor protein Lnk has
been shown to negatively regulate HSPC function via the inhibition of thrombopoietin (TPO) and stem cell factor
signaling, and Lok-deficient HSPCs show an enhanced self-renewal and repopulation capacity. In this study, we
examined the role of Lnk on the hematopoietic differentiation from mouse ES and iPS cells by the inhibition of
Lnk using a dominant-negative mutant of the Lnk (DN-Lnk) gene. We generated mouse ES and iPS cells stably
expressing a DN-Lnk, and found that enforced expression of a DN-Lnk in ES and iPS cells led to an enhanced
generation of Flk-1-positive mesodermal cells, thereby could increase in the expression of hematopoietic tran-
scription factors, including Scl and Runx1. We also showed that the number of both total hematopoietic cells and
immature hematopoietic cells with colony-forming potential in DN-Lnk-expressing cells was significantly in-
creased in comparison with that in control cells. Furthermore, Lnk inhibition by the overexpression of the DN-
Lnk gene augmented the TPO-induced phosphorylation of Erk1/2 and Akt, indicating the enhanced sensitivity
to TPO. Adenovirus vector-mediated transient DN-Lik gene expression in ES and iPS cells could also increase
the hematopoietic cell production. Qur data clearly showed that the inhibition of Lnk in ES and iP$ cells could
result in the efficient generation and expansion of hematopoietic cells.

Introduction pends on the efficient production of hematopoietic cells,
especially immature hematopoietic cells, from pluripotent

SINCE EMBRYONIC $TEM (ES) cells and induced pluripotent  stem cells.
stem (iPS) cells can self-renew indefinitely and differenti- Recently, inhibitors of differentiation (ID) genes, which are

ate into all types of cells in the 3 germ layers, they are expected
to have clinical applications in cell-based therapies [1-4]. For
instance, ES cell- and iPS cell-derived hematopoietic cells are
considered as an altermative source of adult hematopoietic
cells for the treatment of hematological disorders and malig-
nancies. Many groups have reported the differentiation of ES
and iPS cells into mature hematopoietic cells, including
erythrocytes, myeloid cells, and lymphoid cells [5-10]. How-
ever, previous reports have described the generation of only
small numbers of mature hematopoietic cells, probably as a
result of inefficient generation and expansion of immature
hematopoietic cells derived from pluripotent stem cells.
Therefore, the use of ES cell- and iPS cell-derived hemato-
poietic cells as a cell source for therapeutic applications de-

negative regulators of E proteins (E2A, HEB, and E2-2) [11],
were shown to negatively regulate the hematopoietic dif-
ferentiation in ES and iPS cells [12}. The same study also
showed that the suppression of the ID genes, /D7 and /D3
increased the number of ES and iPS cell-derived hemato-
poietic progenitor cells [12]. These data indicate that negative
regulators play an important role in the hematopoietic dif-
ferentiation process in ES and iPS cells, and that manipula-
tion of the expression of negative regulators would be an
effective strategy for the efficient generation of hematopoietic
cells from ES and iPS cells.

An adaptor protein Lnk/SH2B3 (hereafter referred to Lnk)
is shown to negatively regulate the thrombopoietin (TPO)
and stem cell factor (SCF) signaling, both of which are crucial
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cytokine-signaling pathways involved in hematopoietic stem
cell (HSC) self-renewal, since Lnk-deficient HSCs exhibit an
augmented response to TPO and SCF stimulation, and
thereby Lnk-deficient mice show the marked HSC expansion
in the bone marrow [13-16]. In addition, Lnk is highly ex-
pressed in immature hematopoietic cells, particularly in
HSCs [17), in contrast to ID genes, which are ubiquitously
expressed in many tissues [11,18]. Therefore, we speculated
that an inhibition of Lnk function in ES and iP5 cells would
lead to the efficient generation and expansion of immature
hematopoietic cells. In the present study, we investigated the
effects of Lnk inhibition on the hematopoietic differentiation
of mouse ES and iPS cells, and we found that a suppression
of Lnk function by the enforced expression of a dominant-
negative mutant of the Lnk (DN-Lnk) gene in ES and iPS cells
resulted in an increase in the number of both mesodermal
cells with hematopoietic differentiation potential and im-
mature hematopoietic cells. These findings indicate that the
suppression of the Lnk would be useful for the efficient
generation and expansion of ES cell- and iPS cell-derived
hematopoietic cells.

Materials and Methods
Plasmid construction and adenovirus vectors

PpEF-IRESneo, which contains internal ribosome entry sites
(IRES) and a neomycin-resistant gene (Neo) downstream of
the human elongation factor (EF)-lz promoter, was con-
structed by replacing the cytomegalovirus (CMV) promoter
of pIRESneo (Clontech) with the EF-1o promoter, which is
derived from pEF/myc/nuc (Invitrogen). Mouse DN-Lnk
¢DNA, derived from pMY-DN-Lnk [19], was inserted into
PEFIRESneo, resulting in pEF-DNLnk-IRESneo. Adenovirus
{Ad) vectors were constructed by an improved in vitro li-
gation method [20,21]. Mouse DN-Lnk ¢DNA was inserted
into pHMCAS [22], which contains the CMV enhancer/f-
actin promoter with an f-actin intron (CA) promoter (a kind
gift from Dr. ]. Miyazaki, Osaka University) [23], resulting in
PHMCAS-DN-Lnk. pHMCAS-DN-Lnk was digested with I-
Ceul/Pl-Scel  and  ligated into  1-Ceul/Pl-Scel-digested
pAdHM4 [20], resulting in pAd-DN-Lnk. Ad-DN-Lnk and
Ad-DsRed were generated and purified as described previ-
ously [24]. The CA promoter-driven B-galactosidase (LacZ)-
expressing Ad vector, Ad-LacZ, and the CA promoter-driven
DsRed-expressing Ad vector, Ad-DsRed, were generated
previously [24,25]. The vector particle (VP) titer was deter-
mined using a spectrophotometric method {26].

Cell culture

The mouse ES cell line, BRC6 (Riken Bioresource Center),
and the mouse iP5 cell line, 38C2 (a kind gift from Dr. S.
Yamanaka, Kyoto University) [27], were used in this study.
DN-Lnk- or Nee-expressing mouse ES and iPS cell lines were
generated as follows. The pEF-IRESneo and pEF-DNLnk-
IRESneo were linearized and were then electroporated into
mouse ES cells and iPS cells by using Gene Pulser Xcell
(250 V, 500 uF; Bio-Rad Laboratory). pEF-IRESneo- or pEF-
DNLnk-IRESneo-transfected ES cells .and iP$ cells were cul-
tured in an ES cell medium containing 100 pg/mL G418 (for
ES cells) or 200 pg/mL G418 (for iPS cells) for 10~14 days,
and G418-resistant colonies were picked up and expanded.

TASHIRO ET AL.

The expression of DN-Lnk was confirmed by conventional
reverse transcription-polymerase chain reaction (RT-PCR).
Mouse ES cells, iPS cells, and Neo- or DN-Lnk-expressing
mouse ES and iPS cells were cultured in a leukemia inhibi-
tory factor-containing ES cell medium (Millipore) on mito-
mycin C-treated mouse embryonic fibroblasts (MEFs) [28].
OP9 stromal cells were cultured in an a-minimum essential
medium (x-MEM; Sigma) supplemented with 20% fetal bo-
vine serum (FBS), 2mM vL-glutamine (Invitrogen), and non-
essential amino acid (Invitrogen).

In vitro hematopoigtic differentiation

For embryoid body (EB) differentiation, mouse ES and iPS
cells were trypsinized and collected in an EB medium (EBM)
containing the Dulbecco’s modified Eagle’s medium (Wako)
supplemented with 15% FBS, non-essential amino acids
(Millipore), penicillin/streptomycin (Invitrogen), 2mM 1-
glutamine, and 100 M f-mercaptoethanol (Nacalai Tesque),
and they were plated on a culture dish for 30 min to allow
the MEFs to adhere. Nonadherent cells were collected and
plated on a round-bottom Lipidure-coated 96-well plate
(Nunc) at 3310 cells (ES cells) or 1x10% (iPS cells) cells per
well. On day 5, half of the medium was exchanged for fresh
EBM. EBs were collected on day 7, and a single-cell sus-
pension was prepared by the use of trypsin/ethylenediami-
netetraacetic acid. The EB-derived cells (4x10% cells) were
plated on OP9 stromal cells in the wells of a 6-well plate and
were then cultured with an OP% medium containing re-
combinant hematopoietic cytokines {100ng/mL mouse SCF,
100 ng/mL human Flt3-ligand, 20ng/mL mouse TPO, 5ng/
mL mouse interleukin (IL)-3, and 5ng/mL human IL-6] to
induce and expand the hematopoietic cells. In the case of
DN-Lnk transduction using the Ad vector, EB-derived cells
were transduced with Ad-LacZ or Ad-DN-Lnk at 3,000 VP/
cell for 1.5h in a 15-mL tube before the transduced EB-
derived cells plating on OP9 cells. Hematopoietic cells were
collected as described previously [25]. In brief, the floating
and loosely attached cells were collected by pipetting and
were transferred to 15-mL tubes. The adherent hematopoietic
cells were harvested by trypsin treatment, and were then
incubated in a tissue culture dish for 30-60min to eliminate
the OP9 stromal cells. Floating cells were collected as
hematopoietic cells and transferred to the same 15-mL
tubes. These hematopoietic cells were kept on ice for further
analysis.

