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Figure 5. ES-derived
satellite-like cells re-
pair damaged mus-
cles and are capable
of self-renewal.
A) GFP fluorescence
was brighter in the
reinjured group
(top panel) than the
nonreinjured group
(bottom panel).
B) Number of GFP-
positive muscle fasci-
cles was 461.7 =

117.% in the reinjured group (3W-+1W) and 136.7 = 27.9 and 168.7 + 72.9 in the nonreinjured group at 3 wk (3W) and 4 wk
(4W), respectively. C) GFP-positive fibers were confirmed to be MHC positive and contained central nuclei (arrows). D) Number
of GFP/Pax7-double-positive cells also increased significantly in the reinjured group (10.8%3.0 cells at 3W+1W) compared
to the nonreinjured group (5.4%=1.2 and 6.0£1.0 at 3W and 4W, respectively). £) In long-term evaluations, number of
GFP-positive muscle fascicles at 12 wk (12W) increased relative to number at 4 wk after transplantation [312.668.7 (n=3)
vs. 168.7£72.9]. However, a decrease was observed at 24 wk (58.6; n=1). F) Immunostaining showed dystrophin (red)
surrounding the donor-derived GFP-positive fibers (green), 24 wk after transplantation of SM/C-2.6-positive cells.

G) Results similar to E were observed with the number of GFP/Pax7-double-positive cells. H) A GFP-positive cell beneath
the basal lamina was observed. Scale bars = 1 mm (A); 20 pm (C); 20 pm (F); 10 pm (A, top panel); 5 pm (A, bottom

panels).

like cells function as normal stem cells in skeletal
muscle, they should be able to reside within the tissue
for long periods of time and undergo asymmetric cell
divisions to maintain the number of satellite cells and
to generate muscle fibers. To examine this stem cell
function, we analyzed the recipient mice at 4, 12, and
24 wk after transplantation. Intriguingly, in the LTA
muscle of mdx mice transplanted with SM/C-2.6-posi-
tive cells, the number of GFP-positive fascicles at 12 wk
increased over that at 4 wk [12.6=68.7 (n=3) wus.

mES DERIVED FUNCTIONAL SATELLITE-LIKE CELLS

168.7+72.9; Fig. 5E] but decreased by 24 wk (58.6;
n=1). These engrafted GFP-positive tissues were con-
firmed to be MHC positive through immunostaining
(Supplemental Fig. 9), and surrounding these GIP-
positive fibers, dystrophin was observed (Fig. 5/). The
numbers of GFP/Pax7-double-positive cells were main-
tained from week 4 to week 24 (Fig. 5G, Table 1, and
Supplemental Fig. 10) and the location of GFP-positive
cells under the basal lamina meets the anatomical
definition of satellite cells (Fig. 5H). No teratomas were
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Sorted SM/C-2.6 positive cells were
transplanted into mdx mice whose
muscles were pre-damaged by CTX 24 h
before transplantation and by 8cGy of

y -irradiation 12 h before transplantation.
(Primary transplantation)

8weeks after the Primary transplantation,
200 of sorted GFP+ SM/C-2.6 positive
cells from primary recipients were
transplanted into each pre-damaged LTA
muscles of mdx mice again.
(Secondary transplantation)

Mdx mice which received secondary transplantation
were analyzed 8weeks later.

A Emouse=legmzarting 001
B
% 7.1%
. ¥ secondary
SM-C 4. | transplantation
26 3
Pl ’
:9| o P 52 [ 1ot
BFF
GFP
C

Figure 6. ES-derived satellite-like cells can be secondarily transplanted. A) SM/C-2.6-positive cells (2.5X10%) were transplanted
into the LTA muscle of recipient mice in primary transplantation, and as few as 200 SM/C-2.6-positive cells collected from the
primary recipients were retransplanted (secondary transplantation) into the LTA muscle of secondary recipient mice. B) FACS
data of primary transplantation indicated that 7.1% of engrafted (GFP-positive) cells were SM/C-2.6-positive. C) Eight weeks
after secondary transplantation, immunostaining of LTA muscle for MHC showed that engrafted ES-derived GFP-positive tissues
formed mature skeletal muscle fibers. D) GFP/Pax7-double-positive cells (arrowhead) located beneath the basal lamina were

observed within GFP-positive LTA muscle of secondary recipient mice. Scale bars = 2 mm (A); 20 pm (€); 10 pm (D).
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found in recipient mice transplanted with SM/C-2.6-
positive cells. Thus, ES-derived satellite-like cells effec-
tively engrafted and provided long-term stem cells,
which played an important role in maintenance of the
integrity of the surrounding muscle tissue.

ES-derived satellite-like cells can be
secondarily transplanted

For a more thorough characterization of the ES-derived
satellite-like cells, we performed serial transplantations.
Eight weeks after the primary cell transplantation with 2 X
10* SM/ C-2.6-positive cells, the LTA muscles of the pri-
mary recipient mice were dissected to isolate the en-
grafted ES-derived cells, 2765 & 685.9 (n=2; Fig. 64). The
GFP+/SIVI/C—‘Z.G—pOSitive cells within the engrafted
cells were sorted by FACS (204%33.9; n=2), and only
200 GFP+/SM/(C-2.6-positive cells/mouse were trans-
planted into predamaged LTA muscles of mdx mice
(Fig. 6B). Eight weeks later (16 wk after the primary
transplantation), the recipient mice were analyzed.
GFP-positive tissue in the LTA muscle of the secondary
recipient mice was observed (Fig. 6A). The GFP-positive
tissues were confirmed to be MHC-positive mature
skeletal muscle (Fig. 6C), and surrounding these en-
grafted GFP-positive skeletal muscle fascicles, dystro-
phin was observed (Supplemental Fig. 11). GFP/Pax7-
double-positive cells located beneath the basal lamina
were also detected in the engrafted tissue (Fig. 6D).
Thus, with only 200 GFP"“SI\/IC/Q.G-positive cells, in-
jured skeletal muscle and Pax7+ cells were successfully
restored in the secondary recipients. These findings
demonstrate that stem cell fraction contained within
SM/C-2.6-positive cells was enriched in vive through
transplantation.

DISCUSSION

Many attempts have been made to induce mES cells
into the skeletal muscle lineage, with hanging drop
cultures for EB formation being the most widely ap-
plied method (25). However, although EBs contain
cells derived from all 3 germ layers, effective induction
of mES cells into the myogenic lineage, including
myogenic stem cells (satellite cells), has not yet been
achieved. Because of the lack of adequate surface
markers, purifying ES-derived myogenic precursor/
stem cells from differentiated mES cells in vitro has
been difficult. To overcome these problems, we modi-
fied the classic EB culture system by combining it with
aspects of the single-fiber culture method. Single-fiber
culture (33) has been used for functional evaluation of
satellite cells. When a single myofiber is plated on a
Matrigel-coated plate with DMEM containing HS, sat-
ellite cells migrate out of the fiber and differentiate
into myoblasts to form myofibers in vitro. Matrigel
allows the migrating satellite cells to proliferate before
differentiating and fusing into large multinucleated
myotubes (35). We hypothesized that this Matrigel
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environment might be suitable for ES cell differentia-
tion into satellite cells and myoblasts. Therefore, we
introduced Matrigel and HS into the classic EB culture
system and established an efficient induction system for
myogenic lineage cells, including cells expressing Pax7,
a commonly recognized marker for skeletal muscle
stem cells. Furthermore, we also successfully enriched
ES-derived Pax7-positive myogenic precursor/stem
cells using the SM/C-2.6 antibody.

The steps in ES cell induction are thought to be
homologous to normal embryogenesis. During normal
skeletal myogenesis, the initial wave of myogenic pre-
cursor cells in the dermomyotome express Myfs/MRF4
and Pax3, followed by a wave of Pax3/Pax7 expression
(36). These waves of myogenesis act upstream of the
primary myogenic transcription factor MyoD (37-39).
In myotome formation skeletal myogenesis begins with
myoblasts, termed somitic myoblasts, which appear at
approximately E8.5, followed by the appearance of
embryonic myoblasts (E11.5), fetal myoblasts (E16.5),
and, ultimately, satellite cells, which are responsible for
postnatal muscle regeneration (40). Our RT-PCR re-
sults (Fig. 1)) showed an earlier appearance of Pax3
expression, on d 3 + 3, followed by Pax3/Pax7 expres-
sion on d 3 + 3 + 7 and stronger expression of Pax3
than Pax7. These results resemble normal myogenesis,
in which the primary wave of myogenesis is followed by
a secondary wave of PaxS/PaX7-dependent myogenesis
(41). Considering thatin the time course of myogenesis
satellite cells emerge during late fetal development,
ES-derived Pax7-positive cells were collected on d 3 +
3 + 14 in an attempt to acquire cells that correspond to
those of the late fetal to neonatal period. However,
RT-PCR results of myogenic factors in SM/C-2.6-posi-
tive cells (Fig. 2B) indicated that these ES-derived
SM/C-2.6-positive cells are a heterogeneous popula-
tion, because they express not only Pax3 and Pax7 but
also Myfh and c-met. Although further confirmation is
needed, we hypothesize that both embryonic/fetal
myoblasts expressing Myf-5 and/or c-met and satellite/
long-term stem cells expressing Pax3/Pax7 are present.

