Biosystems, Foster City, CA, USA) was used for PCR amplifi-
cation. The amplification program used was 35 cycles of 30 s
at 94°C, 30 s at 64°C, and 40 s at 72°C, with a final incubation
of 7 min at 72°C.

Flow cytometry and cell sorting

Cultured cells were incubated with enzyme-free Hank’s-based
Cell Dissociation Buffer (Invitrogen) for 30 min at 37°C and
gently dissociated into single cells. The cells were then
washed with PBS twice, probed with biotinylated-SM/C-2.6
(23) antibody for 15 min at room temperature, and stained
with phycoerythrin-conjugated strepavidin (12-4312; eBio-
science, San Diego, CA, USA) for 15 min at room tempera-
fure. Dead cells were excluded from the plots based on
propidium iodide staining (Sigma), and SM/C-2.6-positive
cells were collected using a FACS Vantage instrument (Bec-
ton Dickinson, San Jose, CA, USA). Sorted cells were plated
(1X10* cells/well) with differentiation medium in 96-well
plates (Falcon) coated with Matrigel (008504; BD Bio-
science). The medium was changed every 5 d, and 7 d after
plating the cultured cells were analyzed.

Intramuscular cell transplantation (primary transplantation)

Recipient mice were injected with 50 jul of 10 pM cardiotoxin
(CTX; Latoxan, Valence, France) (30) in the LTA muscle
24 h before transplantation (31). CTX is a myotoxin that
destroys myofibers, but not satellite cells, and leaves the basal
lamina and microcirculation intact. Since proliteration of
host myogenic cells may prevent the incorporation of trans-
planted cells, recipient mdx mice (15) received 8 cGy of
systemic irradiation (32) 12 h before transplantation to block
muscle repair by endogenous cells. An average of 4.53 X 10*
ES-derived SM/C-2.6-positive or -negative cells were washed
twice with 500 ul of PBS, resuspended in 20 wl of DMEM, and
injected into the LTA muscle of recipient mdx mice using an
allergy syringe (Becton Dickinson). Mdx mice, which are
derived from the CL/BI16 strain, were used as the recipient
mice in all experiments. Similarly, D3 ES cells, which are
derived from the 129X1/Sv] ES cells, were used in all
experiments. The major histocompatibility complex (MHC)
of mdx mouse and D3 cells are very similar, both possessing
type & MHC H2 haplotypes. All animal-handling procedures
followed the Guild for the Care and Use of Laboratory
Animals published by the U.S. National Institutes of Health
(NIH Publication No. 85-23, revised 1996) and the Guidelines
of the Animal Research Committee of the Graduate School of
Medicine, Kyoto University.

Secondary transplantation

The LTA muscles of recipient mice were collected 8 wk after
the primary transplantation. The muscles were minced and
digested into single cells with 0.5% collagenase type T (lot
$4D7301; Worthington Biochemical Corp., Lakewood, NJ,
USA). After washing with PBS and filiration through a 100
pm filter, Pax7-positive cells were sorted by FACS using the
SM/C-2.6 antbody. SM/C-2.6-positive cells (200 cells/
mouse) were injected into preinjured LTA muscles of second-
avy recipient mice. The LTA muscles were analyzed 8 wk after
transplantation.

Isolation and immunostaining of single fibers

To detect muscle satellite cells attaching to single fibers with
Pax7, muscle fibers from the LTA muscle of recipient mice

mES DERIVED FUNCTIONAL SATELLITE-LIKE CELLS

were prepared essentially according to the method of
Bischoff in Rosenblatt et «l. (33). Briefly, dissected muscles
were incubated in DMEM containing 0.5% type I collagenase
(Worthington) at 37°C for 90 min. The tissue was then
transferred to prewarmed DMEM containing 10% FBS. The
tissue was gently dissociated into single fibers by trituration
with a fire-polished wide-mouth Pasteur pipette. Fibers were
transferred to a Matrigel-coated 60 mm culture dish (Falcon)
and fixed in 4% PFA for 5 min at room temperature. Fibers
were permeabilized with 0.1% Triton X-100 in PBS for 10
min, and nonspecific binding was blocked by incubation in
5% skim milk for 10 min at room temperature. Primary
mouse monoclonal antibodies against mouse Pax7 were ap-
plied for 12 h at 4°C. Antibodies were detected using the
secondary antibodies described above,

