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 phycoerythrinconjugated strepavidin (12-4312; eBio-
science, San Diego, CA, USA) for 15 min at room tempera-
ture. 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
platng the cultured cells were analyzed.

Intramuscular cell transplantation (primary transplantation)

Recipient mice were injected with 50 ul of 10 pM cardiotoxin
(CTX; Latoxan, Valence, France) (30) in the LTA muscle
24 h before mansplantaton (31). CTX is a myotoxin that
destroys myofibers, but not satellite cells, and leaves the basal
Jamina and microcirculation intact. Since proliferation 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 pl 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/B16 strain, were used as the recipient
mice in all experiments. Similarly, D3 ES cells, which are
derived from the 129X1/Sy] ES cells, were used in all
experiments. The major histocompatibility complex (MHC)
of mdx mouse and D3 cells are very similar, both possessing
type b MHC H2 haplotypes. All animal-handling procedures
followed the Guild for the Care and Use of Laboratory
Animals published by the U.S. Nadonal 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 1 (lot
$4D7301; Worthington Biochemical Corp., Lakewood, NJ,
USA). After washing with PBS and filtration through a 100
wm filter, Pax7-positive cells were sorted by FACS using the
SM/(G-2.6 antibody. SM/C-2.6-positive cells (200 cells/
mouse) were injected into preinjured LTA muscles of second-
ary 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 essentally according to the method of
Bischoff in Rosenblatt ¢t al. (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 Marrigel-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 % sD. For comparison of the
numbers of MHC and Pax7-positive cells in the sorted SM/
(-2.6-positive and -negative fracdons 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 for 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 skeletal muscle single fiber culture method (33).
After plating, EBs quickly attached to the hottom 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. 1F), Myf5 (Fig. 1G), MyoD (Fig. 1H), and myogenin
(Fig. 1) 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 peakedond 3 + 3 +
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Figure 1. Effective induction of myo-
genic lineage cells from mES cells in
vitro. A) In vitro culture system for ES
cells. B-E) Skeletal myofibers observed
within the culture system (B-D), which
were positive for the mature myofiber
marker MHG (E). 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 (1)
were also observed in the cultures.
White boxes indicate multinucleated myotubes (J). J) RT-PCR expression of MRFs including Pax3, Pax7, Myfs, MyoD, and
myogenin in ES cells in our novel culture systematd 0,3+ 3,3+3+7,3+ 3+ 14, and 3 + 3 + 21. Scale bars = 50
pm (A-Fy; 100 pm (G-D).

14, but Myf5, MyoD, and myogenin continued to be A novel antibody, SM/C-2.6, can enrich for

expressed after d 3 + 3 + 14. Pax7-positive satellite-like cells derived from ES cells
Thus, using Matrigel plates and differentiation me-

dium containing HS, myogenic lineages including  To examine the characteristics of ES-derived Pax7-positive

Pax7-positive satellitelike cells were successfully in- satellite-like cells, we needed to isolate these cells from the

duced from mES cells. culture. Since Pax7 is a nuclear protein rather than a
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surface marker, anti-Pax7 andbodies cannot be used for
living cell separation by FACS. Therefore, a novel ant-
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.Gpositive cells ex-
pressed Pax3, Pax7, Myfb, and cmet, whereas sorted
SM/C-2.6negative cells did not (Supplemental Fig. 3).
Thus, the SM/(-2.6 antibody was shown to be useful for
isolating living satellite cells by FACS.

We collected all the differendated ES cells (1x10°
cells) from cultures on d 3 + 3 + 14. FAGCS 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, Myfh, 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; 70.7%16.5%
and 59.9*1.1% 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 in vitro, both SM/(-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-
blastlike and endothelium-like cells, MHC-positive fi-
bers (787.8%:123.7/well, 10.7£0.8% of the total cells
per well, =3) and Pax7-positive cells (222::81.4/well,
2.9x+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 MHGCpositive fibers (8.75+32.6/well, n=15;
0.1220.46%) or Pax7-positive cells (2.6:22.0/well, n=38;
0.03%0.01%) were seen in the SM/C-2.6-negative wells