To confirm that the ES-derived SM/C-2.6-positive
cell population contained functional satellite cells, the
muscle regeneration and self-renewal capacities were
examined. Recently Collins ¢t al. established an excel-
lent system in which sequential damage to the muscle
of a recipient mouse was applied, to evaluate both
muscle regeneration and self-renewal (14) Using their
experimental approach, a significant increase in num-
bers of both ES-derived GFP-positive muscle fascicles
and GFP/Pax7-double-positive cells was observed in
mice that received a second injury. This result not only
demonstrates the myogenic ability of ES-derived cells
but also strongly supports the idea that these cells
undergo self-renewal i vivo.

Analysis of long-term engraftment is an important
method to verify self-renewal ability, for 2 reasons. First,
ES-derived satellite cells must be able to engraft for
long periods of time in order to provide the amount of
progeny needed for repairing damaged tissue for an
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extended period. In our study the ES-derived GFP-
positive skeletal muscle tissues and Pax7-positive cells
engrafted up to 24 wk and were located beneath the
hasal lamina, which is consistent with the anatomical
definition of satellite cells. Although the number of
GFP-positive fascicles at 24 wk decreased compared to
12 wk, this diminution may be due to the heterogeneity
of ES-derived SM/C-2.6-positive cells as we mentioned.
Because myoblasts cannot support myogenesis in the
long term, we believe that GFP-positive fascicles at 24
wk are products of ES-derived satellite-like cells. Sec-
ond, one of the potential risks of ES cell transplantation
is teratoma formation. Considering clinical applica-
tions, it is extremely important to prevent formation of
teratomas in the recipients. In our study more than 60
transplanted mice were evaluated through gross mor-
phological and histological examination. There were
no teratomas formed in mice that received 8SM/C-2.6-
positive cells, and only 1 teratoma was found among the
mice that received SM/C-2.6-negative cells. This result
suggests that the risk of tumor formation by the ES cells
was eliminated by using sorted SM/C-2.6-positive cells.

In addition to the sequential damage model and the
long-term engraftment evaluation, we performed serial
transplantations to further confirm the stem cell prop-
erties of these ES-derived SM/C-2.6-positive cells. Serial
transplantation enables the identification and separa-
tion of long-term stem cells from short-term progeni-
tors (42). To eliminate myoblast involvement, we de-
signed a serial transplantation protocol of 8 + 8 wk (i.e.,
a second transplantation 8 wk after the primary trans-
plantation and an analysis of recipient mice 8 wk after
the second transplantation). Strikingly these recol-
lected ES-derived SM/C-2.6-positive cells showed signif-
icantly higher engraftment efficiency compared to the
primary transplantation. In the previous reports en-
graftment efficiencies of myoblasts transplantation was
~0.1-0.2%, with the highest reported value being 2%
(43-45). This engraftment efficiency is similar to our
primary transplantation (0.2-0.8%) as well as the plating
efficiency of SM/C-2.6-positive cells in vitro (0.07%). In
our study as few as 200 recollected ES-derived SM/C-
2.6-positive cells were transplanted in the second trans-
plantation, and 29.0 = 0.47 (n=2) fascicles were ob-
served, which indicates 14.7% of higher engraftment
efficiency. Thus, through the serial transplantation,
ES-derived stem cell fraction was purified. A compari-
son of these SM/C-2.6-positive cells before and after
injection might help to characterize the stem cell
fraction derived from ES cells.

There have been few reports describing transplanta-
tion of ES-derived myogenic cells into injured muscles,
and the report of engraftable skeletal myoblasts derived
from human ES cells represents significant progress
(26). Recently Darabi ef al. (46) have reported that by
introducing Pax3 into mouse embryoid bodies, auton-
omous myogenesis was initiated in wvitro, and Pax3-
induced cells regenerated skeletal muscles in vivo by
sorting the PDGF-a+Flk-1- cells. The Pax3 expression
was not observed until 7 d of differentiation culture,
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but introduced Pax3 expression pushed EBs to myo-
genic differentiation. Interestingly, we observed Pax3
expression at d 3 + 3 weakly and d 3 + 3 + 7 strongly,
and gene expression process in our culture is very
similar to theirs. In prolonged culture using Matrigel
and HS, EBs were able to initiate myogenesis without
gene modification in owr system,

In conclusion, we successfully generated transplant-
able myogenic cells, including satellite-like cells, from
mES cells. The ES-derived myogenic precursor/stem
cells could be enriched using a novel antibody, SM/C-
2.6. These ES-derived SM/C-2.6-positive cells possess a
high myogenic potential, participate in muscle regen-
eration, and are located beneath the basal lamina
where satellite cells normally reside. The self-renewal of
these ES-derived satellite-like cells enabled them to
survive long-term engraftment, up to 24 wk. Through
serial transplantation, these ES-derived SM/(C-2.6-posi-
tive cells were further enriched and produced a high
engraftment efficiency of 14.7%.

Our success in inducing mES cells to form functional
muscle stem cells, the satellite-like cells, will provide an
important foundation for clinical applications in the
treatment of DMD patients.
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Introduction

The long-QT syndrome (LQTS) is characterized by an abnormal
prolongation of the QT-interval on the ECG and an increased risk
of sudden death, due to ventricular fibrillation known as Torsade
de Pointes (TdP)|1}. In a previous study [2], four patients died sud-
denly (1.3% per year) during an average follow-up period of
26 months per patient and among 196 idiopathic LQTS patients,
27 experienced one or more syncopal episodes (8.6% per year).
Molecular genetic studies have revealed several forms of congeni-
tal LQTS caused by mutations in genes coding for potassium, so-
dium and calcium channels or membrane adapters [3-6]
Preliminary clinical studies have since suggested the feasibility of
performing genotype-specific therapy with therapeutic agents that
abbreviate the QT-interval [7]. But it is difficult to select the correct
drug because within the same LQTS subtype, the same drug can
sometimes have different effects depending on the patient.

Furthermore, the diagnosis of LQTS subtypes is difficult. Genetic
testing can only identify 50-75% of probands [8]. So an epinephrine
challenge is needed in some patients to diagnose LQTS in a clinical
setting [9]. However, this test sometimes induces TdP, so it must be
done under careful patient surveillance.

The generation of iPS cells from human fibroblast using a com-
bination of 4 transcription factors (Oct3/4, Sox2, Kif4, and c-Myc)
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E-mail address: heike@kuhp.kyoto-w.ac.jp (T. Heike).
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has opened remarkable new avenues for not only basic research
but also regenerative medicine, understanding of disease mecha-
nisms, drug screening, and toxicology [10]. A recent study reported
the generation of disease-specific iPS cell lines from patients with a
variety of diseases [11]. If patient-specific iPS cells could be com-
monly generated and employed in a clinical setting, they could be-
come a useful tool for selecting the best drug for individual LQTS
patients.

But there has been no report that cardiomyocytes derived from
human iPS cells respond to drugs in the same way as human
cardiomyocytes. It is important to investigate whether cardiomyo-
cytes derived from human iPS cells react to drugs in the same way
as human cardiomyocytes, if patient-specific iPS cells are to be
used in a clinical setting for drug screening. Previous studies have
hinted that some drugs produce the same effects in cardiomyo-
cytes as in cardiomyocytes derived from ES cells {12-14]. In this
study, we investigated whether cardiomyocytes derived human
iPS cells responded to drugs in the same way as in cardiomyocytes
derived from human ES cells with respect to beating frequency and
contractility, and we compared these results with previously de-
scribed clinical empirical results [15].

Materials and methods
Human iPS and human ES cell cuiture. We used human ES cell

line, KhES1, and human iPS cell lines 201B7. Human iPS cells and
human ES cells were maintained on mitomycin-C (Kyowa Halkkoh)
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treated mouse embryonic fibroblasts (MEFs) or SNLs on cell culture
dishes. In brief, both human iPS and human ES cells were main-
tained in DMEM/F12 culture medium (SIGMA) supplemented with
20% knock-out serum replacement (Gibco), 0.1 mmol/l. nonessen-
tial amino acids (Gibco), 4 mmol/L t-glutamine, 0.8 pmol/L basic
fibroblast growth factor (bFGF) (Invitrogen).

Embryoid body formation and cardiac differentiation. Colonies
were detached from cell culture dishes by incubating them with
PBS containing 0.25% trypsin (Gibco) and 1 mg/mL collagenase |
(Worthington) at 37 °C for 3-4 min. The cells were then placed in
petri dishes (Sterilin) in suspension cultures for 7 days with main-
tenance medium supplemented with 5 ng/ml bFGF. Embryoid
bodies (EBs) were then plated on 0.1% gelatin-coated 6-well cul-
ture plates (BD Biosciences) and cultured in cardiac differentiation
medium, consisting of alpha MEM (Gibco) supplemented with
0.5 umol/L 2ME and 10% FCS (Hyclone) (changed once every
7 days). Contractile colonies appeared 15-25days after plating
on gelatin-coated dishes (Fig. 1A).