Statistics

Data are presented as means * sp. For comparison of the
numbers of MHC and Pax7-positive cells in the sorted SM/
C-2.6-positive and -negative fractions and the numbers of
GFP-positive muscle fascicles and GFP/Pax7-double-positive
cells in reinjured and noninjured groups, the unpaired
Student’s ¢ test was used, and a value of P < 0.05 was
considered to be statistically significant.

RESULTS

Myogenic lineage cells are effectively induced from
mES cells in vitro

EBs were formed in hanging drop cultures tor 3 d
followed by an additional 3 d in suspension cultures
(Fig. 14). These EBs were then plated onto Matrigel-
coated 48-well plates in differentiation medium, which
contained 5% HS. This culture method is a modified
version of the classical ES cell differentiation method (25)
and the skeleta]l muscle single fiber culture method (33).
After plating, EBs quickly attached to the bottom of the
coated dishes, and spindleshaped fibers appeared sur-
rounding the EBs by the seventh day of plating (d 3+3+7;
Fig. 1B). As these spindle fibers grew, they began to fuse
with each other, forming thick multinucleated fibers
resembling skeletal myofibers (Fig. 1C, D). At the same
time we observed spontaneous contractions by the fibers
(Supplemental Videos 1 and 2), a trait commonly seen in
cultured skeletal muscle fibers. Immunostaining showed
that these fused fibers were positive for skeletal-muscle-
specific MHC (Fig. 1E). Furthermore, cells expressing
muscle regulatory factor (MRF) proteins, including Pax’7
(Fig. 1/, Myts (Fig. 1G), MyoD (Fig. 1H), and myogenin
(Fig. 11) were observed. On d 3 + 3 + 14, the average
number of MHC-positive wells was 73.6 & 5.8% (n=144).
In all the MHG-positive wells, cells expressing Pax7, an
essential transcription factor in satellite cells, were also
observed. Double staining for Pax7 and MyoD confirmed
the existence of cells staining for Pax7 alone, indicating
the presence of quiescentstate satellite cells (34) within the
culture (Supplemental Fig. 1). Next, the time course of
MRF expression was examined by RT-PCR (Fig. 1)).
Expression of Pax3 and Pax7 both peakedon d 3 + 3 +
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| In vitro culture system |

rm‘v‘" = Day 0 D3 ES cells were cultivated on gelatin

embtyo body (EB) were formed by

in hanging drop

Day 3 Culture EB on suspension
cultures

Day 3+3 Plating of EB to Matrigel-coated
48 well plate

cultivation of 800cells/20p 1 medium

=! Day 3+3+14 Analysis : Immunostaining & RT-PCR

Pax3

Pax7

Myf5

MyoD

myogenin

GAPDH

do d3+3+7 d3+3+21
d3+3 d3+3+14

Figure 1. Effective induction of myo-
genic lineage cells from mES cells in
vitro. A) In vitro culture system for ES
cells. B-I) Skeletal myofibers observed
within the culture system (B-D), which
were positive for the mature myofiber
marker MHC (£). F, G) Commonly
recognized markers for satellite cells,
Pax7 (F) and Myfb (G), were observed
in the cultures. H, I) MyoD-positive
(H) and myogenin-positive fibers (I)
were also observed in the cultures.

White boxes indicate multinucleated myotubes (). /) RT- PCR expression of MRFs including Pax3, Pax7, Myt5, MyoD, and
myogenin in ES cells in our novel culture system at d0,3+33+3+7, 34+ 3+ 14,and 3 + 3 + 21. Scale bars = 50

pm (A-F); 100 pm (G-1).

14, but Myfs, MyoD, and myogenin continued to be
expressed afterd 3 + 3 + 14.