Flow cytometry

The following primary monoclonal antibodies (Abs), conju-
gated with fluorescein isothiocyanate, phycoerythrin, or allo-
phycocyanin, were used for flow cytometric analysis: anti-CD45
(30-F11; eBioscience), anti-CD11b (M1/70; eBioscience), anti-
Sca-1 (D7; eBioscience), anti-Ter119 (Ter-119; eBioscience), anti-
CD34 (RAM34; eBiosdence), anti-CXCR4 (2B11; BD Biosdience),
anti-Gr-1 (RB6-8C5; eBioscience), anti<-Kit (ACK2 or 2BS;
eBioscience), and anti-CD41 (MWReg30; BD Bioscience). Pur-
ified rat anti-mouse ¢-Mpl/ TPOR monoclonal Ab was obtained
from IBL. Cells (1 x 10%-5 x 10°) were incubated with monoclonal
Abs at 4°C for 30 min and washed twice with a staining buffer
(phosphate-buffered saline/2% FBS). For detection of Mpl/
TPOR, Dylight649-conjugated goat anti-rat 1gG (BioLegend)
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was used as a secondary Ab. After staining, the hematopoietic
cells were analyzed and isolated by flow cytometry onan LSR 11
and FACSAria flow cytometer, respectively, using FACSDiva
software (BD Bioscience).

Colony assay and May-Giemsa staining

The cells (5310 cells) were cultured in a Methocnlt M3434
medium containing IL-3, IL-6, SCF, and erythropoietin (Stem-
Cell Technologies, Inc.) for 10 days. The number of individual
colonies was counted by microscopy. The colony number was
normalized to the total number of hematopoietic cells. The
multipotent hematopoietic progenitor cell-derived colonies
(colony-forming  unit-granulocyte, erythrocyte, monocyte,
megakaryocyte (CFU-GEMM)/CFU-Mix) were picked up, fixed
on glass slides using a cytospin centrifuge (Cytospin 4; Thermo
Shandon), and stained with May-Grimwald Stain solution
(Sigma) and Giemsa solution (Wako).

Western blotting

The adherent hematopoietic cells and OP9 stromal cells
were collected, and were then incubated in a new tissue
culture dish for 40min to eliminate adherent OP9 cells.
Floating cells were harvested and were subsequently starved
in an RPMI1640 medium containing 0.1% FBS and penicil-
lin/streptomycin for 4-6h. Cells were stimulated with
20ng/mL TPO for 10min (for Jak2) or 30min (for Erk and
Akt) before being lyzed in a lysis buffer [20mM Tris-HCI
(pH 8.0), 137mM NaCl, 1% Triton X-100, 10% glycerol]
containing a protease inhibitor cocktail (Sigma) and a phos-
phatase inhibitor cocktail (Nacalai Tesque). Cell lysates were
loaded onto polyacrylamide gels and were transferred to a
polyvinylidene fluoride membrane (Millipore). After block-
ing, the membrane was exposed to mouse anti-phospho-
Erk1/2 (Cell Signaling), rabbit anti-Erk1/2 (Sigma), mouse
anti-phospho-Akt (Cell Signaling), rabbit anti-total Akt (Cell
Signaling), rabbit anti-phospho-Jak2 (Tyr1007/1008; Cell
Signaling), or rabbit anti-Jak2 (Cell Signaling), followed by
horseradish peroxidase-conjugated secondary antibody. The

band was visualized by ECL Plus Western blotting detection
reagents (GE Healthcare) or Pierce Western Blotting Sub-
strate Plus (Thermo Scientific), and the signals were read
using an LAS-3000 imaging system (Fujifilm).

Reverse transcription—-polymerase chain reaction

RT-PCR was carried out as described previously [25].
The sequences of the primers used in this study are listed in
Table 1.

Resulis
Expression of Lnk in mouse ES and iPS cells

We initially investigated Lnk expression in mouse ES cells,
iPS cells, ES cell-derived EBs (ES-EBs), and iPS-EBs. As
shown in Fig. 1a, Lnk was expressed in undifferentiated ES
and iPS cells, and the expression levels of Lnk were signifi-
cantly increased after EB formation. We further examined
whether Link was expressed in Flk-1-positive (*) cells, be-
cause hematopoietic cells were generated from Flk-1* cells, a
common hemoangiogenic progenitor during ES cell differ-
entiation [29-31]. Quantitative RT-PCR analysis after the
purification of Flk-1" cells from ES-EBs and iPS-EBs revealed
that Lnk was highly expressed in Flk-1* cells (Fig. 1b). These
data suggest that Lnk plays some role in the hematopoietic
differentiation process in ES and iPS cells.

Enhanced mesodermal differentiation in EB
by the inhibition of Lnk

The data described above led to the expectation that he-
matopoietic cells, including hematopoietic progenitor ceils,
could be efficiently generated from ES cells and iPS cells by
the suppression of Lnk. To inhibit the function of Lnk, we
utilized the DN-Luk gene, which was developed by Takizawa
et al. [19]. DN-Lnk binds to Lnk, and forms a multimer
complex by a homophilic interaction with the N-terminal
domain, thereby inhibiting Lnk function [19]. DN-Lnk-
expressing ES and iPS cells were generated by introducing a

TasLe 1. List of PriMERS UsED FOR REVERSE TRANSCRIPTION-POLYMERASE ClIAIN REACTION

Gene name (5') Sense primers (3') (5') Antisense primers (3')
Gapdh ACCACAGTCCATGCCATCAC TCCACCACCCTGTTGCTGTA
Flk-1 TCTGTGGTTCTGCGTGGAGA GTATCATTTCCAACCACCC
Litk GCCACTTTCTGCAGCTCTTC GICCAGGGAGTCAGTGCTTC
Luk (for real-time) AGCCACTTTCTGCAGCTCTTC GTAGAGGTTGTCAGGCATCTCC
DN-Lik GGGCTACCAGTGACACCAAT CACTGTCCACGCTCTGTGAG
Oct-3/4 GTTTGCCAAGCTGCTGAAGC TCTAGCCCAAGCTGATTGGC
Nanog ATGGTCTGATICAGAAGGGC TTCACCTCCAAATCACTGGC
B-H1 AGTCCCCATGGAGTCAAAGA CTCAAGGAGACCTTTGCTCA
p-major CTGACAGATGCTCTCTTGGG CACAACCCCAGAAACAGACA
Scl/Tal-1 AACAACAACCGGGTGAAGAG GGGAAAGCACGTCCTGTAGA
Runx1 CTTCCTCTGCTCCGTGCTAC GACGGCAGAGTAGGGAACTG
Gatal TIGTGAGGCCAGAGAGTGTG TTCCTCGTCTGGATTCCATC
Gata2 TAAGCAGAGAAGCAAGGCICGC ACAGGCATTGCACAGGTAGTGG
Fli1 CCAACGAACGGAGAGTCATT ATTCCTTGCCATCCATGTTC

g GGAGCTGTGCAAGATGACAA GATTAGCAAGGCGGCTACTG
Erg (for real-time) GGAGTGCAACCCTAGTCAGG TAGCTGCCGTAGCTCATCC
Sfpil CCATAGCGATCACTACTGGGATTT TGTGAAGTGGTTCTCAGGGAAGT
E47 ATACAGCGAAGGTGCCCACT CTCAAGGTGCCAACACTGGT
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FIG. 1. Lnk is expressed in mouse ES cells, iPS cells, and
Flk-1" hemoangiogenic progenitor cells. (a) Total RNA was
extracted from undifferentiated ES cells, ES cell-derived EBs
cultured for 5, 7, or 9 days (5-day ES-EBs, 7-day ES-EBs, 9-
day ES-EBs, respectively), undifferentiated. iPS cells, 5-day
iPS-EBs, 7-day iPS-EBs, or 9-day iPS-EBs. Then, conventional
(above) and quantitative (below) RT-PCR analysis was carried
out. Results shown were the mean of 3 independent exper-
iments with indicated SD. *p<0.05, *p<0.01 as compared
with undifferentiated ES cells or iPS cells. (b) Flk-1" and Flk-
17 cells were sorted from 7-day ES-EBs or 7-day iPS-EBs
using FACSAria. The purity of the FIk-17 and Flk-17 cells
exceeded 90% and 95%, respectively (data not shown). Total
RNA was extracted from both types of cell, and the expres-
sion of Lnk was examined by conventional (left) and quan-
titative (right) RT-PCR analysis. The data were expressed as
mean 5D (n=3); *p <0.05 as compared with Flk-1" cells. ES,
embryonic stem; EBs, embryoid bodies; iPS, induced plu-
ripotent stem; GAPDH, glyceraldehyde-3-phosphate dehy-
drogenase; RT-PCR, reverse transcription~polymerase chain
reaction, SD, standard deviation.