A
no fraction. 004 sM"‘ I SM_
2 "9 “’2 pazitive anier sertig 010
15.73% . Pax3
SM-C 9 i 100%
3 K . 3 H>
2.6 |5t N ) Pax7
g A
Myf5
16t a:: 1 by
c-met
M-cad
GAPDH

isotype

L 4

N

Rlergs

Figure 2. A novel antibody, SM/C-2.6, can enrich Pax7-positive satellite-like cells derived from ES cells. A) FACS data of cultured
ES cells at d 8 + 8 + 14 indicate that 15.7% of towal cultured cells are SM/C-2.6-posidve cells. B) RT-PCR of the
SM/C-2.6-positive fraction showed strong expression of Pax3, Pax7, Myfb, 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 (), 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 vitro.

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-rradiation (whole body) 12 h prior to trans-
plantation (Fig. 44). GFP-positive ES cells were used as
donor cells in this experiment. GFP "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

SM/C-Z. 6+

SM/C-2.6+

SM/C-2.6 -

Merge

flerge

positive cells (Fig. 4B and Table 1). In contrast, no
GIP-positive tissue was observed in muscles injected with
SM/C-2.6negative 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. 4K and Supplemental Fig. 5) and in isolated
single fibers (Fig. 4#and Table 1). The GFP-positive cells
were also confirmed to be positive for other satellite cell
markers such as Myfs 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 hetween the basal
lamina and the muscle cell plasma membrane, a location
consistent with the anatomical definition of satellite cells

Myosin Heavy Chain

*

1000 | |
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Iderge

*p<0.05
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Figure 3. ES-derived satellite-like cells have strong myogenic potental i wvitrs. Inmunostaining detected an abundant number
of MHC-positive fibers and Pax7-positive cells in SM/C-2.6-positive cell culture (4, D) but not SM/ G-2.6-negative cells (B, E) after

1 wk in culture. Scale bars =

50 pm. 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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before transplantation and exposed toc 8 cGy
of irradiation 12 h before transplantation.
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Sorted SM/C-2.6 positive and negative cells
were cultured in vitro and transplanted to
mdx mice in vivo.

Mice were divided into 3 groups:

@ evaluated at 3 weeks

@ with secondary CTX damage at 3 weeks
and evaluated at 3+1 weeks

@ evaluated at 4, 12, 24 weeks

(long term evaluation)

Figure 4. ES-derived satellite-like cells can repair damaged muscle in vivo. A) Methods for in vitro and in vive 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/CG-2.6-positive cells
by anti-Pax7 immunostaining. F) GFP/Pax7-double-positive cells were also confirmed by immunostaining of isolated single
fibers. ) 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 = 1 mm (B, C); 15

wm (D); b pm (E); 20 pm (F, G).

(Fig. 4G). In contrast, in mice wansplanted 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 Fig.
8), suggesting that these nonmyogenic tissues may undergo
phagocytosis. These results demonstrate that ES-derived
SM/G2.6-positive satellitedike cells could be engrafted in
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 engrafied GFP'ES-

mES DERIVED FUNCTIONAL SATELLITE-LIKE CELLS

derived satellite-like 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/C2.6-
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 * 1174 (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 (»=6; per
view, X100) GFP-positive muscle fascicles were evident in
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TABLE 1. Transplantation of reinjured and nonrveinjured mice and longterm evaluation