Thus, using Matrigel plates and differentiation me-
dium containing HS, myogenic lineages including
Pax7-positive satellite-like cells were successfully in-
duced from mES cells.

A novel antibody, SM/C-2.6, can enrich for
Pax7-positive satellite-like cells derived from ES cells

To examine the characteristics of ES-derived Pax7-positive
satellite-like cells, we needed to isolate these cells from the
culture. Since Pax7 is a nuclear protein rather than a
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surface marker, anti-Pax7 antibodies cannot be used for
living cell separation by FACS. Therefore, a novel anti-
body, SM/C-2.6 (23), was used to detect satellite cells.
SM/C-2.6 detects quiescent adult mouse satellite cells, as
well as satellite cells in neonatal muscle tissue, as deter-
mined by immunostaining (Supplemental Fig. 2). RT-
PCR confirmed that sorted SM/C-2.6-positive cells ex-
pressed Pax3, Pax7, Myfb, and c-met, whereas sorted
SM/C-2.6-negative cells did not (Supplemental Fig. 3).
Thus, the SM/C-2.6 antibody was shown to be useful for
isolating living satellite cells by FACS.

We collected all the differentiated ES cells (1x10°
cells) from cultures on d 3 + 3 + 14. FACS analysis
using the SM/C-2.6 antibody showed that 15.7% of the
cells were SM/C-2.6 positive (Fig. 24). RT-PCR analysis
revealed that sorted SM/C-2.6-positive cells strongly
expressed Pax3, Pax7, Myfb, c-met, and M-cadherin
(Fig. 2B). Using a cytospin preparation of sorted SM/
C-2.6-positive cells, we also confirmed the expression of
M-cadherin (Fig. 2C) and Pax7 (Fig. 2D; 70.7716.5%
and 59.9x1.1% positive, respectively); only 2.3 =&
0.49% of the sorted SM/C-2.6-negative cells expressed

M-cadherin, and 2.7 * 0.1% expressed Pax7. Thus, the
SM/C-2.6 antibody could enrich for satellite-like cells
derived from mES cells in vitro.

ES-derived satellite-like cells have strong myogenic
potential in vitro

To evaluate the myogenic potential of ES-derived SM/
C-2.6-positive satellite-like cells én wvitro, both SM/C-2.6-
positive and -negative cells were sorted by FACS and
plated in 96-well Matrigel-coated plates (see Fig. 4A).
One week after cultivation, the number of muscle fibers
in the wells was assessed. Although there were fibro-
blast-like and endothelium-like cells, MHC-positive fi-
bers (787.3:123.7/well, 10.7+£0.8% of the total cells
per well, n=3) and Pax7-positive cells (222+81.4/well,
2.9+1.1% of the total cells per well, n=9) were ob-
served in the SM/C-2.6-positive wells. In contrast, very
few MHC-positive fibers (8.75%32.6/well, n=15;
0.12+0.46%) or Pax7-positive cells (2.6+2.0/well, n=8;
0.0320.01%) were seen in the SM/C-2.6-negative wells

A
. D S+ / SM—
A Ly o i setion 0 4 .
) 15.73% Pax3
100%
SM-C|, N
26 1§ Pax7
Myf5
- c-met
M-cad
100%
GAPDH
Pi

S et

isotype

A 4

Figure 2. A novel antibody, SM/G-2.6, can enrich Pax7-positive satellite-like cells derived from ES cells. A) FACS data of cultured
ES cells at d 3 + 3 + 14 indicate that 15.7% of total cultured cells are SM/C-2.6-positive cells. B) RT-PCR of the
SM/C-2.6-positive fraction showed strong expression of Pax3, Pax7, Myf5, c-met, and M-cadherin. Immunostaining of a cytospin
preparation of the sorted SM/C-2.6-positive cells showed that these cells were positive for M-cadherin (C), and Pax7 (D) (white

arrowheads). Scale bars = 20 pm (C); 50 pm (D).
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(both P<0.05; Fig. 3). Thus, ES-derived satellite-like
cells isolated using the SM/C-2.6 antibody possess
strong myogenic potential in vihro.