Reverse transcriptase polymerase chain reaction (RT-PCR). Total
RNA was isolated using TRIzol Reagent (Invitrogen) from undiffer-
entiated iPS cells, EBs derived from human iPS cells, the contract-
ing areas of differentiated human iPS cells, and human right
ventricular tissue {obtained by a tetralogy of Failot patient that
had received a right flow ventricular tract ventriculotomy). Total
RNA was used for oligo (dT) 12-18-primed reverse transcription
using the Super Script Il First-Strand Synthesis System (Invitrogen).
RT-PCR was carried out using Ex Taq (TAKARA BIO). PCR conditions
included denaturation at 94 °C for 30 s, annealing at 60 °C for 30 s,
and extension at 55-65 °C for 1 min for 25-35 cycles, with a final
extension at 72 °C for 7 min. Primers used are listed in Table 3.

Immunohistochemistry. Contractile colonies were partitioned
into small particles using collagenase [ (Worthington) for 2 h at
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bFGF Sng/mil on gelatin coated dish  beating colonies
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colony (day7)
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Fig. 1. An outline of the protocol used for the differentiation of human iPS cells and
human ES cells. Scale bars = 200 um (A). Time course analysis of immature gene
expression, mesodermal markers, and cardiac progenitor markers during differen-
tiation (B).

37 °C. The cells were then washed and plated on G-well culture
plates coated with 0.1% gelatin for 2 or 3 days to allow attachment.
Cells were fixed in 4% paraformaldehyde for 15 min at 4 °C. Then
the cells were incubated with primary antibodies, such as poly-
clonal anti-cardiac Troponin | (IgG, 1:50 dilution; Santa Cruz Bio-
technology), polyclonal anti-MLC2v (IgG, 1:50 dilution; Santa
Cruz Biotechnology), or polyclonal anti-ANP (IgG, 1:250 dilution;
Chemicon) in 2% skim milk with 0.1% Triton X-100 overnight at
4 °C. Secondary antibodies were cyanine 3 (Cy3)-conjugated don-
key anti-rat IgG (1:200 dilution; Jackson Immunoresearch), Cy3-
conjugated donkey anti-rabbit IgG (1:200 dilution; jackson Immu-
noresearch), and Cy3-conjugated donkey anti-goat IgG (1:200 dilu-
tion; Jackson Immunoresearch). Nuclei were counter-stained with
Hoechst 33342 (Molecular probes).

Electrophysiological examination. Microelectrode arrays analysis
was performed to investigate the electrophysiological potential
of cardiomyocytes derived from human iPS cells using the MED
64 system (Alpha MED Sciences) {16-18]. Micro-dissected con-
tracting areas were plated on MED-probe dishes (Alpha MED Sci-
ences) followed by incubation for 3-7 days to allow attachment.
The potentials of the contractile colonies derived from these cells
were then recorded.

Drug loading test. Differentiation medium was replaced with al-
pha MEM containing 10 mmol/L HEPES buffer (Nacalai tesque),
7 mol/L NaCl, and 0.5 pmol/L 2ME, which was adjusted to pH 7.4
with NaOH. After 10 min incubation at 37 °C, the frequency and
contractility of the contractile colonies were measured in a movie
recorded by a VB 7000 (KEYENCE) camera under drug-free medium
conditions as well as under drug conditions with three different
drug concentrations. Beating colonies were selected when the
beating rate was 40/min to 60/min under drug-free medium condi-
tions, Colonies whose contractile motion was distended were ex-
cluded. Loading drugs were as follows; isoproterenol (SIGMA),
adrenaline (Dai-ichi Sankyo), propranolol (SIGMA), procainamide
(Dai-ichi Sankyo), mexiletine (Boehringer Ingelheim), flecainide
(Eisai), verapamil (SIGMA), and amiodarone (Sanofi-aventis).

Analysis of beating rate and contractility. Beating rates were
counted based on the video recordings. Recently, some papers re-
ported that video-edge detecting systems are useful for calculating
the contractility of contractile colonies [12]. We imitated this
method and calculated the contractility of colonies. In brief, we ex-
tracted the still images of systolic phase and diastolic phase from
the recorded video images. The major axis of each phase was mea-
sured and the contractile index was defined as a — b/a (a: length of
diastolic phase, b: the length of systolic phase) (Fig. 4A).

Statistics. Data are presented as means + SEM. Statistical signif-
icance was determined by the unpaired t-test for two samples and
one-way ANOVA followed by the Scheffe test for more than three
samples. P values <0.05 were considered to be statistically
significant.

Results
Time course analysis of gene expression during cardiac differentiation

First, we examined the time course of gene expression during
cardiac differentiation of human iPS cells by RT-PCR to compare it
with that of normal embryogenesis (Fig. 1B). Undifferentiated hu-
man iPS cells strongly expressed endogenous Oct4 and Sox2, which
are undifferentiated cell markers, but did not express the mesoder-
mal marker Brachyury or the cardiac progenitor marker TBXS5
(Fig. 1B). KDR was weakly expressed. These results show that undif-
ferentiated human iPS cells have similar properties to undifferenti-
ated human ES cells {19]. Endogenous Oct4 and Sox2 expression
gradually decreased during culture in differentiation medium. The
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Fig. 2. Gene expression analyses of cardiac markers by RT-PCR (A). Gene expression analysis of ion channel related genes (B). Immunohistochemistry of contractile colonies.
Colonies were stained with ¢Tnl (C), MLC2v (D), or ANP (E). Scale bars = 100 um, Field potentials of contractile colonies measured by the MED 64 system (F).

expression of the mesodermal marker Brachyury increased from
day 10 after EB formation. The expression of KDR also gradually in-
creased from day 10 after EB formation. These patterns of mesoder-
mal marker expression are compatible with those of human ES cells
as previously described [19]. The cardiac progenitor marker TBX5
was expressed from day 20 after EB formation, which is compatible
with the gene expression patterns seen during cardiac formation in
embryogenesis and human ES cell differentiation as previously de-
scribed {19]. The result additionally suggests that human iPS cells
differentiated into the mesodermal lineage and then differentiated
into contractile colonies via cardiac progenitor cells.

Cardiac differentiation of human iPS cells via EBs

Next, we examined the contractile colonies consisting of car-
diac-specific cells. Contractile colonies were observed from 15 to
25 days after EB formation both in human iPS and human ES cell
populations. This result demonstrates that our differentiation
methods could generate contractile colonies from both human
iPS cells and human ES cells. Next, we investigated whether these
contractile colonies were human cardiomyocytes. For this purpose,
we carried out RT-PCR and examined for the expression of cardiac
cell markers, RT-PCR showed that contractile colonies expressed
cardiac markers Nkx2.5, MEF2¢, MLC2a, and MYHCB (Fig. 2A). More-
over, we carried out immunohistochemical analysis to confirm that
the contractile colonies were human cardiomyocytes. Contractile

colonies were stained by the cardiac cell marker, ¢Tnl, the ventric-
ular cell marker, MLC2v, and the atrial cell marker, ANP. The colo-
nies were also stained by cTnl, and some of them were stained by
MLC2v or ANP (Fig. 2C-E). These results of immunohistochemical
analysis confirmed that the contractile colonies were indeed hu-
man cardiomyocytes.

Electrical analysis of contractile colonies

To investigate whether the contractile colonies that expressed
cardiac markers were electrically functional cardiac colonies, we
measured their electrical potentials by microelectrode array anal-
ysis using the MED 64 system (Alpha MED Sciences) {16-18].
The field potentials of the contractile colonies were comparable
to those of cardiomyocytes derived from human ES cells as previ-
ously reported (Fig. 2F) {16-18]. Moreover, RT-PCR showed that
these cells expressed the If channel (HCN4), the L-type calcium
channel (CACNA1C), the sodium channel (SCN5A), the inward recti-
fier (Kir2.1), the transient outward channel (Kv4.3), and the delayed
rectifier IKr (HERG) (Fig. 2B).