DN-Lnk-expressing plasmid, and DN-Lik mRNA expression
was confirmed by RT-PCR (Fig. 2a). In this report, we
present data from one DN-Lnk-expressing ES and iPS cell
clone, because the same results were obtained from other
DN-Lnk-expressing clones. Notably, the expression levels of
wild-type Lnk in DN-Lnk-expressing cells were similar to
those in Neo-expressing cells and their parent cells (Fig. 2a).
DN-Lok-expressing iPS cells maintained the undifferentiated
state in culture and possessed plunpotency, as demonstrated
by alkaline phosphatase staining, 1mmunoshmmg, and ter-
atoma formation (Supplementary - Fig.'S1; Stipplementary
Data are available online; at™ www.liebertpub.com/scd).
Hence, ectopic expression of the DN-Lnk gene in ES and iP$
cells would not affect their function.
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Next, we generated EBs to induce mesodermal cells from
DN-Lnk- or Neo-expressing ES and iPS cells. EBs were cul-
tured for 7 days, because the proportion of Flk-1* cells in EBs
increased to a peak on day 7, and decreased over the next 2
days in our culture conditions (Supplementary Fig. $2). We
found that DN-Lnk-expressing cells on day 7 of the EB
culture yielded a modest increase in the number of Flk-1
hemangiogenic progenitor cells relative to that of Neo-
expressing cells (Fig. 2b). [nterestingly, elevated expression
of SclfTal-1, Runxl, and Gata-1 was observed in DN-Lnk-
expressing total EB cells (Fig. 2c). Besides the expression
levels of these genes, those of other key transcription factors
of blood stem/progenitor cells, including Gata-2, Fli-1, and
Erg [32], in DN-Lnk-expressing cells were also upregulated
in comparison with those in Neo-expressing cells (Fig. 2d). To
examine whether increased expression of these transcription
factors in DN-Lnk-expressing cells was due to the increased
generation of FIk-17 cells, we performed the gene expression
analysis after purification of Flk-17 cells from DN-Lnk- or
Nep-expressing total EB cells (Fig. 2e). No difference in the
expression of Runxl, Gata-1, Gata-2, Fli-1, or Erg was ob-
served between DN-Lnk-expressing cells and Neo-expressing
cells, indicating that elevated expression of these hemato-
poietic genes in DN-Lnk-expressing EB cells would be lar-
gely because of the increased population of Flk-1" cells. On
the other hand, DN-Lnk-expressing Flk-1" cells showed a
2-fold increase in the expression of Scl/Tal-1, an essential
transcription factor for the hematopoietic development
[33,34], compared with Neo-expressing Fik-1" cells. The in-
creased Scl/lal-1 expression thus suggests that an inhibition
of Lnk in Flk-1" cells might contribute to enhance the pro-
duction of hematopoietic progenitor cells. Taken together,
these results raise the possibility that mesodermal cells with
a hematopoietic differentiation potential would be efficiently
generated in DN-Lnk-expressing cells during EB formation.

Inhibition of Lnk function increases the production
of hematopoietic cells

To induce hematopoieﬁc cells, EB-derived cells were cul-
tured on OP9 stromal cells in the presence of hematopoietic
cytokines. During culture, cobblestone-forming cells were
more frequently observed in DN-Lnk-expressing cells than
in Neo-expressing cells (Fig. 3a), indicating that DN-
Lnk-expressing cells were immature hematopoietic cells with
expansion potential. In support of this observation, DN-Lnk-
expressing cells showed a significant increase in the number
of hematopoietic cells compared to that of Neo-expressing
cells (Fig. 3b). Impor”rantly, compared to Neo-expressing cells,
DN-Lnk-expressing cells could more efficiently proliferate on
OP9 stromal cells for a period exceeding 14 days (Fig. 3b).
Therefore, the proliferation of hematopoietic cells could be
augmented by the inhibition of Lnk.

To investigate whether primitive and definitive hemato-
poiesis could occur in DN-Lnk- or Neo-expressing cells, we
measured the expression levels of red cell globin by RT-PCR
analysis. In both DN-Lnk- and Neo-expressing hematopoietic
cells, the expression levels of the embryonic globin, f-H1,
and the adult globin, f-major, were decreased and increased,
respectively, after cultwring on OP9 stromal cells in com-
parison with those in total EB cells (Fig. 3¢). This indicates
that DN-Lnk- or Neo-expressing cells can show the primitive
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hematopoiesis followed by definitive hematopoiesis under
our culture conditions.

We next examined the colony-forming potential of DN-
Lnk-expressing cells. As shown in Fig. 3d, DN-Lnk-expressing
cells showed a significant increase in the total colony-forming
cell (CFC) number and CFU-granulocyte, macrophage
number. Note that the number of CFU-GEMM/CFU-Mix,
the most immature multipotent hematopoietic cells, in DN-
Lnk-expressing cells was ~5 times as much as that in Neo-
expressing cells (Fig. 3d). May-Giemsa staining after picking
up the colonies revealed that mixed colonies derived from
DN-Lnk-expressing cells contained the erythroblasts, gran-
ulocytes, macrophages, and megakaryocytes (Fig. 3e), thus
confirming the generation of multipotent hematopoietic cells.
An elevated CFU-Mix number in DN-Lnk-expressing cells
might have been due to the fact that Lnk is highly expressed
in immature hematopoietic cells, especially in hematopoietic
stem/progenitor cells [13,17]. We also analyzed surface an-
tigen expression in DN-Lnk- or Neo-expressing cells by flow
cytometry, and found that DN-Lnk-expressing cells showed
a higher percentage of CD34™ cells and CD41" cells (Fig. 3f),
suggestive of an increased number of immature hemato-
poietic cells. In addition, the proportion of CD45* cells,
CD11b* cells, Gr-1* cells, or CXCR4* cells was also increased
in DN-Lnk-expressing cells (Fig. 3f). By contrast, a lower
percentage of Terl19*" cells were observed in DN-Lnk-
expressing cells (Fig. 3f). Consistent with this flow cyto-
metric analysis, we found:an increased expression of Sfpil
(encoding Pu.1) and E47, which are the key factors respon-
sible for hematopoiesis, and a decreased expression of f-
major globin in DN-Lnk-expressing cells after the cultivation
on OP9-stromal cells(Fig. 3¢ and Supplementary. Fig. S3).
These results clearly showed that Lnk inhibition' promoted
the production of hematopoietic cells, including multipotent
immature hematopoietic cells and myeloid cells, from mouse
ES and iPS cells.

PSS F

were cultured for 7 days, were stained with
anti-mouse Flk-1 antibody, and were then sub-
jected to flow cytometric analysis. The data
were expressed as the mean+SD (1=3). (¢} The
expression level of hematopoietic marker genes
in 7-day iPS-EBs were investigated by semi-
quantitative RT-PCR analysis. The left panel in-
dicates the parent iPS cell (38C2)-derived 7-day
EBs. (d) Gene expression analysis of the key
transcription factors of hematopoietic stem/
progenitor cells in total 7-day ES-EBs (left) and

Fii-12 celt (IP5-EB) 7-day iPS-EBs (right). The data were expressed

1 neo as mean+£8D (n=3); *p<0.05 as compared with
B onink  Neo. (e) After Flk-1" cells were sorted from Neo-
or DN-Lnk-expressing 7-day EB cells, quantita-
tive RT-PCR analysis was performed. Left, ES-
EB-derived Flk-17 cells; right, iPS-EB-derived
Flk-1* cells.

Inhibition of Lnk function in pluripotent stem
cell-derived hematopoietic cells augments
TPO-mediated signaling

It was previously shown that Lnk negatively regulates
various types of hematopoietic cytokine signaling, such as
TPO [16]. To investigate whether the increased production of
hematopoietic cells from DN-Lnk-expressing cells, described
above, is due to the enhanced TPO-mediated signaling, we
analyzed protein phosphorylation after TPO stimulation
using DN-Lnk-expressing cells. Hematopoietic cells were
starved and subsequently stimulated with 20ng/mL of TPO
before the preparation of the cell lysates. The results showed
the elevated phosphorylation of Jak2, Erk1/2, and Akt, all of
which are downstream of TPO signaling, in DN-Lnk-
expressing cells (Fig. 4a). We also found almost no difference
in the percentage of Mpl/TPOR-positive cells between DN-
Lnk-expressing cells and Neo-expressing cells (Fig. 4b), in-
dicating that enhanced TPO signaling in DN-Lnk-expressing
cells does not result from the increased percentage of Mpl/
TPO-expressing cells. Thus, our data suggest that Lnk inhi-
bition by DN-Lik gene transduction would augment the
activation of signaling molecules upon stimulation with cy-
tokines, and thus Lnk inhibition would promote the pro-
duction of hematopoietic cells in DN-Lnk-expressing cells.