TA with GFP* GFP* fascicles/TA GFP* /Pax7" Engrattment
Group fascicles [n(%)]” Mousc Cells/TA injected (n) (avg)” cells/TA (avg)” efficiency
SM/C-2.6"
3w 4/8 (50%) 1 1.75 x 10" 125.3 5.8
2 3.5 % 10" 1111 7.1
3 5 X 10! 184.2 5.1
4 8 X 10" 176.1 4.2
Mean 45+ 26 X 10 136.7 £ 27.0 54+ 1.2 0.30%
4W 6/9 (66.67%) 1 2 X 10’»l 77.3 6.1
2 1.3 X 10° 153.2 4.6
3 5 X 10" 163.1 6.8
4 3.5 X 10" 168.9 5.1
5 8 X 10" 281.1 7.2
6 1.75 X 10" 169.4 6.2
Mean 3.6+ 25X 10! 168.7 £ 729 61 0.47%
3+ 1IW 6/8 (75%) 1 2 %X 101 581.2 11.2
2 1.3 X 10° 370.8 115
3 5% 10" 586.6 10.1
4 3.5 X 10* 486.6 5.9
5} 8 x 10" 347.1 15.3
6 1.75 X 10" 5429 10.8
Mean 55 = 4.8 X 10! 461.7 = 117.3 10.8 £ 3 0.84%
12w 3/5 (60%) 1 2% 10" 391.5 9.7
2 5 x 10! 266 9.3
3 8 x 10! 280.2 6
Mean 5*+3x 10" 312.6 + 68.7 83%2 0.59%
24W 1/2 (50%) 1 2 X 1¢* 58.62 3.45
Mean 2 X 10" 58.62 3.45 0.20%
SM/C-2.6~
3w 0/8 (0%) 1-8 1-8 X 10" 0 0 0%
W 0/9 (0%) 1-9 1.3-8 X 101 0 0 0%
3+ 1IW 0/8 (0%) 1-8 1.75-13 X 10" 0 0 0%
19W 0/5 (0%) 1-8 2-8 X 10" 0 0 0%
24W 0/2 (0%) 1-2 2 X 10! 0 0 0%
Serial transplantation
Primary transplantation Sccondary transplantation
Mouse Cells injected Collected GFP™ cells/TA Cells injected GFP” fascicles/TA Engraftment efficiency
1 2 % 101 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 % wk after cell transplantation; 4W, nonrcinjured group analyzed 4 wk atter cell
transplantation; 3 + IW, reinjured group reinjured 8 wk after ccll transplantation and analyzed | wk after reinjury; 19W, long-term engratument
cvaluation analyzed 12 wk after cell transplantation; 24W, long-term engraftment evaluation analyzed 24 wk after cell tansplantation.
“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 numbcer 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 felds.

the nonreinjured groups at 3 and 4 wk, respectively, after
transplantation (Fig. 5B and Table 1). Furthermore, we
also observed that many GFP-positive muscle fibers had a
typical central nucleus in the reinjured group (Fig. 5C),
indicating regenerating muscle fibers. Taken together, these
results suggest that these GFP-positive muscle tubes were
freshly regenerated by the engrafted GFP" ES-lerived satel-
litelike cells in response to the second injury. Swprisingly,
immunostaining with anti-Pax7 revealed an increase in num-
ber of GFP/Pax7-double-positive cells in the reinjured group
(10.8%3.0/view compared to 5.4%+1.2, and 6.021.0 in the
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nonreinjured group; Fig. 5D and Table 1). This result
strongly suggests that engrafted ES-derived satellite-like cells
not only selfrenewed but also expanded in number, possibly
replacing the recipient satellite cells lost because of excessive
repair of skeletal muscle in response to the second injury.

ES-derived satellite-like cells are capable of long-term
engraftment in recipient muscles

Long-term engraftment is an important characteristic
of self-renewing stem cells. If these ES-derived satellite-

CHANG ET AL



A B

Rexinjured |
(319 |
I

GFP+ muscle fascicles

7do

600
500
400
300
200
100

* p<0.05

w AW 4w

B 6FP+ muscle
fascicles

GFP+/ Pax7+ cells
—E— %

¥ p <0.05

GFP+/Pax7+
cell

W 3WHW AW

GFP+ muscle fascles

GFP+ muscle
fascles ’

Merge

Urm

GFP/Pax7+ cells

- |BGEP/Pax7+ cells

AW 12w 24w

Figure 5. ESderived
satellite-like cells re-
pair damaged mus-
cles and are capable
of self-renewal.
/ A) GFP fluorescence
Touan was brighter in the
e 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 4wk
(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). E) In long-term evaluations, number of
GFP-positive muscle fascicles at 12 wk (12W) increased relative to number at 4 wk after transplantation {812.6£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 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 (4); 20 pm (C); 20 pm (F); 10 pm (H, top panel); 5 pm (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 wansplantation. 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) wvs.