Effects of drugs on the beating frequency of cardiomyocytes derived
from human iPS cells

We next investigated whether the cardiomyocytes derived from
iPS cells reacted with cardioactive drugs in the same manner as
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Fig. 3. The effects of cardioactive drugs on the beating rates of contractile colonies derived from human iPS cells and human ES cells. Adrenaline, isoproterenol, verapamil,
amiodarone, and isoproterenol + propranolol had statistically significant effects between pre-drug loading and the maximum concentration of the drug used in
cardiomyocytes derived from human iPS cells (P < 0.05). There were no statistically significant differences between the concentrations of drugs that elicited effects in human

iPS cells and those that elicited effects in human ES cells.

cardiomyocytes derived from human ES cells by performing drug
loading tests. First we compared the beating frequencies of these
two cell populations, A total of eight drugs were tested (see Table
1 for the list of drugs and their concentrations). The B stimulants,
adrenaline and isoproterenol increased beating frequency in a dose
dependent manner. The § blocker, propranolol, and the Na channel
blockers, procainamide, mexiletine, and flecainide had no effect on
beating frequency. The Ca channel blocker verapamil decreased
beating frequency in a dose dependent manner, and all contractile
colonies ceased to contract when 1 x 107>M verapamil was
loaded. Amiodarone, which mainly acts as a K channel blocker, de-
creased beating frequency in a dose dependent manner. We carried
out p blocker loading in the presence of 1 x 10°% M isoproterenol
in order to mimic conditions in vivo {20]. Under this condition,
the beating frequency decreased in a dose dependent manner.
There were no statistical differences between the drug concentra-
tions required to elicit the effects in human iPS cells and those re-
quired to elicit the effects in cardiomyocytes derived from human
ES celis (Fig. 3). Previous reports showed that some drugs had sim-
ilar effects on the beating frequency of cardiomyocytes derived
from ES cells and on bone-fide human cardiomyocytes, suggesting
that human iPS cells and cardiomyocytes respond similarly to
these drugs as well [12-14]. Table 2 shows a comparison of the ef-
fects of drug loading on human iPS cells and the effects of these
drugs in a clinical setting [15]. As the effects are broadly similar

and occur within the same range of drug concentrations, we con-
clude that cardiomyocytes derived from human iPS cells are a good
model for testing the effects of drugs on the beating frequency of
human cardiomyocytes. The results are also compatible with pre-
viously reported clinical empirical results {15].

The effects of drugs on the contractility of cardiomyocytes derived
from human iPS cells

Next, we investigated the effects of drugs on the contractility of
human iPS cells and cardiomyocytes derived from human ES cells.
The results showed that adrenaline and isoproterenol increased
contractility in a dose dependent manner. Propranolol, mexiletine,
or amiodarone had no effect on contractility. Verapamil decreased
contractility in a dose dependent manner, and all contractile colo-
nies ceased to contract when 1 x 107> M verapamil was loaded.
Procainamide and flecainide also decreased the beating frequency
in a dose dependent manner, We also carried out p blocker loading
in the presence of 1 x 107® M isoproterenol with cardiomyocytes
derived from human iPS cells, which showed that contractility
again decreased in a dose dependent manner under these condi-
tions. There were no statistical differences between the drug con-
centrations required to elicit the effects in human iPS cells and
those required to elicit the effects in cardiomyocytes derived from
human ES cells (Fig. 4B). Previous reports have shown that some
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Fig. 4. Calculation of the contractility index. Right panel; diastolic phase, left panel; systolic phase. Scale bars =200 pm (A). The effects of cardioactive drugs on the
contractility of contractile colonies derived from human iPS cells and human ES cells. Adrenaline, isoproterenol, procainamide, flecainide, verapamil, and isoprotere-
nol + propranolol had statistically significant effects on human iPS cells between pre-drug loading and the maximum concentration of the drug used in cardiomyocytes
derived from human iPS cells (P < 0.05). There were no statistically significant differences between the concentrations of drugs that elicited effects in human iPS cells and

those that elicited effects in human ES cells (B).

drugs had similar effects on the beating frequency of cardiomyo-
cytes derived from ES cells and on bone-fide human cardiomyo-
cytes, suggesting that human iPS cells and cardiomyocytes
respond similarly to these drugs as well [12]. The results were
compatible with clinical empirical results [15]. So we conclude that

cardiomyocytes derived from human iPS cells respond similarly to
drugs that affect contractility in human cardiomyocytes.

Table 2
Comparison with clinical empirical result.
Table 1 Drugs Result Clinical efficacy
Drugs and concentrations. -
Contractility Beating Contractility Beating

Class Drugs Concentration (M) frequency frequency
Na channel blocker Procainamide 1x 10751 x 107? Procainamide | - ] -

Mexiletine 1x1077-1 x 107 Mexiletine - - - =

Flecainide 1x107-1x10°° Flecainide 1 - | o
f blocker Propranolol 3 x 10773 < 107° Propranolol | i 1 |
K channel blocker Amiodarone 1% 10751 x 1074 Amiodarone - 1 - |
Ca channel blocker Verapamil 1x107-1 %107 Verapamil 1 1 L i
o, B stimulant Adrenaline 5%x1077-5 % 107 {soproterenol 1 i ] 1
B stimulant Isoproterenol 1x 10751 x 107° Adrenaline i i 1 i

66 —
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Table 3
Primers for RT-PCR.

Genes Direction Sequence
Oct4 (endo) Forward GACAGGGGCAGGGGAGGAGCTAGG
Reverse CITCCCTCCAACCAGTTGCCCCAAAC
Sox2 (endo} Forward GGGAAATGGGAGGGGTGCAAAAGAGG
Reverse TTGCCTGAGTCTGGATCGGGATTGGTG
C-KIT Forward ATTCCCAGCCCATGAGTCCTTGA
Reverse ACACGTGGAACACCAACATCCT
Brachyury Forward AAGGTGGATCTTCAGGTAGC
Reverse CATCTCATTGGTGAGCTCC
KDR Forward AAAACCTTTTCTTGCITTTGG
Reverse GAAATGGGATTGGTAAGGATG
Nkx2.5 Forward GCCATTATGCAGCGTGCAATGAGT
Reverse AACATAAATACGGGTGCGCTGCGTG
TBX5 Forward AAATGAAACCCAGCATAGGAGCTGGC
Reverse ACACTCAGCCTCACATCTTACCCT
MEF2c Forward TTTAACACCGCCAGCGCTCTTCACCTTIG
Reverse TCGTGGCGCGTGTGTTGTGGGTATCTCG
MLC2a Forward ACATCATCACCCACGGAGAAGAGA
Reverse ATTGGAACATGGCCTCTGGATGGA
MYHCB Forward CTGGAGGCCGAGCAGAAGCGCAACG
Reverse GTCCGCCCGCTCCTCTGCCTCATCC
HCN4 Forward GGTGTCCATCAACAACATGG
Reverse TGTACTGCTCCACCTGCTTG
SCN5A Forward CCTAATCATCTTCCGCATCC
Reverse TCTTCATCTCTCTGTCCTCATC
Kir2.1 Forward GACCTGGAGACGGACGAC
Reverse AGCCTGGACGTCTGTCAAAGTC
Kv4.3 Forward GCCAGTCCCTGTGATTCHIT
Reverse CTCCATGCAGTTCTGCTCAA
HERG Forward TCCAGCGGCTGTACTCGGGC
Reverse TGGACCAGAAGTGGTCGGACGAACTC
CACNAIC Forward AACATCAACAACGCCAACAA
Reverse AGGGCAGGACTGTCTTCTGA
GAPDH Forward CACCAGGGCGCTTITAACTCTG
Reverse ATGGTTCACACCCATGCGAAC
Discussion

In this report, we differentiated human iPS cells into cardio-
myocytes, and compared the effects of drugs on cardiomyocytes
derived from these cells and on cardiomyocytes derived from hu-
man ES cells, as well as with empirical results obtained in a clinical
setting, The time course analysis of gene expression during cardiac
differentiation was compatible to that seen during cardiogenesis of
normal embryogenesis, and the results of the drug loading tests
showed that cardiomyocytes derived from human iPS cells re-
sponded to drugs in much the same way as cardiomyocytes de-
rived from human ES cells. The results were also compatible to
empirical results obtained in a clinical setting.

Human iPS cells can be generated from somatic cell by intro-
ducing transcriptional factors. This technology is expected to gen-
erate patient-specific iPS cells suitable for the study of disease
mechanisms, drug screening, and toxicology studies. This technol-
ogy is easier to implement for the generation of patient-specific
pluripotent cells than current technology which relies on nuclear
transplantation technology to generate patient-specific pluripotent
cells from ES cells. If cardiomyocytes derived from iPS cells could
be shown to respond to drugs in the same way as human derived
cardiomyocytes, then this technology would alse constitute a ma-
jor advance because it would allow the use of patient-specific iPS
cell for the screening of patient-specific drugs against arrhythmic

diseases, especially for lethal arrhythmic diseases such as LQTS
where it is often very difficult to select for the best drug.

As the generation of cardiomyocytes from human iPS cells relies
on the introduction of exogenous genes, we addressed the trouble-
some issue of whether cardiomyocytes derived from human iPS
cells would respond to drugs in the same way as normal human
cardiomyocytes. We considered the beating frequency and con-
tractility to be very important indicators, because heart pump
function is defined by beating frequency and contractility. So we
investigated the effects of drugs on these two indicators, and found
that drugs affect the beating frequency and contractility of cardio-
myocytes derived from human iPS cells in much the same way as
they do in a clinical setting. This result suggests that cardiomyo-
cytes derived from human iPS cells could be used for drug screen-
ing tests instead of current screening procedures in a clinical
setting. Cardiomyocytes derived from ES cells also responded to
drugs in the same way as cardiomyocytes derived from human
iPS cells.

Thus, these results suggest that patient-specific iPS cells could
be used to select for the best drug to treat arrhythmic disease at
the individual level, and would have the additional advantage of
allowing the massive and rapid screening of drugs at concentra-
tions that would be normally prohibitive in patients. However, un-
til further studies are carried out, it is probably still too early to
conclude that the drug effects on human iPS cell lines and patients
are identical.