Increased generation of hematopoistic progenitor
cells from mouse pluripotent stem cells by transient
transduction of a DN-Lnk gene

Qur groups have shown that Ad vector-mediated transient,
but not constitutive, transduction of differentiation-related
genes in pluripotent stem cells could result in the effident
generation of functional cells, such as adipocytes, osteoblasts,
hepatocytes, and hematopoietic cells [25,28,35-37]. We ex-
pected that the transient inhibition of Lnk in iPS cells could also
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FIG. 3. Efficient generation of hematopoietic cells from iP$ cells by overexpression of the DN-Lnk gene. EBs derived from
Neo- or DN-Lnk-expressing iPS cells were cultured for 7 days, and were then plated and cultured on OP9 cells with
hematopoietic cytokines to induce and expand the hematopoietic cells. (a) Morphology of cobblestone-forming cells derived
from DN-Lnk-expressing cells on OP9 stromal cells. Scale bar indicates 100 pm. (b) The number of hematopoietic cells was
counted on days 7 and 14, after the EB cells were plated on OP9 cells. The data were expressed as mean=SD (1=3); “p<0.05
as compared with Neo. {c) Seven-day-cultured EB cells (7-day EBs) were cultured on OP9 cells for 3 or 6 days (OP9-d3 or OP9-
d6, respectively). Total RNA was extracted from each cell, and the expression levels of the embryonic -HI globin and the
adult f-major globin in the cells were measured by real-time PCR. (d) After the EB cells had been cultured on OP9 stromal
cells for 7 days, the hematopoietic cells were cultured in a methylcellulose-containing medium with hematopoietic cytokines.
Ten days later, the number of hematopoietic colonies was then determined using light microscopy. The number of total
colonies or subdivided colonies (by morphological subtypes BFU-E, CFU-GM, and CFU-Mix) is shown. The colony number
was normalized to the total number of cells. The data were expressed as mean+SD (n=3); **p<0.01 as compared with
Nev. (e} Cytospin preparation from a DN-Lnk-expressing cell-derived CFU-Mix obtained from the cultures described in (d). E,
erythrocyte; G, granulocyte; M, macrophage; Mk, megakaryocyte. Scale bar indicates 30 um. (f) After the EB cells were
cocultured with OP9 stromal cells for 14 days, the hematopoietic cells were collected as described in the Materials and
Methods section. Hematopoietic cells derived from Neo- or DN-Lnk-expressing iPS cells were stained with each antibody, and
were then subjected to flow cytometric analysis. The proportion of antigen-positive cells is indicated in the histograms.
Representative results from 1 of 3 independent experiments performed are shown. CFC, colony-forming cell; BFU-E, burst-
forming unit; CFU-GM, colony-forming unit-granulocyte and menocyte; CFU-Mix/CFU-GEMM, CFU-granulocyte, eryth-
rocyte, monocyte, and megakaryocyte.

accelerate the hematopoietic. differentiation. To test this ex- mixed colonies in the cells transduced with Ad-DN-Lnk was

pectation, we generated a DN-Lnk-expressing Ad vector, Ad-
DN-Lnk, and exammed ‘the effects of transient Lnk inhibition
on hematopoietic cell -differentiation. The: transduction effi-
ciency in EBs, which was transduced with a DsRed-expressing
Ad vector, was approximately 40%, as determined by flow
cytometry (data not shown). A colony assay after transduction
with Ad vectors revealed that the number of total colonies and

slightly increased in comparison with that in the cells trans-
duced with Ad-LacZ (control vector) (Fig. 5a, ¢). Moreover, the
number of hematopoietic cells increased in Ad-DN-Lnk-
transduced cells after 7-day cultivation on OP9 stromal cells
(Fig. 5b, d). Thus, our data indicate that the transient inhibition
of Lnk also enhances the differentiation and proliferation of
hematopoietic cells derived from pluripotent stem cells.
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FIG. 4. Enhanced TPO-induced signaling pathway in DN-
Lnk-expressing cells. After the EB cells, which were cultured
for 7 days, had been plated and cultured on OP9 stromal cells
for 14 days, and the hematopoietic cells were harvested as
described in the Materials and Methods section. (a) Hemato-
poietic cells derived from Neo- or DN-Lnk-expressing cells
were starved for 4-6h in the absence of TPO, and the cells
were then stimulated with 20ng/mL of TPO. Total cell lysates
were subjected to western blot analysis using the indicated
antibodies. (b} After hematopoietic cells were collected, the
rate of Mpl/TPOR-expressing cells was examined by flow
cytometry. Representative results from 1 of 2 independent
experiments performed are shown. TPO, thrombopoietin.

Discussion

b this report, we successfully generated and expanded
hematopoietic cells, including immature hematopoietic cells,
with colony-forming potential, from mouse ES and iP$ cells
by the suppression of an adaptor protein Lnk (Fig. 3). We
also demonstrated that the expression levels of hematopoi-

a Yotal CEC CRU-MIX b celnumber
*
_ 800 120 10 *
2 400 100
2 20 2
3 500 =
H 3
2 200 €0 o5
H 40 ¢
8 100'; 20 ]-‘-I
o S "v\}& o ey e
o o o ¥ o
] - TowaigFC CRU-MIx g celinumber
i * ;

x 15 .
200 210
180 3
100 s ﬂ
50
LA s : ﬁ el -
ey w& R & o

FIG. 5. Expansion of ES cell- and iPS cell-derived hemato-
poietic cells by the transient expression of DN-Lnk in EB cells.
After ES cell- (a, b) or iP5 cell- {¢, d) derived EB cells, which
were cultured for 7 days, had been transduced with Ad-LacZ
or Ad-DN-Lnk at 3,000 VP/cell for 1.5h, the cells were cul-
tured on OP9. cells with cytokines for 7 days. Hematopoietic

cells were collected, and then a colony assay was performed

(a, ¢). The colony number was normalized to the total number

of cells. We'also counted the number of hematopaietic cells*

derived from Ad-LacZ- or Ad-DN-Lnk-transduced EB cells
(b, d). The data were expressed as mean=SD (#=3); *p<0.05
as compared with Ad-LacZ. Ad, adenovirus.

expressing total EB cells were significantly increased in
comparison with those in Neo-expressing total EB cells (Fig.
2¢, d), and that cytokine response was augmented in DN-
Lnk-expressing cells (Fig. 4). Therefore, the data obtained in
this study suggest that Lnk inhibition by enforced expression
of a DN-Lnk gene in ES and iP8 cells would lead both to a
promotion of mesodermal differentiation during EB forma-
tion and to an increase in the expansion potential of ES and
iPS cell-derived hematopoietic cells on an OP9 coculture
system, and thus Lnk inhibition could enhance the hemato-
poietic cell production.

In developing mouse embryos, Lnk is shown to be ex-
pressed in the aorta-gonad-mesonephros (AGM) region, the
site of hematopoiesis [38]. It has also been reported that the
production of CD45™ hematopoietic cells was severely im-
paired by the enforced expression of Lnk in AGM-derived
cells, suggesting that Lnk suppresses hematopoietic com-
mitment [38]. However, the function of Lnk in hematopoiesis
is not fully understood. In the current study, we found that
Lnk was highly expressed in Flk-1" cells (Fig. 1b), which are
known to be hemoangiogenic progenitor cells during ES cell
differentiation [29]. Furthermore, it was of note that levels of
expression of Sel/Tal-1, which is essential for hematopoietic
commitment of hemoangiogenic progenitor cells derived
from ES cells [34], were slightly upregulated in Flk-1" cells
by the inhibition of Lnk function (Fig. 2e). Thus, it is possible
that Lnk might negatively regulate the hematopoietic com-
mitment in Flk-1" cells by modulating the expression of Scl/
Tal-1. We also showed that the percentage of Flk-1* cells was
increased in DN-Lnk-expressing EB cells (Fig. 2b), and this
could result in the elevated expression of other key hema-
topoietic transcription factors, such as Runx1 and Gata-1, in
DN-Lnk-expressing total EB cells compared with that in Neo-
expressing total EB cells (Fig. 2¢, d). This indicates that the
functional Flk-1* mesodermal cells would be efficiently gen-
erated from DN-Lnk-expressing ES and iPS cells. On the other
hand, at earlier days of differentiation, the percentage of
CD417 cells, an early hematopoietic progenitor cells gener-
ated. from pluripotent stem cells [39], in DN-Lnk-expressing
EB cells 'was mostly equal to that in Neo-expressing EB cells
(Supplementary Fig. $4). Taken together, the findings sug-
gest that Lnk inhibition in ES and iPS cells could be effective
for the generation of mesodermal cells with the potential for
hematopoietic differentiation, but would not enhance the
emergence of hematopoietic progenitor cells at earlier days
of EB differentiation.
~ We examined the cytokine responses of iPS cell-derived
hematopoietic cells, and observed the augmented phos-
phorylation of Erk and Akt in DN-Lnk-expressing cells (Fig.
4). This result is consistent with that of a previous report
in which TPO-treated megakaryocytes derived from Lnk-
deficient mice enhanced the extent of the activation of Erk
and Akt [40]. By contrast, it was reported that Lnk-deficient
adult HSCs or bone marrow-derived macrophages showed
an enhanced Akt, but not Erk, activation after cytokine
stimulation [16,41]. This difference in the activation of
downstream molecules is most likely due to differences in
cell populations. Because ES cell- and iPS cell-derived
hematopoietic cells are heterogeneous, both Akt and
Erk phosphorylation levels after cytokine treatment would
be augmented in DN-Lnk-expressing cells relative to
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Neo-expressing cells. In general, Akt and Erk are known to
be involved in cell survival and cell growth [42,43]. Hence,
our data indicate that the suppression of Lok by the ectopic
expression of DN-Lnk in ES and iP$ cells would lead to an
increase in hematopoietic cell production through enhanced
cytokine responses.