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 MHQC 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. G, 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 8¢Gy 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.
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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/ (-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 wm (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/C2.6-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" /SM/ C-2.6-positive cells within the engrafted
cells were sorted by FACS (204:*33.9; n=2), and only
200 GFP+/SM/(-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
wansplantation), 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 MHGCpositive 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+ celis 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 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
nryogenic 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 Myth/MRF4
and Pax3, followed by a wave of Pax3/Pax7 expression
(86). 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-b 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 selfrenewal capacities were
examined. Recently Collins ef 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
12wk, this diminution nay 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 engrafiment 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 wans-
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 (0.24.8%) 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 engrafiment
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 vitro, 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 swongly,
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/(-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 Grantin-Aid for Scientific
Research (S) (19109006) and a Grantin-Aid for Scientific
Research (B) (18390298) from the Ministry of Education,
Science, Technology, Sports, and Culture of Japan.
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Direct Hematological Toxicity and Illegitimate Chromosomal
Recombination Caused by the Systemic Activation of CreER™ !
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The CreER™ for conditional gene inactivation has become increasingly used in reverse mouse genetics, which enables
temporal regulation of Cre activity using a mutant estrogen binding domain (ER™) to keep Cre inactive until the admin-
istration of tamoxifen. In this study, we present the severe toxicity of ubiquitously expressed CreER™ in adult mice and
embryos. The toxicity of Cre recombinase or CreER™ in vitro or in vivo organisms are still less sufficiently recognized
considering the commeon use of Cre/loxP system, though the toxicity might compromise the phenotypic analysis of the gene
of interest. We analyzed two independent lines in which CreER™ is knocked-in into the Rosa26 locus (R26CreER™ mice),
and both lines showed thymus atrophy, severe anemia, and illegitimate chromosomal rearrangement in hematopoietic cells
after the administration of tamoxifen, and demonstrated complete recovery of hematological toxicity in adult mice. In the
hematopoietic tissues in R26CreER™ mice, reduced proliferation and increased apoptosis was observed after the adminis-
tration of tamoxifen. Flow cytometric analysis revealed that CreER™ toxicity affected several hematopoietic lineages, and
that immature cells in these lineages tend to be more sensitive to the toxicity. In vitro culturing of hematopoietic cells from
these mice further demonstrated the direct toxicity of CreER™ on growth and differentiation of hematopoietic cells. We
further demonstrated the cleavage of the putative cryptic/pseudo loxP site in the genome after the activation of CreER™? in
vivo. We discussed how to avoid the misinterpretation of the experimental results from potential toxic effects due to the

activated CreER"2.  The Journal of Immunology, 2009, 182: 5633-5640.

onditional gene inactivation using the Cre/loxP system
has become increasingly used in reverse mouse genetics
(1-6). This system takes advantage of the bacteriophage
Pl Cre-recombinase ability to catalyze the excision of a DNA
sequence flanked by loxP sequences. Inactivation of the target
gene in conditional knockout mice is regulated depending on the
expression pattern of Cre recombinase under the control of tissue-

*Depactment of Cardiovascular Medicine, TDepartment of Pediatrics, *COE For-
mation, ¥Career-Path Promotion Unit for Youn%Life Scientists, Graduwate School
of Medicine, Kyoto University, Kyoto, Japan; "Laboratory for Lymphocyte De-
velopment, RIKEN Research Center for Allergy and Immunology, Yokohama,
Japan; I*Depal‘tmem of Molecular Genetics, Graduate School of Medical Science,
Kanazawa University, Kanazawa, Japan; and *Regeneron Pharmaceuticals, Tar-
rytown, NY 10591

Received for publication July 23, 2008. Accepted for publication February 26, 2009,

The costs of publication of this article were defrayed in part by the payment of page
charges. This article must therefore be hereby marked advertisement in accordance
with 18 U.S.C. Section 1734 solely to indicate this fact.