Damaged muscle can be repaired by transplantation
of ES-derived satellite-like cells

To examine the myogenic potential of ES-derived sat-
ellite-like cells in vivo, SM/C-2.6-positive and -negative
cells were transplanted into conditioned mdx mice
(15). The LTA muscles of recipient mdx mice were
preinjured with CTX (primary injury; ref. 30) 24 h
prior to transplantation, and mice were exposed to 8
cGy of y-irradiation (whole body) 12 h prior to trans-
plantation (Fig. 44). GFP-positive ES cells were used as
donor cells in this experiment. GFP T ES-derived SM/C-
2.6-positive and -negative cells were directly injected
into the predamaged LTA muscles. The recipient mice
were analyzed 3 wk post-transplantation. By fluores-
cence stereomicroscopy, GFP-positive tissues were clearly
observed within the LTA muscles injected with SM/C-2.6-

A

positive cells (Fig. 48 and Table 1). In contrast, no
GFP-positive tissue was observed in muscles injected with
SM/C-2.6-negative cells (Fig. 4C). These GFP-positive
tissues were further confirmed by diaminobenzidine
staining using anti-GFP and a peroxidase-conjugated
secondary antibody (Supplemental Fig. 4) to exclude
the possibility of autofluorescence of the muscle tissues.
Immunostaining with anti-MHC confirmed that these
GFP-positive tissues were mature skeletal myofibers
(Fig. 4D). In addition, GFP/Pax7 double-positive cells
were observed within the LTA muscles of the recipient
mice (Fig. 47 and Supplemental Fig. ) and in isolated
single fibers (Fig. 4Fand Table 1). The GIFP-positive cells
were also confirmed to be positive for other satellite cell
markers such as Myfb and M-cadherin (Supplemental
Figs. 6 and 7). These GFP/Pax7-double-positive cells were
located along the periphery of the muscle fascicle. With
laminin immunostaining we verified that the location of
the GFP-positive mononuclear cells was between the basal
lamina and the muscle cell plasma membrane, a location
consistent with the anatomical definiion of satellite cells

Myosin Heavy Chain

¥*

1000

800 r *
P <0.05

Bl Myosin Heavy
Chain

600

400 |

200

SM/C-2.6 posi SM/C-2.6 nega

Pax7+ cell
%

350 1

300 |
250 |
200
150
100
50

*p<0.05
H Pax7+ cell

SM/C-2.6 posi SM/C-2.6 nega

Figure 3. ES-derived satellite-like cells have strong myogenic potential in vitro. Immunostaining detected an abundant number
of MHC-positive fibers and Pax7-positive cells in SM/C-2.6-positive cell culture (A, D) but not SM/C-2.6-negative cells (B, E) after
1 wk in culture. Scale bars = 50 wm. Significant differences were observed in the number of MHC-positive fibers and
Pax7-positive cells per well between sorted SM/C-2.6-positive and -negative cell cultures (C, F).
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Mdx mice were pre-damaged by CTX 24 h
before transplantation and exposed to 8 cGy
of irradiation 12 h before transplantation.

Invitro Jae

In vitro, cultured
cells were
evaluated 1 week 1w
after sorting

@3+1W (34, 12, 24W

Sorted SM/C-2.6 positive and negative cells
were cultured in vitro and transplanted to
B mdx mice in vivo.

Mice were divided into 3 groups:
(D evaluated at 3 weeks
(2 with secondary CTX damage at 3 weeks
and evaluated at 3+1 weeks
(3 evaluated at 4, 12, 24 weeks
~ (long term evaluation)

Figure 4. ES-derived satellite-like cells can repair damaged muscle in vive. A) Methods for in vitro and in wvive analysis of sorted
SM/C-2.6-positive and -negative cells derived from mES cells. B, ) ES-derived GFP-positive tissue engrafted to the LTA muscle
of a recipient mouse that received SM/C-2.6-positive cells (B) but SM/C-2.6-negative cells (C). D) Grafted GFP-positive tissues
were histologically MHC positive. E) GFP/Pax7-double-positive cells were observed in mice that received SM/C-2.6-positive cells
by anti-Pax7 immunostaining. F) GFP/Pax7-double-positive cells were also confirmed by immunostaining of isolated single
fibers. G) Laminin immunostaining indicated that the GFP-positive cells were located between the basal lamina and the muscle
cell plasma membrane, which is consistent with the anatomical definition of muscle satellite cells. Scale bars = I mm (B, €); 15

wim (D); 5 pm (£); 20 um (I, G).