In conclusion, cardiomyocytes derived from human iPS cells
have tremendous potential for drug screening, which should open
the possibility of using patient-specific iPS cells in a clinical setting.
The best drugs could be selected safely and rapidly by using human
iPS cells from individual patients.
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Induced pluripotent stem (iPS) cells, reprogrammed somatic cells with embryonic stem (ES) cell-like characteristics, are generated by the
introduction of combinations of specific transcription factors. Little is known about the differentiation of iPS cells in vitro. Here we

demonstrate that murine iPS cells produce various hematopoietic cell lineages when incubated on a layer of OP9 stromal cells. During this
differentiation, iPS cells went through an intermediate stage consisting of progenitor cells that were positive for the early mesodermal
marker Fllk-1 and for the sequential expression of other genes thatare associated with hematopaietic and endothelial development. Flk-17
cells differentiated into primitive and definitive hematopoletic cells, as well as into endothelial cells. Furthermare, Filk-17 populations
contained common bilineage progenitors that could generate both hematopoietic and endothelial lineages from single cells. Our results
demonstrate that iPS cell-derived cells, like ES cells, can follow a similar hematopoiatic route to that seen in normal embryogenesis, This
finding highlights the potential use of iP$ cells in clinical areas such as regenerative medicine, disease investigation, and drug screening.

J. Cell. Physiol. 221: 367377, 2009. © 2009 Wiley-Liss, Inc.

Because of their pluripotency and potential for self-renewal,
embryonic stem (ES) cells have been used in various fields of
science, including developmental biology (Evans and Kaufman,
1981). ES cells can differentiate into multiple cell types.in a
similar way to that observed in vivo. Previous studies using
normal or gene-manipulated ES cells have helped to elucidate
the process of normal embryogenesis and the genetic
mechanisms of some diseases (Lensch and Daley, 2006).
Hematopoietic and endothelial development are regarded as
particularly good processes for comparing the potential of ES
cells cultivated in vitro with those grown in vivo (Nakano et al,,
1994, 1996, Nishikawa etal., 1998). During embryogenesis, the
developmental progression to ahematopoietic lineage is closely
associated with progression to an endothelial lineage (Shalaby
etal., 1997, Wood etal, [997; Choi etal.; 1998; Garcia-Porrero
et al., 1998). Both cell lineages emerge from common
mesodermal progenitors called hemangioblasts, which'are
positive for the vascular endothelial growth factor receptor
Flk-1 (Flamme etal.; 1995; Risau, 1995; Risauand Flamme, 1995;
Choi et al,,; '1998; Huber et al,, 2004). Thereafter, the site of
hematopoiesis shifts from the yolk sac (primitive
hematopoiesis) to the fetal liver, the spleen, and finally to the
bone marrow (definitive hematopoiesis), and isaccompanied by
a change in the type of hemoglobin produced by erythrocytes
(Moore and Metcalf, 1970; Matsuoka et al,, 2001). Orderly
hematopoietic development can be induced from murine and
primate ES cells by various culture methods (Doetschman et al.,
1985;.Leder et al, 1985,.1992; Nakano et-al;;: 1994, 1996; Xu
et al;;:2001; Umeda et al;; 2004, 2006; Shinoda et al.; 2007).
ES cells have been proposed as a potential new source of
transplantable cells in. regenerative medicine. It is anticipated
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that in the future such ES-derived cells may be used as sources
of hematopoietic cells for stem cell transplants, or of mature
blood cells for transfusion therapies. Recent studies have
already shown that hematopoietic cells derived from murine ES
cells overexpressing HoxB4 or Stath can replenish the bone
marrow of lethally irradiated recipient mice (Kyba et al., 2002,
2003). However, there are various impediments to the clinical
application of ES cells. For example, because they are
established from the inner-cell masses of blastocysts, ES cells
are subject to the controversy surrounding the manipulation of
oocytes. Furthermore, the therapeutic use of ES cells from
other individuals carries the risk of immunological
complications.

Murine and human induced pluripotent stem (iPS) cells have
recently been established from somatic cells by retrovirally
introducing certain combinations of genes, such as octamer 3/4
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(Oct3/4), sex-determining region Y-box 2 (Sox2), Kriippel-like
factor 4 (KIf4), and the v-Myc avian myelocytomatosis viral
oncogene homolog (c-Myc) (Takahashi and Yamanaka, 2006;
Meissner et al., 2007; Okita et al., 2007; Park et al., 2007;
Takahashi et al., 2007; Yu et al., 2007; Aoi et al., 2008; Hanna
et al., 2008; Nakagawa et al., 2008). The cloned celis display
properties of self-renewal and pluripotency similar to ES cells,
and yield germ-line adult chimeras. However, because iPS cells
are “unnatural” cells that are reprogrammed from once-
differentiated cells, their differentiation processes must first be
analyzed and compared before any true relationship between
iPS and ES cells can be made.

The concept of patient-specific stem cells is of great clinical
interest, and has engendered considerable research within the
scientific community. The applications of these cells are
expected to contribute to patient-oriented disease
investigations, drug screenings, toxicology, and transplantation
therapies (Jaenisch and Young, 2008). For example, a recent
study demonstrated that autologous iPS cells can be used to
treat mice with sickle cell anemia (Hanna et al,, 2007). Despite
such encouraging results, little is known about the in vitro
hematopoietic differentiation of iPS cells. In particular, it is
currently unclear whether iPS and undifferentiated embryonic
cells follow the same process toward hematopoietic
commitment.

In this study, we compared the hematopoietic differentiation
of iPS and ES cells in vitro during their coculture with OP9
stromal cells (Nakano et al., 1994, 1996; Umeda et al., 2004,
2006; Vodyanik et al., 2005; Shinoda et al., 2007; Vodyanik and
Slukvin, 2007). Sequential fluorescence-activated cell sorting
(FACS), immunostaining, and reverse transcription
(RT)-polymerase chain reaction (PCR) analyses demonstrated
that iPS cell-derived hematopoietic and endothelial cells
emerge from a common mesodermal progenitor thatis positive
for Fik-1, as is the case in ES cells and in normal embryogenesis.

Materials and Methods
Generation of iPS cells

Murine iPS cells were established from murine fibroblasts as
described previously (Takahashi and Yamanaka, 2006; Okita et al.,
2007; Nakagawa et al., 2008). In brief, to generate Nanog-iPS cells
(clones 20D17, 38C2, and 38D2), murine embryonic fibroblasts
carrying the Nanog-GFP-IRES-Puro” reporter were incubated in
retrovirus-containing supernatants for Oct3/4, Sox2, KIf4, and
c-Myc for 24'h. After 2-3 weeks, clones were selected for
expansion in medium containing 1.5 ug/ml of puromycin.. To
generate three-factor (without c-Myc) iPS cells (clone 256H18),
murine tail tip fibroblasts (TTFs) were first isolated from adult
Discosoma sp. red flucrescent protein (DsRed)-transgenic mice.
Retrovirus containing supernatants for Oct3/4, Sox2, Kif4,and GFP
were then added to the TTF cultures for 24 h. Four days after
transduction, TTFs were replated on SIM mouse embryo-derived
thioguanine and ouabain-resistant (STO)-derived feeder cells
producing leukemia inhibitory factor (LIF; designated as SNL cells).
Thirty days after transduction, the colonies were selected for
expansion.

Maintenance of cells

The iPS cells and the murine ES cell line D3 were maintained on
confluent SNL cells at a concentration of | x 10%celis/em? in

Dulbecco’s modified Eagle's medium (DMEM; Sigma—Aldrich, St.
Louis, MO), containing |5% fetal calf serum (FCS; Sigma~Aldrich)
and 0.1 uM 2-mercaptoethanol (2ME) (Takahashi and Yamanaka,
2006; Okita et al., 2007; Nakagawa et al., 2008). OP9 stromal cells,
which were a kind gift from Dr. Kodama (Osaka University, Osaka),
wére maintained as reported previously (Umeda et al.; 2004).
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Antibodies

The primary antibodies used for flow cytometric (FCM) analysis
included an unconjugated anti-stage-specific mouse embryonic
antigen (SSEA) mouse monoclonal immunoglobulin M (IgM)
antibody (sc-21702; Santa Cruz Biotechnology, Santa Cruz, CA),
and the following anti-mouse antibodies from Becton-Dickinson
(Franklin Lakes, NJ): unconjugated rat monoclonal anti-E-cadherin,
rat monoclonal allophycocyanin (APC)-conjugated anti-c-kit,
unconjugated rat monoclonal anti-spinocerebellar ataxia type |
(Scal), unconjugated rat monoclonal anti-CD31, biotin-conjugated
anti-Flk-1, biotin-conjugated anti-CD34, and biotin-conjugated
anti-CD45. Two secondary antibodies against the unlabeled
primary antibodies were also from Becton-Dickinson: an
APC-conjugated anti-mouse IgM antibody and an APC-conjugated
anti-rat 1gG antibody.