! This study was supported by Grants-in Aid from the Ministry of Education, Culture,
Science, Sports, and Technology of Japan (Wakate 177090551, Ho-ga 19659219); a
Center of Excellence grant from the Ministry of Education, Culwre, Science, Sports,
and Technology of Japan; a research grant for health sciences from the Japanese
Ministry of Health, Labor, and Welfare; a grant from the Astellas Foundation for
Research on Metabolic Disorders; a grant from the Novartis Foundation for the pro-
motion of science; a grant from Kato Memorial Trust for Nambyo Research; a grant
from Hayashi Memorial Foundation for Female Natural Scientists; a grant from Japan
Foundation for Applied Enzymology: and in part by a grant-in-aid for Research on
Biological Markers for New Drug Development, Health and Labour Sciences, Re-
search Grants from the Ministry of Health, Labour and Welfare of Japan.

AYH, TL, AN, T.0., and H.K. performed experiments; AN.E.,, AJM., and IR.

generated R26CreER™ mice; MMM, T.H., TN., TK., and M.Y. analyzed results and
~made the figures; and M.Y., M.M., and H.K. designed the research and wrote the

paper.

2.Address correspondence and reprint requests to M. Yanagita, Career-Path Promo-

tion Unit for Young Life Scientists, Graduate School of Medicine, Kyoto University,

Kyoto, lapan. E-mail address: motoy @kuhp.kyoto-u.ac.jp

www.jimmunol.org/cgi/doi/10.4049/jimmunol.0802413

specific promoters (7, 8). However, to analyze gene functions in
adult mice, additional temporal control of gene inactivation is in-
dispensable to circumvent problems such as embryonic lethality or
developmental abnormalities arising from the early onset of Cre
recombinase activity.

Recently, temporal regulation of Cre recombinase activity
has been accomplished using tetracycline-controlled gene ex-
pression and IFN-inducible expression (9, 10). Another ap-
proach uses engineered recombinase fused to the mutated li-
gand-binding domain of the estrogen receptor (ER™),® which
does not bind endogenous estradiol but is highly sensitive to the
synthetic ligand tamoxifen (TM) or its metabolite 4-hydroxyta-
moxifen (11). The fusion protein is inactivated by binding to
heat shock proteins, until the administration of TM, when it is
released from the complex, becomes active and excises loxP-
flanked DNA regions. Several transgenic mouse lines have been
generated that express CreER™ fusion genes under the control
of tissue-specific promoters, which show ligand-dependent re-
combination in certain cell types (12-17).

It has long been assumed that the expression of Cre recombinase
does not adversely affect the physiology of the host cell, despite
several reports alarming the toxicity of Cre recombinase. High
levels of Cre expression have been reported to be toxic in some
mammalian cells. Mouse embryonic fibroblasts, NIH3T3 cells, and
some human cell lines can be sensitive to the continuous presence
of Cre (18-20). Regarding the adverse effect of Cre in vivo,

aberrant chromosomal rearrangement in spermatids and male.

3 Abbreviations used in this paper: ER™, mutated ligand-binding domain of the es-
trogen receptor; TM, tamoxifen; WT, wild type; 4-OHT, 4-hydroxytamoxifen.
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infertility has been reported in transgenic mice expressing Cre
in postmeiotic spermatids (21). Another group reported dilated
cardiomyopathy in their transgenic mice expressing Cre under
the control of a-myosin H chain (22). Glucose impairment was
also reported in commonly used transgenic mice expressing Cre
under the control of the insulin 2 promoter (23).

CreER™? was first expected to avoid adverse effects of Cre
recombinase by keeping Cre recombinase inactive until the ad-
ministration of TM. However, very recently, Naiche et al. (24)
reported that systemic activation of CreER™ results in lethal
anemia and widespread apoptosis in embryos. In their report
however, it is unclear whether the toxicity is the direct effect of
CreER™ or not.

In this study, we demonstrated widespread hematological tox-
icity of ubiquitously expressed CreER™ in adult mice as well as in
embryos. We analyzed two independent mouse lines in which Cre-
ER™ is inserted into the R26 locus (R26CreER™ mice), and both
lines showed reduced proliferation, increased apoptosis, and ille-
gitimate chromosomal rearrangement in hematopoietic cells after
the administration of TM possibly due to the toxicity of CreER™Z,
Flow cytometric analysis revealed that CreER™ toxicity affected
several hematopoietic lineages, and that immature cells in these
lineages tend to be more sensitive to the toxicity. In vitro culturing
of hematopoietic cells from these mice further demonstrated the
direct toxicity of CreER™ on growth and differentiation of hema-
topoietic cells. We further demonstrated the in vivo cleavage of the
putative cryptic/pseudo loxP site in the genome after the activation
of CreER™, which results in the illegitimate chromosomal rear-
rangement. These results emphasize the critical importance of in-
cluding control mice carrying the Cre gene to avoid the misinter-
pretation of the results.