(Fig. 4G). In contrast, in mice transplanted with SM/C-2.6-
negative cells, GFP-positive tissues were rarely observed, and
none of the GFP-positive cells were positive for skeletal
MHC. H&E staining indicated that these GFP-positive tissues
were surrounded by inflammatory cells (Supplemental Fg.
8), suggesting that these nonmyogenic tissues may undergo
phagocytosis. These results demonstrate that ESderived
SM/C-2.6-positive satellite-like cells could be engratied i
vivo and repair damaged muscle tissues of the host.

Engrafted ES-derived satellite-like cells function as
satellite cells following muscle damage

Muscle satellite cells are generally considered to be self-
renewing monopotent stem cells that differentiate into
myoblasts and myofibers to repair damaged skeletal mus-
cles. To determine whether these engrafted GFPTES-

mES DERIVED FUNCTIONAL SATELLITE-LIKE CELLS

derived satellitelike cells are functional stem cells, we
injured the LTA muscle of primary recipient mice 3 wk
after primary transplantation with GFP " SM/C-2.6-positive
cells. This experiment let us assess the ability of satellite-
like cells to repair damaged muscle fibers and selfrenew
in vivo (14). The LTA muscles were removed and ana-
lyzed 1 wk after the secondary injury (reinjured group).
Mice that were initially injected with GFP™SM/C-2.6-
positive cells without a second injury were used as a
control (nonreinjured group). These control mice were
analyzed 3 or 4 wk after transplantation (Fig. 44). GFP-
positive muscle fascicles were counted in sections of both
reinjured and nonreinjured muscle (Fig. 54, B). In the
reinjured group 461.7 = 117.4 (n=6; per view, X100)
GFP-positive muscle fascicles were observed. In compari-
son, only 136.7 = 27.9 (n=4) and 168.7 + 72.9 (n=6; per
view, X100) GFP-positive muscle fascicles were evident in
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TABLE L. Transplaniation of reinjured and nonreinjured mice and long-term evaluation

TA with GFP” GFP" fascicles/TA GFP" /Pax7” Engrafument
Group fascicles [ n(%)1* Mouse Cells/TA injected (n) (avg)” cells/TA {avg) efficiency
SM/C-2.67
3W 4/8 (50%) i 1.75 X 10* 125.3 5.3
2 3.5 x 10* 1111 7.1
3 5% 107 134.2 5.1
4 8 x 10* 176.1 4.2
Mean 45+ 2.6 X 107 136.7 = 27.0 54 £ 1.2 0.30%
4W 6/9 (66.67%) 1 9 X 10* 77.3 6.1
2 1.3 X 10° 153.2 4.6
3 5% 10" 163.1 6.8
4 3.5 X 10% 168.9 5.1
H 8 x 10* 281.1 7.2
6 1.75 X 10* 169.4 6.2
Mean 3.6 = 2.5 X 10" 168.7 £ 72.9 61 0.47%
3+ 1W 6/8 (75%) 1 2 % 10* 581.2 11.2
2 1.3 X 107 370.3 115
3 5 x 10* 586.6 10.1
4 3.5 X 10* 486.6 5.9
) 8 x 10* 3471 15.3
6 1.75 x 10* 542.9 10.8
Mean 5.5 * 4.3 % 10* 461.7 £ 117.3 10.8 = 3 0.84%
12w 3/5 (60%) 1 2 X 10* 391.5 9.7
2 5 x 10* 266 9.3
3 8 x 10* 280.2 6
Mean 5+ 3 x10* 312.6 = 68.7 8.3 %2 0.59%
24W 1/2 (50%) 1 2 x 10* 58.62 3.45
Mean 2% 10" 58.62 3.45 0.20%
SM/C-2.6™
3W 0/8 (0%) 1-8 1-8 X 10* 0 0 0%
4W 0/9 (0%) 1-9 1.3-8 x 10* 0 0 0%
3+ 1W 0/8 (0%) 1-8 1.75-18 x 10* 0 0 0%
12W 0/5 (0%) 1-8 9-8 x 10* 0 0 0%
24W 0/2 (0%) 1-2 2 %X 104 0 0 0%
Serial transplantation
Primary transplantation Secondary transplantation
Mouse Cells injected Collected GFP™ cells/TA Cells injected GFP™ fascicles/TA Engraftment efficiency
1 2 x 10* 3253 200 29.3 14.7%
2 2 x 10* 2277 200 28.6 14.3%
Mean 2 x 10* 2765 200 29 = 0.5 14.5%