The primary antibodies used to immunostain the floating
erythrocytes included rabbit anti-mouse embryonic hemoglobin
(a gift from Dr. Atsumi, Miwa et al,, 1991) and rat anti-mouse
hemoglobin B (sc31116; Santa Cruz Biotechnology).
Cy3-conjugated goat anti-rabbit or anti-rat antibodies (Jackson
ImmunoResearch Laboratories, Inc., West Grove, PA) were used
as secondary antibodies.

The primary antibodies for immunostaining endothelial cells
included anti-mouse antibodies from BD (Becton-Dickinson),
an unconjugated anti-VE-cadherin rat monoclonal antibody, an
unconjugated anti-CD31 rat monocional antibody, and an
anti-eNOS rat monoclonal antibody. Horseradish peroxidase
(HRP)-conjugated goat anti-rat antibodies (Jackson
ImmunoResearch Laboratories, Inc.) were used as secondary
antibodies.

Cytostaining

Floating cells were centrifuged onto glass slides using a Shandon
Cytospin@‘ 4 Cytocentrifuge (Thermo, Pittsburgh, PA), and
analyzed by microscopy after staining with May—Giemsa,
myeloperoxidase (MPO), or acetylcholine esterase (Maherali etal,,
2007). Staining was performed as described previously (Jackson,
1973; Yang et al., 1999; Xu et al,, 2001). For immunofluorescence
staining; cells fixed with 4% paraformaldehyde (PFA) were first
permeabilized with phosphate-buffered saline (PBS) containing 5%
skimmed mifk (Becton-Dickinson) and 0.1% Triton X-100, and
then incubated with primary antibodies against embryonic or
B-major globins; followed by incubation with Cy3-conjugated
secondary antibodies. Nuclei were counterstained with
4,6-diamidino-2-phenylindole: (Sigma—Aldrich). Fluorescence was
detected and images obtained with an AxioCam photomicroscope
(Carl Zeiss Vision' GmbH, Hallbergmoos, Germany).

FACS

The adherent cells were treated with 0.25% trypsin/
ethylenediaminetetraacetic acid (EDTA).and harvested. They
were incubated in-a new: tissue-culture dish (Becton—
Dickinson) for 30 min to eliminate adherent OP9 cells (Suwabe
et al,, 1998). Floating cells were then collected and stained with
primary antibodies, followed by incubation with APC-
conjugated anti-mouse IgM or anti-rat IgG antibodies. Dead
cells were excluded by propidium iodide (Kyba et al;, 2002,
2003) staining: Samples were analyzed using a FACSCalibur and
Cell Quest software (Becton-Dickinson). Cell sorting with the
Fik- 1 antibody was performed using a FACSVantage flow
cytometer (Becton-Dickinson).

Differentiation of iPS and ES cells

For initial differentiation, iPS or ES cells were treated with
0.25% trypsin/EDTA (Gibco, Grand Island, NY) and transferred
onto semi-confluent OP9 cell layers at a concentration of
6 x 10% cells/em? in o-minimum essential medium (-MEM;
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Gibco) supplemented with 10% FCS and 5 x 107> pM 2ME
and without LIF. After 5 days, the |nduced cells were treated
with 0. 25% tr ypsm/EDTA and 1.2 x 10* total cells/cm? or
1.2 % 10” sorted Flk-17 cells/cm? were transferred onto fresh
semi-confluent OP9 cell Iayels and cultured thereafter for
hematopoietic dlfferentlatlon in «-MEM supplemented with
10% FCS, 5 x 107 M 2ME, and the following four
recombinant growth factors: 100 ng/m! mouse stem-cell factor
(mSCF), 4 ng/ml human thrombopoietin (hTPO), 20 ng/mi
mouse interleukin 3 (miL3), and 2 U/ml human erythropoietin
(hEPO). These cytokines were kindly provided by Kirin
Brewery (Tokyo, japan).

RNA extraction and RT-PCR analysis

RNA samples were prepared usmg silica gel membrane-based
spin-columns (RNeasy Mini- Kit™ Qlagen Valencua CA) and
subjected to RT with a Sensmcnpt -RT Kit™ (Qiagen). All
procedures were performed following the manufacturer’s
instructions. For RT-PCR, yields were adjusted by dilution to
produce equal amounts of the glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) amplicon. Complementary DNA
(cDNA) templates were initially denatured at 94°C for 5 min,
followed by 29-35 amplification reactions consisting of 94°C
for 15 sec (denaturing), 55-64°C for |5 sec (annealing), and
72°C for 30 sec (extension), with a final extension at 94°C for
7 min. The oligonucleotide primers were as follows: GAPDH, 5'-
TCC AGA GGG GCC ATC CAC AGT C-3' and 5/-GTC GGT
GTG AAC GGA TTT GGC C-3' (Baba et al,, 2007a); Rex!, 5'-
AAAGTGAGATTAGCCCCGAG-3'and5-TCC CATCCC
CTT CAA TAG CA-3’ (Baba et al., 2007a); Brachyury, 5'-CAT
GTACTCTTTCTT GCT GG-3 and 5'-GGT CTC GGG AAA
GCA GTG GC-3' (Ku et al,, 2004); Flk-1, 5'-CAC CTG GCA
CTC TCC ACC TTC-3 and 5-GAT TTC ATC CCA CTA
CCG AAA G-3' (Baba et al., 2007a); Sc/, 5'-ATG GAG ATT
TCT GAT GGT CCT CAC-3' and 5'-AAG TGT GCT TGG
GTG TTG GCT C-3' (Baba et al,, 2007a); Myb, 5'-CAC CAT
TCT GGA CAA TGT TAA GAA C-3’ and 5'-GTA AGG TAG
GTG CAT CTA AGC-3'; Tiel, 5¥-ATA CCC TAG ACT GGC
AAG AG-3 and 5'-TTT TGA CAC TGG CAC TGG A-3;
Gatal, 5-GCT GAA TCC TCT GCA TCA AC-3' and 5'-TAG
GCCTCA GCTTCT CTG TA-3 (Shimizu etal., 2001); Gata2,
5'-GCA ACA CAC CAC CCG ATA CC-3 and 5-CAATTT
GCA CAA CAG GTG CCC-3' (Shimizu et al., 2004); e-globin,
5-GGA GAG TCC ATT AAG AAC CTA GAC AA-3' and 5'-
CTG TGA ATT CAT TGC CGA AGT GAC-3' (Hansen et al.,
1982); {-globin, 5'-GCT CAG GCC GAG CCCATT GG-3' and
5-TAG CGG TAC TTC TCA GTC AG-3' (Leder et al., 1985);
a-globin, 5'-CTC TCT GGG GAA GAC AAAAGC AAC-3'and
5-GGT GGC TAG CCA AGG TCA CCA GCA-3' (Nishioka
and Leder, 1979); B-globin, 5'-CTG ACA GAT GCT CTCTTG
GG-3' and 5'-CAC AAC CCC AGA AAC AGA CA-3 (Konkel
et al, 1978); Oct3/4 (Tg), 5'-AAA AAG CAG GCT CCA CCT
TCC CCA TGG CTG GAC ACC-3 and 5-AGA AAG CTG
GGT TGA TCA ACA GCA TCA CTG AGC TTC-3'
(Takahashi and Yamanaka, 2006); Sox2 (Tg), 5-AAA AAG CAG
GCT TGT ATA ACA TGA TGG AGA CGG-3' and 5-AGA
AAG CTG GGT TTCACATGT GCG ACA GGG GCAGT-3'
(Takahashi and Yamanaka, 2006); c-Myc (Tg), 5'-CAC CAT
GCC CCT CAA CGT GAA CTT CAC C-3" and 5-TTATGC
ACC AGA GTT TCG AAG CTG TTC G-3' (Takahashi and
Yamanaka, 2006); Kif4 (Tg), 5'-CAC CAT GGC TGT CAG
CGA CGC TCT GCT C-3 and 5'-ACA TCC ACT ACG TGG
GAT TTA AAA-3' (Takahashi and Yamanaka, 2006).

Real-time quantitative RT-PCR analysis

Forward and reverse primers for Rex/ and Flk-1 and the
fluorogenic probes were designed according to PerkinElmer
guidelines (Primer Express Software; PerkinElmer Life and
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Analytical Sciences, Boston, MA, http://
www.perkinelmer.com), and those of Brachyury and Scl were
described in a previous report (Nakanishi et al., 2009; Redmond
et al., 2008). The GAPDH primers and probes were purchased
from Applied Biosystems (Foster City, CA, http://
www.appliedbiosystems.com). Quantitative RT-PCR
experiments were performed using the ABI-Prism 7300 system
(Applied Biosystems) following the manufacturer’s
instructions. Quantitative assessment of mRNA expression
was performed using a GAPDH internal standard. The
expression of each mRNA was compared with each day 0
mRNA expression.