Recently, Dravid et al. reported the expression of Lnk in
human ES cell-derived CD34" hematopoietic progenitor
cells, and they showed that the number of human ES cell-
derived CD34% cells was increased by Lnk knockdown
using a lentivirus vector carrying the short-hairpin RNA
against Lnk (shLnk) [44]. Their results are mostly consistent
with our data, indicating the suppressive function of Lnk
in hematopoietic cell generation in both mouse and human
pluripotent stem cells. However, the generation of hemato-
poietic CFCs in shLnk-transduced cells and the molecular
mechanisms associated with the generation of CD34* cells by
Lnk knockdown have not been addressed in detail. In this
report, we clearly demonstrated that hematopoietic CFCs,
including immature multipotent hematopoietic cells, were
efficiently generated from mouse ES and iPS cells by Lnk
inhibition, and these cells show potential for expansion on
OP9 stromal cells (Fig. 3). In addition, we showed that the
enhanced generation of hematopoietic cells in DN-Lnk-
expressing cells was mediated by the promotion of mesodermal
differentiation in EBs and augmented the sensitivity to cyto-
kines in DN-Link-expressing cells as described above.

Another important finding of this study was that the
transient inhibition of Lnk by Ad vector-mediated trans-
duction of a DN-Lnk gene could also be an effective strateg
for expanding hematopoietic cells (Fig. 5). Recently, the loss
of Lnk and the mutation of Lnk have been reported to be
associated with myeloproliferative diseases [45,46], indicat-
ing that oncogenesis may result from constitutive Lnk sup-
pression in ES cell- and iPS cell-derived hematopoietic cells
via the overexpression of a DN-Lnk gene or a lentivirus
vector-nediated knockdown system, and such suppression
would not be a directly applicable approach for clinical
medicine. In this regard, our approaches using Ad vector-
mediated transient Lok inhibition are thought to be quite
useful for the safe expansion of the ES cell- and iPS
cell-derived hematopoietic cells. However, the number of ES
cell- and iP$ cell-derived hematopoietic cells in Ad-DN-Lnk-
transduced cells was lower than that in the case of stably
DN-Lnk-expressing cells (data not shown), possibly due to
the low transduction efficiency of Ad vectors in EB cells.
Therefore, it will still be necessary to establish methods for
transiently inhibiting Lnk functionality using various types
of Ad vectors [47] and short interference RNA.

In summary, we successfully developed efficient methods
for differentiating mouse ES and iPS cells into hematopoietic
cells by the suppression of the adaptor protein Lnk. Lnk
functions downstream of multiple hematopoietic cytokine-
signaling events, including those involving TPO, SCF,
macrophage-colony stimulating factor, and erythropoietin
[13,16,40,41,48,49), and Lnk-deficient mice show accumula-
tion of pro-B cells in the bone marrow [48]. Therefore, vari-
ous types of hematopoietic cells may be efficiently
differentiated and expanded from ES and iPS cells by the
inhibition of the Lnk function, when an appropriate cytokine
is included in the culture; such work is currently ongoing in
our laboratory.
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Plasma Elevation of Vascular Endothelial Growth Factor
Leads to the Reduction of Mouse Hematopoietic and
Mesenchymal Stem/Progenitor Cells in the Bone Marrow

Katsuhisa Tashiro,"* Aki Nonaka,"*" Nobue Hirata,' Tomoko Yamaguchi;
Hiroyuki Mizuguchi 3¢ and Kenji Kawabata'?

Vascular endothelial growth factor (VEGF) is reported to exhibit potent hematopoietic stem/progenitor cell
(HSPC) mobilization activity. However, the detailed mechanisms of HSPC mobilization by VEGF have not
been examined. In this study, we investigated the effect of VEGF on bone marrow (BM) cell and the BM
cnvironment by intravenous injection of VEGF-cxpressing adenovirus vector (Ad-VEGF) into mice. A colony
assay using peripheral blood cells revealed that plasma elevation of VEGF leads to the mobilization of HSPCs
into the circulation. Granulocyte colony-stimulating factor (G-CSF) is known to mobilize HSPCs by decreasing
CXC chemokine ligand 12 (CXCL12) levels in the BM. However, we found almost no changes in the CXCL12
levels in the BM after Ad-VEGF injection, suggesting that VEGF can alter the BM microenvironment by
different mechanisms from G-CSF. Furthermore, flow cytometric analysis and colony forming unit-fibroblast
assay showed a reduction in the number of mesenchymal progenitor cells (MPCs), which have been reported to
serve as niche cells to support HSPCs, in the BM of Ad-VEGF-injected mice. Adhesion of donor cells to the
recipient BM after transplantation was also impaired in mice injected with Ad-VEGF, suggesting # deercase in
the niche cell number. We also observed a dose-dependent chemoattractive effect of VEGF on primary BM
stromal cells in vitro. These data suggest that VEGF alters the distribution of MPCs in the BM and can also
mobilize MPCs to peripheral tissues. Taken together, our results imply that VEGF-elicited egress of HSPCs
would be mediated. in part, by changing the number of MPCs in the BM.

Introduction

EMATOPOLETIC STEM CELLS (HSCs) sustain bloed pro-

duction throughout life. In a steady state, HSCs exist
within the bone marrow (BM) and remain largely quiescent
and self-renew at a low rate to avoid their exhaustion. By
contrast, HSCs can actively proliferate, differendate into
progenitor cells, or egress from the BM into the circulation in
some situations, such as tissue damage-induced cell death
and increased plasma levels of hematopoietic cytokines, in-
cluding the granulocyte colony-stimulating factor (G-CSF).
These dynamic behaviors of HSCs are controlled by a Tocal
specific microenvironment called niches {1-8]. The non-
hematopoietic cells, such as endosteal osteoblasts and peri-
vascular mesenchymal progenitor cells (MPCs). are reported

L y of Stem Cell Reguluti
H

to function as niche cells by supplying several HSC main-
tenance factors, including the CXC chemokine ligand 12
(CXCL12). Indeed, previous studies have shown that de-
creased levels of CXCLI2 in the BM caused hematopoietic
stem/progenitor cell (HSPC) mobilization, indicating the
pivotal role of CXCL12 signaling in HSPC egress [9,10].
Not only is the vascular endothelial growth factor
(VEGF) a well-known factor in angiogenesis, but it also
plays an important role in the growth and differentiation of
hematopoietic cells. Homozygous or heterozygous deletion
of VEGF in mice leads to early embryonic lethality because
of impaired vascular angiogenesis and hematopoiesis
[11,12]. By conditional deletion of VEGF in hematopoietic
cells, but not in stromal cells. Ferrara and colleagues clearly
showed that VEGF is required for survival and repopulation
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of adult HSCs [ (3], Burthermore, VEGF has been shown o
be an essential factor for HSC niche formation through
endochondral ossification [14]. These observations clearly
demonstrate that VEGF exerts physiological actions on
bematopoietic systems through both cell-autonomous and
-nonautonomous mechanisms.

In addition to the functions described above, VEGF also
has a potent HSPC mebilization capacity [15], although the
mechanisms of VEGF-induced HSPC mobilization have not
been addressed in detail. In the current study, we investi-
gated the effect of VEGF on the BM cell mobilization and
BM environment after the intravenous injection of VEGF-
expressing adenovirus (Ad) vector (Ad-VEGE) into mice.
The results showed that VEGF overexpression in mice could
Jead to a reduction of not only the HPSC number, but also
the MPC number in the BM. We also observed an enhanced
chemoattractive activity of BM stromal cells by VEGF. Our
data suggest that the plasma elevation of VEGF in mice
alters the distribution of MPCs in the BM. and this might
cause HSPC egress [rom the BM.