TA, tibialis anterior; 3W, nonreinjured group analyzed 3 wk after cell transplantation; 4W, nonreinjured group analyzed 4 wk after cell
transplantation; 3 + 1W, reinjured group reinjured 3 wk after cell transplantation and analyzed 1 wk after reinjury; 12W, long-term engraftment
evaluation analyzed 12 wk after cell transplantation; 24W, long-term engraftment evaluation analyzed 24 wk after cell transplantation.
“Percentage of TA that had engrafted with GFP™ fibers was calculated as number of TAs with GFP* fibers/total TAs injected with cells. "Average
determined from number of GFP* muscle fascicles counted per field at X100 in 10 fields. “Average determined from number of GFP* /Pax7+
cells counted per field at X100 in 10 fields.

the nonreinjured groups at 3 and 4 wk, respectively, after ~ nonreinjured group; Fig. 5D and Table 1). This result
transplantation (Fig. 5B and Table 1). Furthermore, we  strongly suggests that engrafted ES-derived satellite-like cells
also observed that many GFP-positive muscle fibers hada ~ not only selfrenewed but also expanded in number, possibly
typical central nucleus in the reinjured group (Fig. 5C),  replacing the recipient satellite cells lost because of excessive
indicating regenerating muscle fibers. Taken together, these ~ repair of skeletal muscle in response to the second injury.
results suggest that these GFP-positive muscle tubes were

freshly regenerated by the engrafted GFP™ ES-derived satel-  ES-derived satellite-like cells are capable of long-term
lite-like cells in response to the second injury. Surprisingly, engraftment in recipient muscles

immunostaining with anti-Pax7 revealed an increase in num-

ber of GFP/Pax7-double-positive cellsin the reinjured group ~ Long-term engraftment is an important characteristic
(10.8+3.0/view compared to 5471.2, and 6.0+1.0 in the of self-renewing stem cells. If these ES-derived satellite-
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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 =

117.3 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 [312.6+68.7 (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 Ewere 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 wm (F); 10 wm (H, top panel); 5 um (H, 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) us.

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 GFP-
positive fibers, dystrophin was observed (Fig. 5F). 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

1915



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)

SM/C-2.6+

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 8Bweeks later.

4 e
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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. ) 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 (C); 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. 6A4). The
GFP"/SM/ C-2.6-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. 6B8). 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 MHGC-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"SMC/2.6-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 #n wvivo 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 wvitro. 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 Pax3/Pax7-dependent myogenesis
(41). Considering that in 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 Myf5 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 et 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 in 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
basal 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 SM/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 shortterm 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 et 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 our 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.