We further demonstrated that these hematological abnormal-
ities in adult R26CreER™ mice recover spontaneously after 1
mo, which ensures the availability of this mice in reverse mouse
genetics provided appropriate control mice are included.

Materials and Methods

Animal use

One line of R26CreER™ mice was purchased from ARTEMIS Pharma-
ceuticals (17). Another line of R26CreER™ mice was generated by Re-
generon Pharmaceuticals using Velocigene technology (25), essentially as
described. The R26 locus was heterozygous for the CreBR™ knock-in in all
experiments. Both lines were derived on a mixed 129/Svj and C57BL/6J
background, and the contribution of 129/Svj was the same in every exper-
iment. R26R Cre reporter mice (R26R mice) (26) were purchased from The
Jackson Laboratory. All animal experiments were performed in accordance
with the Institutional Guidelines, and were in accordance with National
Institutes of Health guidelines.

Administration of TM

TM (Sigma-Aldrich) was dissolved in a sunflower oil/ethanol (9/1) mixture
at 3.0 mg/ml. In adult R26CreBR™ mice at § to 12 wk, 35 mg/kg or 175
mg/kg TM was administered orally for indicated days depending on the
experiments. One to four days later depending on experiments, mice were
sacrificed and subjected to experiments. Wild-type (WT) littermates ad-
ministered with the same amount of TM were used as controls. For
R26CreER™ embryos, 200 mg/kg TM was administered i.p. into pregnant
mothers at E14.5, or 150 mg/kg TM was administered at both E13.5 and
E14.5 depending on the experiments.

Antibodies

" The following Abs were used: anti-Ter119, anti-Macl (M1/70), anti-Gr-1

(RB6-8C35), anti-B220 (RA3-6B2), anti-CD19 (1D3), anti-IgM (R6-60.2),
anti-CD3 (145-2C11), anti-CD4 (L3T4), anti-CD8 (Ly2), anti-CD25 (PC61),
and anti-c kir (2B8) were obtained from BD Pharmingen. Anti-Terl!9,
anti-Mac|, anti-Gr-1, anti-B220, anti-NK 1. ], anti-CD3, anti-CD4, and anti-
CD8, were used as Lin markers. Anti-Ter119 (BD Pharmingen) and anti-
Ki67 (Novocastra) Abs were used for immunostaining.

HEMATOLOGICAL TOXICITY OF CRE-ER™

Histological studies

The organs were fixed in Tris-buffered 10% formalin solution and embed-
ded in paraffin. Sections (2 pm) were stained with H&E. 8-gal staining was
performed as previously described (27). For immunostaining, the speci-
mens were fixed in 4% paraformaldehyde at 4°C overnight, serially soaked
in 10, 20, and 30% sucrose/PBS and embedded in OCT compound (Tissue
Tek, Sakura Finetech) and 6-pum sections were prepared. The sections were
immunostained as previously described (28-30).

TUNEL staining

Sections were subjected to the TUNEL staining using the in situ apoptosis
detection TUNEL kit (MK500, Takara) and visualized by reaction with
3.3’ -diaminobenzidine (SK-4100; Vector) for 1 min.

Coculture of hematolopoietic cells with stromal cells

To assess the effect of CreBR™ activation on the differentiation of hema-
topoetic stem cells, Lin"c-kit* cells were collected from the bone marrow
of R26CreBR™ mice and WT littermates, cultured on a monolayer of TSt-4
cells (31), and administered with 1 uM of 4-OHT (Sigma-Aldrich) at var-
fous time points. We analyzed the differentiation of the Lin~"c-kir™ cells by
examining the expression of Ter119 for erythroid potential, CD19 for B cell
potential, and Mac-1 for myeloid potential. To assess the effect of CreFR™ acti-
vation on the proliferation of differentiated hematopoetic cells, Mac-1"
cells, and CDI9™ cells were collected, cocultured with TSt-4 cells, and
administered with 4-OHT.