Materials and Methods
Ad vectors

Ad vectors were constructed by an improved in vitro
ligation method [16,17]. The mouse VEGF,45 cDNA and
human G-CSF ¢DNA were obtained from pBLAST49-
mVEGF and pORF9-hGCSFEb, respectively (Invivogen).
Each ¢DNA was cloned into a multicloning site of
pHMCMV10 |18,19]. which contains the cytomegalovi-
rus (CMV) promoter/enhancer and intron A sequence
flanked by the I-Ceul and PI-Scel sites, thereby resulting
in pHMCMVI0-VEGF and pHMCMV10-G-CSF.
pHMCMVI0-VEGF and pHMCMV10-G-CSF were di-
gested with [-Ceul/PI-Scel and ligated into [-Cenl/
PI-Scel-digested pAdHM41-K7 (C) {201, resulting in
PAd-VEGF and pAd-G-CSF. respectively. To generate
the virus, Ad vector plasmids were digested with Pacl'and
purified by phenol-chlorolorm extraction and ethanol
precipitation. Linearized DNAs were transfected into 293
cells with SuperFect (Qiagen) according to the manu-
facturer’s instructions. The viruses were amplified in 293
cells. Belore virus purification, the cell lysates were
centrifuged o remove cell debris and were digested [or
30 min at 37°C with 200 pg/mL DNase I and 200 pg/mL
RNase A in the presence of 10 mM MgCla. Viruses were
purified by CsCly step gradient ultracentrifugation fol-
lowed by CsCly linear gradient ultracentrifugation, The
purified viruses were dialyzed against a solution con-
taining 10 mM Tris-HCI (pH 7.5), I mM MgClz, and 10%
glycerol and were stored at —80°C. The control vector,
Ad-Null, is similar in design, except that it contains no
wransgene in the expression cassette. The biological titers
[infectious unit (ifu)] of Ad-VEGF. Ad-G-CSF, and Ad-
Null were determined by using an Adeno-X Rapid Titer
kit (Clontech).

Administration of Ad vectors in mice

C57BLJG} lemale mice aged 7-9 weeks were oblained
from Nippon SLC, and all animals were maintained under
specific pathogen-(ree conditions. Each Ad vector was in-
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uavenously injected into CS7BL/S) mice at 1x10° ifu
through the tail vein. All experiments were conducted ac-
cording to the institutional ethics guidelines for animal ex-
perimentation of the National Institute of Biomedical
Inpovation.

Cell preparation

Blood and BM were harvested from mice using standard
methods on day 3 after injection of Ad vector into mice, and
the number of nucleated cells in these tissues was then
counted using a Nuclecounter (Chemometec). To collect the
nonhematopoietic cells from the femur and tibia, the bone
fragments were minced with scissors, and were then incu-
bated at 37°C with a type I collagenase (3 mg/mL: Wor-
thington) in the Dulbecco’s modified Eagle’s medium
(DMEM) with 10% fetal bovine serum (FBS) for 90min
[21]. The cells were filtered with a cell strainer to remove
debris and bone fragments, and suspended in a staining
buffer [phosphate butfer saline (PBS)/2% FBS]. These cell
suspensions were kept on ice (or further analysis.

Flow cytometry

The following antibodies (Abs), conjugated with fluo-
rescein isothiocyanate (FITC), phycoerythrin (PE), allo-
phycocyanin (APC), or PECy7. were used for flow
cytometric analysis and cell sorting: biotinylated lineage
cocktail [CD3 (145-2C11), B220 (RA3-6B2), Gr-1 (RB6-
8C5), CD11b (M1/70), Terli9 (Ter-119)), c-Kit-APC
(2B8), Sca-1-PECy7 (D7), Terl 19-FITC (Ter-119), CD45-
FITC (30-F11). CDIIb-FITC (M1/70), Gr-1-PE (RBG-
8C5), CD3I-FITC (390), CD31-APC (390), CD51-PE
(RMV-7), PDGFRa-APC (APA-3), Fit-1-PE (141322),
Flk1-PE (Avas]2al), and Alcam-PE. For detection of bio-
tinylated Abs, PerCP-Cy3.5- or FITC-conjugated streptavi-
din was used. Abs were purchased from e-Bioscience, BD
Bioscience, Biolegend, and R&D Systems. Cells were in-
cubated with primary Abs at 4°C for 30 min and washed
twice with PBS/2% FBS; Aller staining. cells were analyzed
and isolated by flow cytometry on an LSR Il and FACSAria
flow cytometer. respectively, using FACSDiva software
(BD Bioscience).

Enzyme linked immunosorbent assay

Blood samples were collected: through the inferior vena
cnva:qn day 5 after Ad vector injection, and transferred to
polypropylene tubes containing' heparin. Plasma was har-
vested by centrifugation. The BM supernatant was obtained
by flushing a femur with 500 uL of PBS. followed by cen-
trifugation at 500g for 5min. The levels of VEGF and
CXCLI12 in the plasma and BM supernatant were measured
using a commercial ELISA kit (R&D Systems) following
the manufacturer’s instructions.

RT-polymerase chain reaction analysis

CD45-negative(™) Terl 197 nonhematopoietic cells in the
BM were sorted from mice injected with Ad-VEGF or Ad-
Null. and total RNA was then extracted using ISOGEN
(Nippon Gene). ¢cDNA was synthesized [rom DNase
I-treated total RNA with a Superscript VILO ¢cDNA synthesis
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kit (Invitrogen), and quantitative real-time RT-polymerase
chain reaction was petformed using the Fast SYBR Green
Master Mix with an ABI StepOne Plus system (Applied
Biosystems). Relative quantification was performed against
a standard curve and the values were normalized against the
input determined for the housek gene, glyceraldehyde
3-phosphate dehydrogenase. The sequences of the primers
used in this study are listed in Table 1.

Colony assay

BM cells (2x 10* cells) and peripheral blood cells (2x 10°
cells) were plated in the Methocult M3434 medium
(StemCel} Technologies, Inc.). Cultures were plated-in du-
plicate and placed in a humidified chamber with 5% €O, at
37°C for 10 days. The number of individual colonies was
counted by microscopy. The colony number was normalized
(o the total number of the nucleated cells.

Colony forming unit-fibroblast assay

BM-derived CD45Ter(19™ cells were added (0 the Me-
senCult MSC Basal Medi including (Stem
Cell Technologies, Inc.), and then plated on a six-well plate
at [ x 10 cells per well. Cells were cultured for 14 days and
stromal cell colonies (fibroblast-like colonies: >50 cells)
derived {rom colony {orming unit-fibroblasts (CFU-Fs) were
stained with the Giemsa solution (Wako) after fixation with
methanol. The colony number was counted by microscopy.

Cell migration assay

BM-derived stromal cells, including MPCs, were tested
for migration toward VEGF using 8-um pore-sized cell
culture inserts (BD Falcon). Stromal cells (I1x10° cells)
resuspended in 200 L of DMEM/2% FBS were added to
the upper chamber, and 750 uL of DMEM/2% FBS con-
taining recombinant mouse VEGF (10 or 100ng/mL; Pe-
protech) was added to the bottom chamber. After 6h of
incubation at 37°C, the upper side of the filters was carefully
washed with PBS, and cells remaining on the upper face of
the filters were removed with a cotton wool swab. The filters
were fixed with 100% methanol and stained with the Giemsa
solution. Cells migrating into the lower compartment. were
counted manually in three random microscopic fields
(x200).

Homing assay

Mice were administrated with Ad-Null or Ad-VEGF at
1% 10% ifu, Bive days later, BM cells (1 x 107 cells) derived
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from green fluorescent protein (GFP)-expressing transgenic
mice {22] were intravenously transplanted into Ad-Null- or
Ad-VEGF-injected mice. At 16h after BM transplantation,
the percentage of GFP-expressing donor cells in the BM was
determined by flow cytometry.

Results

Effect of systemic VEGF overexpression on the
distribution of myeloid cells and HSPCs in mice

To evaluate the effect of VEGF on the mobilization of
t vietic cells, we  a VEGF-expressing Ad
vector, Ad-VEGF, because plasma VEGF levels were rap-
idly decreased with a 7,2 of ~25min alter intravenous in-
jection of recombinant VEGF [23]. Single intravenous
injection of Ad-VEGF (1x 10° ifu) into mice led to a sig-
nificant elevation of VEGF levels in plasma on day 5
compared with Ad-Null-injected mice (control mice) (Fig.
Ia). On the other hand, unexpectedly. BM VEGF levels in
the Ad-VEGF-injected mice were almost equivalent to those
in the Ad-Null-injected mice (Fig. 1b). There were no signs
of toxicity in mice treated with Ad-VEGF and Ad-Null at
this dose (1x10° ifu). To investigate whether the hemato-
poietic cells could be mobilized from the BM into the cir-
culation after injection of Ad-VEGF, we examined the
number ol wtal nucleated cells, myeloid cells (Gr-
1*CD1IbY cells), and HSPCs [c-Kit*Sca-1" Lineage™
(KSL) cells or CFU-GEMM/CFU-Mix] in the peripheral
blood. Compared with Ad-Null-injected mice, Ad-VEGF-
injected mice showed an increased number of total nucle-
ated cells and myeloid cells in the peripheral blood (Fig. Ic,
d). We found that the number ol multipotent hematopoietic
progesitor cells, CFU-GEMM/CFU-Mix, in the blood of
Ad-VEGF-injected mice was four times as great as that of
Ad-Null-injected mice (Fig. le). Importantly, in Ad-VEGF-
injected mice, the number of KSL cells in the blood was also
increased (Fig. 11). These results indicate that hematopoietic
cells, including immature hematopoietic cells with colony-
forming potentials, would be mobilized from the BM fol-
Towing systemic Ad-VEGF administration.