This work was supported by a Grant-in-Aid for Scientific
Research (S) (19109006) and a Grant-in-Aid for Scientific
Research (B) (18390298) from the Ministry of Education,
Science, Technology, Sports, and Culture of Japan.
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Developing effective drug therapies for arrhythmic diseases is hampered by the fact that the same drug
can work well in some individuals but not in others. Human induced pluripotent stem (iPS) cells have
been vetted as useful tools for drug screening. However, cardioactive drugs have not been shown to have
the same effects on iPS cell-derived human cardiomyocytes as on embryonic stem (ES) cell-derived
cardiomyocytes or human cardiomyocytes in a clinical setting. Here we show that current cardioactive
drugs affect the beating frequency and contractility of iPS cell-derived cardiomyocytes in much the same
way as they do ES cell-derived cardiomyocytes, and the results were compatible with empirical results in
the clinic. Thus, human iPS cells could become an attractive tool to investigate the effects of cardioactive

Archythmia drugs at the individual level and to screen for individually tailored drugs against cardiac arrhythmic
diseases.

© 2009 Elsevier Inc. All rights reserved.

Introduction has opened remarkable new avenues for not only basic research

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)

* Corresponding author. Fax: +81 75 752 2361.
E-mail address: heike@kuhp.kyoto-u.ac.jp (T. Heike).

0006-291X/$ - see front matter © 2009 Elsevier Inc. All rights reserved.
doi:10.1016/j.bbrc.2009.07.052

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 culture. We used human ES cell
line, KhES1, and human iPS cell lines 201B7. Hurnan iPS cells and
human ES cells were maintained on mitomycin-C (Kyowa Hakkoh)
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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 i-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 5ng/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 pmolfL 2ME and 10% FCS (Hyclone) {changed once every
7 days). Contractile colonies appeared 15-25 days 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 Fallot 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 I (Worthington) for 2 h at
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Fig. 1. An outline of the protacol used for the differentiation of human iPS cells and
human ES cells. Scale bars =200 pm (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 6-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 1 {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 ingetheim), 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 TBX5
(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 c¢Tni (C), MLC2v (D), or ANP (E). Scale bars = 100 pm. 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, MEF2c, 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, cTnl, the ventric-
ular cell marker, MLC2v, and the atrial cell marker, ANP. The colo-
nies were also stained by ¢Tnl, 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 (CACNAIC), 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 B 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 1x 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 B 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 cells (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 B 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 coloniés 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 betiween 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' 1
Drugs and concentrations.

Class

Na channel blocker

B blocker

K channel blocker
€a channel blocker
o, B stimulant

B stimulant

Drugs

Procainamide
Mexiletine
Flecainide
Propranolol
Amiodarone
Verapamil
Adrenaline
Isoproterenol

Concentration (M)

1x10>-1x10?
1x10-1x10°
1x10 71107
3x1073x10°
1x10%1x101
1x107.1x10°
5x1075x107
1x10%1x10°°%

Table 2
Comparison with clinical empirical result.
Drugs Result

Contractility Beating

frequency

Procainamide i =
Mexiletine o -
Flecainide i o
Propranolol i i
Amiodarone = i
Verapamil i 1
Isoproterenol P 1
Adrenaline 1 1