The oligonucleotide primers were as follows: mouse Rex/,
5-AAG CAG GAT CGC CTC ACT GT-3 and 5'-CCG CAA
AAA ACT GAT TCT TGG T-3' (Baba et al., 2007a); mouse
Brachyury, 5'-TAC CCC AGC CCC TAT GCT CA-3' and
5-GGC ACT CCG AGG CTA GAC CA-3' (Nakanishi et al,,
2009); mouse Scl, 5'-CAC TAG GCA GTG GGT TCT TTG-3’
and 5'-GGT GTG AGG ACC ATC AGA AAT CT-3' (Redmond
et al., 2008); mouse Flk-1, 5-AAG CAG GAT CGC CTC ACT
GT-3'and 5'-CCG CAA AAAACT GAT TCT TGG T-3' (Baba
et al., 2007a).

Colony-forming assay

Every other day of culture, from days 5 through 15, the
adherent cells were treated with 0.25% trypsin/EDTA and
harvested. They were incubated in a new tissue-culture dish
(Becton—-Dickinson) for 30 min to eliminate adherent OP9 cells
(Suwabe et al., 1998). Floating cells were then collected and
cultured at a concentration of | x 10*cells/ml in semi-solid
a-MEM supplemented with 1.3% methylcellulose, 30% FCS,
10% bovine serum albumin, 100 £M 2ME, and a mixture of
the following growth factors: 10 ng/ml human granulocyte
colony-stimulating factor (hG-CSF), 2 U/mi hEPO, 20 ng/ml
miL3, 100 ng/ml mSCF, 100 ng/ml hiL6é, and 10 ng/ml hTPO.
Colony types were determined according to the criteria
described previously (Nakahata and Ogawa, 1982a,b,c) by in
situ observation using an inverted microscope. The
abbreviations used for the clonogenic progenitor cells were
as follows: CFU-Mix, mixed colony-forming units; BFU-E,
erythroid burst-forming units; CFU-GM, granulocyte—
macrophage colony-forming units; and CFU-G, granulocyte
colony-forming units.

Single-cell deposition assay

The single-cell deposition assay was performed as described
previously (Nishikawa et al., 1998; Umeda et al., 2006; Shinoda
et al,, 2007). In brief, single sorted cells were deposited in
individual wells of 96-well plates with confluent OP9 layers,
and cultured for 5 days in the medium described in the
“Differentiation of iPS and ES Cells” Section. Each well was
stained with a mixture of anti-CD45, CD41, and Ter[19 rat
antibodies for hematopoietic lineage detection or
anti-VE-cadherin rat-antibodies for endothelial lineage
detection, respectively. HRP-conjugated goat anti-rat
antibodies (Jackson ImmunoResearch Laboratories, Inc.} were
used as secondary antibodies.

Statistics

Statistical analyses were conducted using the Student’s t-test or
the Fisher’s exact test. Statistical significance was defined as
P < 0.05.

Results
iPS cells differentiate into hematopoietic cells in
coculture with OP9 stromal cells

We initially compared iPS and ES cells by microscopic
examination and FACS analysis. The Nanog-iPS cell lines (Okita
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etal, 2007) (20D 17, 38C2, and 38D2) were positive for green
fluorescent protein (GFP) expression only when Nanog was
activated. 256H 18, which was established by introducing only
Oct3/4, Sox2, and KIf4, expressed DsRed (Nakagawa et al.,
2008) constitutively. The pMx-GFP retrovirus was introduced
into this clone as a silencing indicator. The control D3 ES celis
were constitutively positive for GFP. All four of the iPS clones
formed ES-like colonies over more than 15 passages (Fig. 1A).
The FACS analysis revealed that all of the clones expressed
SSEAI, E-cadherin, and CD31 (Fig. |B), thus demonstrating the
phenotypic similarity between iPS and ES cells.
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To analyze the hematopoietic differentiation potential of iPS
cells, we adapted the OP9 coculture system originally reported
by Nakano etal. (1994, 1996). We cocultured iPS cells with OP9
stromal cells for 5 days and transferred the entire culture onto
fresh OP9 layers in the presence of mSCF, miL3, hTPO, and
hEPO. Small, round cell colonies first appeared 2 days later
(on day 7; Fig. 2A). These colonies gradually grew in both size
and number, and a few exhibited areas with a cobblestone-like
appearance. Floating cells also appeared on day 7 and
thereafter. May—Giemsa staining of the floating cells on
day |5 revealed enucleated red blood cells, macrophages,
granulocytes, and megakaryocytes (Fig. 2B). The presence of
granulocytes and megakaryocytes was confirmed by MPO
and acetylcholine esterase (Maherali et al,, 2007) staining,
respectively. FACS analysis on day 15 confirmed the existence
of various types of blood cells, including erythoid and myeloid
lineage cells, but not of lymphoid lineage cells (Fig. 2C). These
above results demonstrate that iPS cells, like ES cells, can
produce hematopoietic cells of various lineages in vitro.

Efficient production of hematopoietic cells from
sorted Flk-17 cells

To thoroughly investigate iPS cell-derived hematopoietic
development, we analyzed the expression of Flk-1, a marker of
hemoangiogenic progenitors. Although the proportion of
Flk-17 cells in the iPS clones on day 5 varied between 20 4 2%
and 48 £ 9% (Fig. 3A), the temporal patterns of expression
were similar in iPS and ES cells. No Flk-17 cells were detected at
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Fig. I. Formation of ES-like colonies from iPS cells. A: Phase
contrast (top row) and fluorescence (middie row: GFP, bottom row:
DsRed) micrographs of Nanog-iP$ cells (38D2), three-factor (without
Myc) iPS (256H18) cells, and D3 ES cells maintained on SNL feeder
cells, The D3 ES cells were derived from GFP* mice. Nanog-iPS cells
express GFP only in the undifferentiated state. The three-factor iPS
cells were derived from DsRed™ mice, with additional infection by the
pMx-GFP virus as a silencing marker. B: FACS analysis showing the
phenotypic similarity of iP$ and ES celis. The left parts show the gates
for eliminating dead cells and contaminated feeders. GFPPI™ cells
(R2) and DSRed” PI™ celis (R4) were gated as ES- and iPS-derived
viable cells, respectively. SSEAI, E-cadherin, and CD3| were positive
in all strains (shaded bars). Open bars show staining with isotype
control antibodies. Representative results from one of three
independent experiments performed are presented.

Fig. 2. Hematopoietic cells develop from iPS cells on OP9 feeders.
Data from clone 38D2 are shown as representative of iPS-derived
hematopoiesis. A: Small colonies first appeared on day 7 (2 days after
Flki* sorting) and then grew larger. Dark, round hematopoietic
progenitors (indicated by arrows) appeared on days 9 and | I, lying
beneath the OP? layer and presenting cobblestone-like areas. Scale
bars, 200 um (left three parts) and 100 pm (rightmost part).

B: Floating cells on day |5 included various lineages of hematopoietic
cells; enucleated red blood cells, macrophages, MPO™ neutrophils,
and AChE™ megakaryocytes were observed. Scale bars, 50 jum.

C: Expression of lineage-specific antigens. Floating cells on day |5
were stained with antibodies against macrophages (Mac-1),
granulocytes (Gr-1), erythrocytes (Ter-119), B cells (B220), and

T cells (CD3). Expression of each antigen (shaded bars) was analyzed
using FACS. Open bars show staining with isotype control antibodies.
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Fig. 3. Efficient production of hematopoietic cells from Fli-1 * populations. A: The amounts of Fli-1" cells generated from ES and iP$ cells at
day 5 of differentiation were analyzed by FACS after eliminating OP9 stromal cells as described in Materials and Methods Section. Data are
shown as a percentage in the total ES- and iPS-derived viable cells. B: Sequential FACS analysis reveals the emergence of Flk-1" population
after day 4 of differentiation (shaded bars). Open bars show staining with isotype control antibodies. C: Purification of Fik-17 fractions by FACS
on day 5. Reanalysis of the sorted cells confirmed the purity as 93.0-98.2%. D: Sequential analysis of the number of floating cells from ES and
iP$ cells after sorting with Flk-1 antibody. Sorted Fik-1 * and Fll- 17 cells were cultured in the presence or absence of SCF, IL-3, TPO, and EPO.
In (A) and (D), data are presented as mean =+ SE of three independent duplicate experiments. In (B) and (C), representative data from clone 38D2
are shown.
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the outset, but they appeared on day 4 of culture and increased
in number until day 5 (Fig. 3B).

We next sorted the Flk-1" cells on day 5 and cocultured
them with fresh OP9 cells. Reanalysis of the sorted Flk-1" cells
by FACS showed that their purity ranged from 93.0% to 98.2%
(Fig. 3C). Regardless of the percentage of Flkl™* cells before
sorting, all of the iPS cell lines and ES cells could produce similar
yields of hematopoietic cells predominantly from Flk-1"
fractions, and exogenous cytokines increased the
hematopoietic efficacy fourfold (Fig. 3D).

Primitive and definitive hematopoietic development
of iPS cells

In the developing mouse embryo, primitive hematopoiesis
originates in the extra-embryonic yolk sac on day 7.5 of
gestation (Moore and Metcalf, 1970). Thereafter, definitive
hematopoiesis emerges as a second wave in the
aorta-gonad-mesonephros (AGM) region and replaces
primitive hematopoiesis (Muller et al., 1994; Medvinsky and
Dzierzak, 1996; Matsuoka et al,, 2001). Primitive and definitive
erythrocytes are morphologically distinguishable, and show
distinct patterns of hemoglobin gene expression: the former
are larger, nucleated cells that express not only embryonic
£-globin and {-globin but also adult a-globin, whereas the latter
are smaller, enucleated cells expressing only adult a-globin and
B-globin (Doetschman et al,, 1985; Leder et al., 1992; Nakano
et al,, 1996; Xu et al,, 2001).