An increased number of mobilized cells in VEGF-treated
mice were reported previously | 15], but little is known about
the effect of VEGF on BM cells during the mobilization
periad. Thus, we next investigated the number of total BM
cells, myeloid cells, and HSPCs. In contrast to the peripheral
blood, the number ol total hematopoietic cells. myeloid
cells. and CFU-Mix was significantly decreased (Fig. 2a—c).
It is of note that the VEGF overexpression in mice resulted
in the reduction in both the frequency and the absolute

TasLe 1.

Gene name (5') Sense primers (3')

(5') Antisense primers (3')

Gapdh TTCACCACCATGGAGAAGAAGGC GGCATGGACTGTGGTCATGA
Cdh2 CAAGAGCTTGTCAGAATCAGG CATTTGGATCATCCGCATC
Veam-1 GACCTGTTCCAGCGAGGGTCTA CTTCCATCCTCATAGCAATTAAGGTG
Angptl CTCGTCAGACATTCATCATCCAG CACCTTCTTTTAGTGCAAAGGCT
Thpo GGCCATGCTTCTTGCAGTG AGTCGGCTGTGAAGGAGGT

Gapdh. glyceraldehyde 3-phosphate dehyd < cdh2, N-cadherin; Veam-7, vascular cell adhesion molecule-13 Angpt!, angiopoictin-1:

Thpo, thrombopoietin.
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FIG. 1. Effect of vascular endothelial growth factor (VEGF) on the number of myeloid cells and hematopoietic stem/
progenitor cells (HSPCs) in peripheral blood. (a, b) Mice were intravenously injected with adenovirus (Ad)-Null (Null) or
Ad-VEGF (VEGF). Five days later, the concentration of plasma (a) and bone marrow (BM) (b) VEGF levels was

17CD11b* m

determined by enzyme linked immunosorbent assay (ELISA). Data are expressed as meanz standard deviation (SD) (n=4).
(c) The number of total PBMCs was counted on day 5 after administration of each Ad vector. (d) The percentage of Gr-
myeloid cells was determined by flow cytometric analys
total PBMC number. Data are expressed as mean£SD (n=4). (¢) The number of colony forming anit (CFU)-Mix/CFU-
GEMM, a multipotent hematopoietic progenitor cells, in PBMCs was determined by a standard colony assay. The colony

s, and the absolute number was then normalized to the

number was normalized o the total PBMC number. (f) A representau\e analysis of the ¢-Kit * Sca-1 ¥ Lineage™ (KSL)

subset in the blood is shown (/efi). The proportion of cKit"Sca-1*

cells in the lineage~ negative (Lin") populauon is

indicated in the dot blot. The number of KSL cells in the blood was normalized to the total cell number (right). Data are
expressed as mean® SD (n=4). *P<0.05. **P<0.01 as compared with Null.

FIG. 2. Plasma elevation of VEGF
leads to a decrease in the myeloid cells
and HSPCs in the BM. (a) The number
af total BM cells was counted on day 5
after Ad-Null or Ad-VEGF mJ&.Lmn
(b) The number of Gr-17CD11b™ cells
in the BM was determined by flow cy-
tometric analysis. (¢) The number of
CFU-Mix/CFU-GEMM in the BM was
determined by a colony assay. The col-
ony number was normalized to the Lotal
BM cell number. (d) A representative €
analysis of the KSL sobset in the BM

after administration of Ad-Null or Ad-
VEGF is shown (feft). The proportion of
KSL cells in the total BM is indicated in
the dot blot. Frequencies (middle) and
absolute numbers (right) of KSL cells in
the BM were calculated. Data are ex-
pressed as meanxSD (n=3). *P<0.05
as compared with Null.
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number of KSL cells in BM (Fig. 2d). Thus, these datx
suggest that VEGF exerts a physiological effect on the
various types of cells within the BM.

Unchanged level of CXCL12 after
VEGF overexpression

To examine the mechanisms of BM cell mobilization by
VEGF treatment, we analyzed the expression levels ol genes
associated with HSC maintenance in the BM [N-cadherin
(cdh2), vascular cell adhesion maolecule-1 (Veam-1),
angiopoietin-1 (Angpt1). and rhrombopoietin (Thpo)). The
expression levels of these genes in BM nont poietic
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and CD457™ Lineage'CD317CD51* Sca-17 cells |28], in the
BM of Ad-VEGF-injected mice was also lower than those of
Ad-Null-injected mice (Fig. 4b, ¢). These data clearly showed
the decreased number of phenotypically identified MPCs in
the BM after injection of Ad-VEGF.

Next. o investigate whether functional MPCs in the BM
were reduced in Ad-VEGF-injected mice, we performed a
CFU-F assay and homing assay. Consistent with the above
data, we observed decreased CFU-F numbers in the BM in
Ad-VEGF-injected mice (Fig. 4d). For homing studies, Ad-
Null- or Ad-VEGF-injected mice were used as the recipient
mice. Donor BM cells derived from GFP transgenic mice

cells were modestly dowsregulated after Ad-VEGF injec-

F3¥ ton (Fig. 3a). We next measured the CXCLI2 levels in
Ad-VEGF-injected mice, Chemokine CXCL12 is an in-
dispensable factor for the muintenance and retention of
HSPCs in the BM [5,24]. Previous studies showed that
the BM CXCL12 levels were reduced by the injection of
mobilization-inducing factors, such as G-CSF and stem cell
lactor (SCF) 110,25]. We also found that the CXCL12 levels
were markedly reduced in the BM., but not the plasma, of
Ad-G-CSF-injected mice (Fig. 3b). However, there was al-
most no difference in the BM CXCLI12 levels between Ad-
VEGF-injected mice and Ad-Null-injected mice (Fig. 3b).
Therefore, these data indicate that VEGF would alter the
BM microenvironment, probably by a different mechanism
from other mobilization factors.

Reduction of MPCs in the BM
after Ad-VEGF injection

Recent studies have demonstrated that MPCs play a pivotal
role in HSPC maintenance in the BM [4.6-8]. Therefore, we
examined the disposition of MPCs in the BM after Ad-VEGF
administration. Flow cytometric analysis of the enzymatically
dissociated BM cells revealed that Ad-VEGF overexpression
led w a significant reduction of CD435Terl19°CD31"
Alcam™Sca-17 cells, which are reported to be MPCs [21,26]

P4l (Fig. 4a). In addition, the percentage of other MPC popula-
tions, such as CD437 Ter] 197 PDGFRa "Sca-17 cells {27]
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were i ously injected into nonirradiated recipient
mice, and the frequency of GFP-expressing cells in the re-
cipient BM was then estimated by flow cytometry. The re-
sults showed that the homing activity of GFP-expressing
cells was partially inhibited in Ad-VEGF-treated recipient
mice (Fig. 4e). Thus, the decreased homing efficiency of
donor HSPCs in Ad-VEGF-injected mice suggests the de-
creased number of niche cells in the BM. Tuken together,
our findings indicate that overexpression of VEGF in mice
leads to a reduction of phenotypic and functional MPCs in
the BM.

VEGF stimulates the migration of MPCs

‘We next examined the mechanisms of (he reduction of
MPCs in the BM after VEGF overexpression. In vitro-
expanded primary mouse BM stromal cells (mBMSCs).
including MPCs, showed slight expression of Fit-1
(VEGFRI), but not Flk-1 (VEGFR2), on the cellular sur-
face (Fig. 5a). We speculated that MPCs might egress from
the BM in response to the plasma level of VEGF, because
there was almost no change in the BM VEGF levels in Ad-
VEGF-injected mice (Fig. 1b). We performed an in vitro
migration assay and found a dose-dependent chemoat-
tractive effect of VEGF on mBMSCs (Fig. 5b), suggesting
the possibility that a decreased number of BM MPCs in Ad-
VEGF-injected mice would result from the mobilization of
MPCs to (he peripheral tissue in response (o an elevation of
plasma VEGF.