Clinical efficacy

Contractility Beating

frequency

- s L
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Table 3
Primers for RT-PCR.
Gerles Direction Sequience
Octd (endo) Forward GACAGGGGGAGGGGAGGAGCTAGG
Reverse CTICCCTCCAACCAGTIGCLCCAAAC
Sox2 (endo) Forward GGGAAATGGGAGGGGTGCAAAAGAGG
Reverse TIGEGTGAGTGTGGATCGGATIGGTG
C:KIT Forward ATTCCCAGCCCATGAGTCCTIGA
Reverse ACACGTGGAACACCAACATCET
Brachyury Forward AAGGTGGATCTTCAGGTAGE
Reverse CATCTCATIGGTIGAGCTCC
KDR Forward AAAACCITITGTTGCTIETIGG
Reverse GAAATGGGATIGGTAAGGATG
Nkx2:5 Forward GCGATTATGCAGCGTGCAATGAGT
Reverse AACATAAATACCGGTCGGIGLGTG
TBX5 Forward AAATGAAACCCAGCATAGGAGCTGEE
Reverse ACACTCAGCCTCACATCITACCCT
MEFZ2e Forward TITAACACCGECCAGCGCTCTTCACCITG
Reverse TCCTGGLGCGTGTGTIGIGGGTATCICG
MEC2a Forward ACATCATCACCCACGGAGAAGAGA
Reverse ATTGGAACATGGCCTCTIGGATGGA
MYHCB Forward CIGGAGGCCGAGCAGAAGCGCAACG
Reverse GTCCGECEGCTCCICTGLCICATCC
HCN4 Forward GGTGICCATCAACAACATCG
Reverse  TGTACTGCICCACCIGCTTG
SCNFA Forward CCTAATCATCITCCGLATCC
Reverse TGTICATCICICTGICCICATC
Kirz.1 Forward GACCTGGAGACGGACGAC
Reverse AGCCTIGGAGICIGTICAAAGTC
Kv4.3 Forward GCCAGTCCCIGTGATIGETE
Reverse CICCATGCAGTICIGCICAA
HERG Forward TCCAGCGGCIGTACTICGGGE
Reverse TGGACCAGAAGIGGTCGGAGAACTC
CACNAIC Forward AACATCAACAACGCCAACAA
Reverse AGGGCAGCGACTGICTICIGA
GAPDH Forward CACCAGGGEGUTTITAACTICIG
Reverse ATGGTTCACACCCATGLGAAC
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 also 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 differentation of iPS cells in vitro. Here we
demonstrate that murine iPS cells produce various hematopoietic cell lineages when incubated on alayer of OP? stromal cells. During this
differentiation, iPS cells went through an intermeadiate stage consisting of progenitor cells that were positive for the early mesodermal
marker Fli-1 and for the sequential expression of other genes that are assaciated with hematopoietic and endothelial development, Flic-17
cells differentiated into primitive and definitive hematopoietic cells, as well as into endothelial cells. Furthermore, Fik-1" populations
contained common bilineage progenitors that could generate both hematopoietic and endothelial lineages from single cells. Our results

demonstrate that iP5 cell-derived cells, like ES cells, can follow a similar hematopoietic route to that seen in normal embryogenaesis. This
finding highlights the potential use of iP5 cells in clinical areas such as regenerative medicine, disease investigation, and drug screening.

J. Cell. Physiol. 221: 367-377, 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 developmentare regarded as
particularly good processes for comparing the potential of ES
cells cultivated in vitro with those grown in vivo (Nakano etal,,
1994, 1996; Nishikawa et al., {998). During embryogenesis, the
developmental progression to a hematopoietic 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; Risau and 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
hernatopoietic development can be induced from murine and
primate ES cells by various culture methods (Doetschmanetal.,
1985; Leder etal.,; {985, 1992; Nakano et al,,. 1994, 1996; Xu
et ak,; 2001; Ureda 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

© 2009 WILEY-LISS, INC.

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 Stat5 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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(Oct314), 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 cells 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 that s positive
for Fll-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-iP$ cells
(clones 20D 17, 38C2, and 38D2), murine embryonic fibroblasts
carrying the Nanog-GFP-IRES-Puro! reporter were incubated in
retrovirus-containing supernatants for Oct3/4, Sox2, Klf4, and
c-Myc for 24 h. After 2-3 weeks, clones were selected for
expansion in medium containing 1.5 pg/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 fluorescent 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; desighated 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% cells/em? in

Dulbecco’s modified Eagle’s medium (DMEM; Sigma—Aldrich; St.
Louis, MOY, containing 15% 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 werea kind gift from Dr. Kodama (Osaka University, Osaka),
were 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 (SSEA1) mouse monoclonal immunoglobulin M (IgM)
antibody (sc-21702; Santa Cruz Biotechnology, Santa Cruz, CA),
and the following anti-mouse antibodies from Becton—Dickinson
(Franidin 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-CD3 1, biotin-conjugated
anti-Fli-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 IgG 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 monoclonal 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 milk (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
etal; 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 usinga FACSCalibur and
Cell Quest software (Becton-Dickinson). Cell sorting with the
Flk-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/cm? in a-minimum essential medium (a-MEM;