To investigate whether primitive and definitive
erythropoiesis can occur in iPS cells, we initially examined
floating hematopoietic cells (Fig. 4A). May—Giemsa staining
revealed that on day 7 the cells were large and nucleated,
resembling primitive erythrocytes, whereas on day |5 they
were smaller, enucleating or enucleated, and similar to
definitive erythrocytes. Immunostaining revealed that day 7
cells were strongly positive for embryonic hemoglobin but
negative for B-major hemoglobin, while day 15 cells expressed
B-major hemoglobin strongly, with little or no expression of
embryonic hemoglobin.

We also examined globin gene expression in the floating cells
by sequential RT-PCR (Fig. 4B). The expressions of e-globin and
{-globin were strongest on day 7, decreased thereafter until day
11, and were undetectable on days |3—17. In contrast, «-globin
and B-major globin expression were observed from days 9
through |7. These expression patterns were similar in iPS and
ES cells, suggesting that iPS cells in vitro, like ES cells, can
undergo primitive followed by definitive erythropoiesis.

Hematopoietic stem/progenitor cells develop
from iPS-derived Fik-1" cells

To verify the formation of hematopoietic stem/progenitor cells
in our culture system, we initially examined the expressions of
c-kit, Scal, CD34, and CD45, which are expressed by early
hematopoietic progenitors (van de Rijn etal., |989; Motro etal.,
1991; Ling and Neben, [997). FACS analysis revealed that
undifferentiated iPS and ES cells expressed c-kit and Scal, but
not CD34 or CD45. Subsequent examination revealed the
transient downregulation of Scal and c-kit on day 3, with Scal
expression increasing again on day 5. On day |3 (8 days after cell
sorting), we detected a new cell population that was positive for
c-kit, Scal, CD34, and CD45 (Fig. 5A,B).

We next investigated whether clonogenic hematopoietic
cells were also produced in our culture system. Methylcellulose
colony-forming assays showed that CFU-Mix, BFU-E, CFU-GM,
and CFU-G colonies, as described in Materials and Methods
Section, developed from the iPS-derived cells (Fig. 5C), and
their numbers were not much lower than those formed by
ES-derived cells (Fig. 5D). CFU-Mix and BFU-E colonies
predominated the Flk-17 cells on days 7 and 9, but then
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Fig. 4. Primitive and definitive erythrocytes formed from iPS cells,
A: iPS-derived floating hematopoietic cells on day 7 (upper row) and
day {5 (lower row) are shown. Erythrocytes on day 7 were larger and
nucleated, and strongly positive for embryonic hemoglobin, but
negative for $-major globin. Red blood cells on day 15 were smaller
and enucleating or enucleated, and positive for 3-major globin.

B: Sequential RT-PCR analysis of giobin gene expressions. RNA was
isolated from all cells during the initiation culture (days 0 and 5),
and from floating cells during the hematopoietic culture (day 7 and
thereafter). GAPDH was used as a loading control. MEF, murine
embryonic fibroblasts; SNL, SNL feeder celis; OP9, OP? feeder cells;
BM, adult murine bone marrow; M, 200-bp size marker.
Representative results are shown from one of three independent
experiments performed on clone 38D2.

decreased; the majority of cells after day 11 were from the
CFU-GM and CFU-G colonies. These results suggest that iPS
cells can generate multipotent hematopoietic progenitors
almost as efficiently as ES cells.

Concomitant development of endothelial cells from
iPS-derived Flk-17 cells

We next evaluated the development of endothelial lineages
in our system. At 5 days after sorting, sheet-like colonies
appeared that took up Dil-acetylated low-density lipoprotein
(Dil-Ac-LDL) and were positive for anti-endothelial nitric oxide
synthase (eNOS), CD31, and VE-cadherin (Fig. 6A). As shown
in Figure 6B, iPS-derived Flk-1" cells produced many more
VE-cadherin™ colonies than Flk-17 cells (P < 0.05).

We also analyzed the expression of the following genes that
are associated with the development of hematopoietic and
endothelial lineages (Fig. 6C): required for excision | (Rex/;
undifferentiated cells), Brachyury (primitive streak and
mesoderm), Flk-1 (mesoderm), GATA-binding protein 2
(GATA2; hematopoietic and endothelial), SCL (hematopoietic),
Myb (hematopoietic), GATA! (hematopoietic), and tyrosine
kinase with Ig-like and endothelial growth factor-like domains |
(Tiel; endothelial). Both ES and iPS cells expressed Rex/
strongly in the undifferentiated state. Rex! expression gradually
decreased during differentiation, and Brachyury, Flk-1, and SCL
expressions initially appeared on day 3. Quantitative real-time
PCR analyses confirmed that Brachyury expression increased to
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Fig. 5. Hematopoietic stem/progenitor cells emerge from Flk-17 cells. Sequential FACS analysis of c-kit, Scal, CD34, and CD45 in ES and iPS-
derived cells during differentiation. Whole culture were harvested on indicated days and analyzed by FACS as described in Materials and Methods
Section. A: Representative data from clone 38D2 are shown. Histograms show the isotype control staining profile (open bars) versus the specific
antibody staining profiles (shaded bars). B: Percentages ofeach antigen positive cells generated from ES and iPS cellsare presented asmean * SE of
three independent duplicate experiments. C: The iPS cells formed various colony types on MTC-containing medium. Data from clone 38D2 are
shown as representative. Scale bars, 200 pm. D: Numbers of each colony type derived from ES and iPS cells, Data represent mean of three
independent triplicate experiments.

a maximum on day 3, followed by the upregulation of Flk-/ and Common hemoangiogenic progenitors are present in
SCL (Fig. 6D). Brachyury expression continued until day 7, iPS-derived Flk-1* populations

whereas that of Flk-1 and SCL could be detected until day 9.

GATA2, Myb, GATAI, and Tiel expressions were initially Previous work has demonstrated that common

detected on day 5, and persisted thereafter. Taken together, hemoangiogenic progenitors are present in Flk-17 cells

these results demonstrate that, in our system, hematopoietic during ES-cell differentiation (Nishikawa et al., 1998). To
and/or endothelial differentiation of iPS cells occurs in a similar investigate whether iPS-derived Fik-1" cells possess the same
manner to that observed during embryogenesis. differentiation potential, we performed a single-cell deposition
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Fig. 6. Concomitant endothelial and hematopoietic development from iPS-derived Flk-1" cells. A: The sheet-like colonies took up Dil-Ac-LDL
and were positive for eNOS, CD31, and VE-cadherin. Data from clone 38D2 are shown as representative. B: Number of VE-cadherin™ colonies per
1 X 10° Flkl™ or Fikl ~ cells derived from ES and iPS cells. Data are presented as mean + SD of three independent experiments. C: RT-PCR using
mRNA isolatedfrom ES and iPS-derived cellsduring culture. HCand EC meanshematopoieticand endothelial cells, respectively, GAPDH wasused
as a loading control. M: 200 bp size marker. Representative results from one of three independent experiments performed on clone 38D2 are
shown. D: The expressions of Rex/, Brachyury, Scl, and Flk-{ were evaluated by real-time quantitative RT-PCR. mRNA samples were harvestedfrom
D3 ES-derived GFP™ cells or clone 256H 18-derived DsRed™ cells sorted by FACS on indicated days. Values were normalized to gapdh mRNA, and
the control values were arbitrarily set to day 0 (undifferentiated ES cells). Data represent the mean £ SE of three independent duplicate
experiments.

assay using the DsRed™ clone 256H18. Single Flk-1" cells were
deposited in four 96-well culture dishes (384 wells) containing
OP9 feeder cells. Each well was observed by fluorescence
microscopy 24 h after cell deposition, and wells that contained
more than one DsRed™ cell were excluded from further
analysis. The presence of hematopoietic (Woodard etal., 2000)
and endothelial (Maherali et al., 2007) colonies was confirmed
not only morphologically, but also by immunostaining with a
mixture of anti-CD41, CD45, and Ter! |9 antibodies, and
anti-VE-cadherin antibodies, respectively, as previously
reported (Fig. 7A) (Nishikawa et al., 1998). After 5 days of
culture, the clonal outgrowth rates were 10.2% and 8.9% from
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256H18 iPS and D3 ES cells, respectively. The frequencies of
EC development alone, HC development alone, and HC plus
EC development, respectively, were 2.7%, 5.2%, and 2.2%,
respectively, from iPS cells and 2.4%, 3.5%, and 2.9%,
respectively, from ES cells (Fig. 7B). Thus, the potential for
mono- or bipotential progenitor development from iPS cells
was almost equivalent to that from ES cells.

Discussion

Induced PS cells may serve as a novel cell source in both
research and the clinic because, like ES cells, they have an