Thpo

FIG. 3. Expression of HSPC

factor genes after Ad-VEGF administration.
{a) Expression levels of cadherin2 (Cdh2),
vascular cell adhesion molecule-1 {Vcam-1),
angiopoietin-1 (Angptl), and (hrombopoie-
un_ (Thpo) in nonhematopoietic cells
(CD45Terl19~ cells) were measured by
quantitative  polymerase chain  reaction
analysis. Data are expressed as meantSD
(r=3). (b) The plasma and BM supernatants
of mice injected with Ad-Null, Ad-VEGE,
or Ad-GCSF were collected. The levels of
CXC chemokine ligand 12 (CXCLI12) in the
plasma (Jeft) and the BM supernatant (right)
were measured by ELISA. *#P<0.01 as
compared with Null. N.S. stands for not
significant.
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FIG. 4. The number of mesenchymal progenitor cells (MPCs) in the BM is decreased following Ad-VEGF injection. (a-
¢) After BM stromal cells were collected from bone by treatment with collagenase, the proportion of MPC populations
fCD45 ™ Terl 19°CD31 ™ Alcam ™ Sca-1" MPCs (a), CD45 Ter119™ PDGFRa"~ (Pa™) Sca-1* MPCs (b), or Lin " CD45™
CD317CDS1"Sca-1* MPCs (¢)] in the BM was determined by flow cytometry. Data are expressed as mean+S$D (n=5).
{d) A colony-forming unit-fibroblast (CFU-F) assay was performed using CD457Ter119™ BM cells. The number of CFU-
Fs was counted using a microscope after staining with the Giemsa solution. Data are expressed as mean+SD (n=3). (¢)
Homing assay. After injection of Ad-Null or Ad-VEGF into mice, green fluorescent protein (GFP) transgenic mice-derived
BM cells (donor cells) were transplanted into Ad vector-admini d mice. The p of donor cells (GFP-expressing
cells) in the BM of Ad-Null- or Ad-VEGF-injected mice was analyzed by flow eylometry at [6h alter BM transplantation.
The percentage of donor cells in the BM is indicated in the dot blot. Data are expressed as mean 8D (n=5). *P<0.05 as
compared with Null,

Discussion mal cells [4] and CXCL12-abundant reticular cells [3]. It is
of note that deletion of MPCs led to the increased number of

Recent studies have clearly reported that the HSPC HSPCs in the spleen, demonstrating the mobilization of
aumbers in the BM are significantly decreased by condi- HSPCs from BM to peripheral tissues [4]. Therefore,

tonal deletion of MPCs. including nestin-expressing stro- and retention of HSPCs in the BM would
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FIG. 5. VEGF enhances the migration capacity of MPCs. BM-derived stromal cells were collected and propagated in a
tissue culture dish. (a) Expression levels of VEGF receptors, VEGFRL (l¢ff) and VEGFR2 (right), in the cells was
determined by flow cytometry. Staining profiles of specific mAb (dotted lines) and an isotype-matched control mAb (gray
area) are shown. (b) BM stromal cells were exposed to various doses of recombinant VEGF. Cells that had migrated toward
the VEGF (lower chamber) by passing through a membrane filter were counted by microscopy after staining with the
Giemsa solution. Data are expressed as mean+SD (n=3).
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REDUCTION OF HSPC AND MPC IN THE BM BY VEGF

considerably be dependent on the number of MPCs 14,5]. In
the present study. we examined the effect of VEGF on the
disposition of BM HSPCs and MPCs in mice. Our main
finding was that VEGF overexpression in mice resulted in a
reduction of not only HSPCs but also MPCs in the BM. We
also found that VEGF could promote the migration of
mBMSCs in vitro. The data described here suggest that, us
in the case of HSPCs, MPCs would also be mobilized to the
peripheral tissues in response o an elevation of plasma
VEGF levels, and a reduced number of BM MPCs by VEGE
would lead to HSPC egress [rom the BM. because MPCs
would function as niche cells in the BM.

it is well known that BM CXCL12 levels are down-
regulated following G-CSF administration and thereby in-
duce an egress of HSPCs [25,29]. Christopher et al.
previously showed the reduced BM CXCLI2 levels after
administration of other mobilization factors, such as SCF
and Flt3-ligand [10]. In addition to their mobilization-
inducing effects, these lactors also impact the number of
stem and progenitor cells in the BM. For instance, it has
been reported that the number ol HSPCs and MPCs in the
BM was significantly i sed after G-CSF administration
130,31]. Unlike in the case of G-CSF and other mobilization
factors, however, VEGF had almost no effect on BM
CXCLI2 levels (Fig. 3b). Furthermore, systemic VEGF
expression resulted in a significant reduction in the number
of HSPCs (KSL cells and CFU-Mix) in the BM (Fig. 2).
The number of MPCs in the BM was also reduced in Ad-
VEGF-injected mice (Fig. 4). Therefore, these data strongly
indicate that VEGF would induce HSPC mobilization by
altering the BM environment through different mechanisms
from G-CSF. Notably, a recent study showed that HSPCs
could be mobilized from the BM into the circulation by ad-
ministration of a prostagrandin E, (PGE,) inhibitor. and this
effect was independent of CXCLI12-CXCR4 signaling [32]. A
nucleotide sugar, uridine diphosphate (UDP)-glucose, has
also been shown to mobilize subsets of HSPCs functionally
distinet from those mobilized by G-CSF, suggesting that
UDP-glucose-induced HSPC mobilization would be medi-
ated. at least in part, by different mechanisms from G-CSF
[33]. Thus, it would be of interest to examine whether VEGF
could influence the levels of BM PGE, and/or plasma UDP
glucose.

The expression levels of HSC maintenance genes (Cdh2.
Veam-1, Angptl, and Thpo) in BM nonhematopoietic cells
were decreased in Ad-VEGF-injected mice (Fig. 3a). This
would be due to the reduction in the number of MPCs in the
BM aiter Ad-VEGF injection (Fig. 4). However, we have no
idea why BM CXCLI12 levels were not changed in Ad-
VEGF-injected mice, because MPCs abundantly produce
CXCLI12 {7.8]. A detailed investigation would be required to
clarify the regulation of CXCLI2 expression in niche cells,
including MPCs. endosteal osteoblasts, and endothelial cells.

We observed enhanced in vitro migration actvities of
mBMSCs by VEGF, suggesting the possibility that MPCs in
the BM would be mobilized to the peripheral tissue in re-
sponse to the plasma VEGF concentration. However, at
present, we did not detect the CFU-F in the blood in Ad-
VEGF-injected mice (data not shown). MPCs are known to
be rare cells even in the BM, representing ~ 1 in 10,000
100,000 total nucleated cells [34], and it is therelore pos-
sible that the [requency of MPCs in the blood was 100 low o
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detect under our experimental conditions. Alternatively, it is
also possible that VEGF overexpression in mice might lead
to the homing of MPCs to organs, such as the liver, because
transgene expression in the liver was extremely high fol-
lowing systemic Ad vector injection [35]. Therefore, it
might be necessary to investigate whether or not the fre-
quency and the number of MPCs are changed in lissues or
organs other than the peripheral blood.

Recently, Liu et al. showed that MPCs could be mobilized
Lo the peripheral tissue when rats were exposed to hypoxic
conditions, and this hypoxia-induced MPC mobilization was
caused by the elevation of plasma CXCLI2 levels and BM
VEGF levels [36]. Under our conditions, however. plasma
CXCLI2 levels and the BM VEGF levels in Ad-VEGF-
injected mice were almost equal to those in Ad-Null-injecied
mice (Figs. Lb and 3b), suggesting that the mechanisms of
decreased number of BM MPCs in Ad-VEGF-injected mice
would be different from those of hypoxia-induced MPC
mobilization.

Consistent with previous reports [15]. we confirmed the
HSPC mobilization from BM into the circulation by VEGF
overexpression using an Ad vector system (Fig. 1). On the
other hand. a previous report was that administration of a
recombinant VEGF protein into mice failed to induce the
HSPC mobilization {37]. In our Ad vector systems, plasma
VEGEF levels were maintained at 400-600 ng/mL on day 3-3
after single intravenous injection. Although we do not know
the VEGF levels in the plasma under their experimental
protocols, plasma VEGF levels might not be sulficient for
HSPC egress from the BM, because exogenous VEGF levels
in the plasma were rapidly decreased after administration of
a recombinant VEGF protein [23]. Therefore. this difference
would be partly due to the difference in the plusma VEGF
levels, and we concluded that an Ad vector system would be
an appropriale one to estimale the in vivo physiological
action of VEGF.

In summary. our results showed that plasma VEGF levels
could regulate the distribution of BM HSPCs and MPCs,
probably by a mechanism distinct from that of other mo-
bilization factors, and we suggest that a reduction in the
number of MPCs in the BM would be one of the mecha-
nisms involved in VEGF-induced HSPC mobilization. Al-
though [urther investigation of the BM environment will be
needed 1o uncover the VEGF-mediated HSPC mobilization,
our findings obtained in this study provide a novel insight
into the mechanisms of HSPC mobilization and would be
helpful in the development of new clinical mobilizing
agents.
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