Chromosomal number and karyotype analysis

R26CreBR™ mice and WT littermates were treated with vehicle or TM for
5 consecutive days, and were sacrificed 3 days after the last administration.
Bone marrow cells of these mice were cultured and chosen randomly for
chromosomal number analysis (47 cells for R26CreER™ mice treated with
TM, 20 cells for WT mice treated with TM, and 50 cells for R26CreBR™
mice treated with vehicle) and for karyotype analysis (14 cells for
R26CreER™ mice treated with TM, 4 cells for WT mice treated with TM,
and 7 cells for R26CreBER"™ mice treated with vehicle) as previously de-
scribed (32).

Quantification of rearranged cryptic loxP site in the genome by
real-time PCR

Primers were designed around the candidate locus for cryptic/pseudo loxP
site to detect the amount of intact genome. Sequences for primers were
described in corresponding figure legend. Real-time PCR was performed
with a 7700 Sequence Detection System (Applied Biosystems) using
SYBR Green PCR amplification reagent (Applied Biosystems), and the
results were normalized with the amount of GAPDH genome.

Statistical analysis

Data are presented as means * SD. Statistical significance was assessed by
nonpaired, nonparametric Student’s ¢ test.

Results

Systemic recombination in adult and embryo R26CreER" mice

First, we tested the recombination efficiency of R26CreER™ mice
using R26R Cre reporter mice (26) (R26R mice), which express
lacZ after Cre-mediated excision of a neo cassette. Adult R26R/
R26CreER "™ mice were treated with 175 mg/kg body weight TM
for 5 consecutive days, and the recombination of the lacZ reporter
was analyzed 4 days after the last administration (Fig. 14). South-
ern analysis of genomic DNA from different organs showed up to
50% recombination (50% in the liver, 30% in the kidney), without
detectable background activity in untreated animals, as reported
previously (17) (data not shown). Whole-mount tissues from
R26R/R26CreER™ mice demonstrated strong B-gal expression in
almost all tissues (Fig. 1A) except for brain (data not shown). No
background recombination was observed in R26R/R26CreER™
mice treated with vehicle (data not shown). The recombination
efficiency was also tested during embryogenesis. Female R26R
riice mated with male R26CreER™ mice bearing E14.5 embryos
were injected i.p. with 200 mg/kg TM. Two days later, tissues
from E16.5 embryos were stained with X-gal, demonstrating that
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FIGURE 1. TM-inducible LacZ expression in R26R/R26CreER™ mice.
A, Whole-mount LacZ staining of liver and kidney of R26R/R26CreER™
adult mice. R26R/R26CreER™ mice and R26R/WT littermates (R26R/
WT) were orally administered 175 mg/kg of TM for 5 consecutive days.
Four days later, mice were sacrificed and subjected to X-Gal staining. Only
the double transgenic mice exposed to TM showed X-Gal positive staining.
B, Whole mount LacZ staining of tissues in R26R/R26CreER™ embryos.
Male R26CreER™ mice were mated with female R26R mice, and pregnant
females with E14.5 embryos were injected i.p. with 200 mg/kg TM. Two
days later, tissues from EI6.5 embryos were stained with X-gal. Only the
tissues from double transgenic mice exposed to TM showed X-Gal positive
staining.

only the tissues from double transgenic mice exposed to TM
showed B-gal expression (Fig. 1B).

Severe anemia observed in R26CreER'? embryos after the
administration of TM

We first noticed the toxicity of R26CreER™ mice when we tried
to knockdown the expression of BMP-4 in embryogenesis using
R26CreER™ mice, and administered TM to pregnant BMP-
4799/89% ppice (33) bearing BMP-4"°8%; R26CreER™ embryos
and BMP-4%¥8°% WT embryos. In this experiment, 150 mg/kg
TM was administered for 2 consecutive days (Fig. 24) to achieve
complete recombination in both alleles in BMP-47°%8% mijce,
Four days after the last injection, we analyzed the embryos, and
observed severe anemia in BMP-4"°V8°%; R26CreER™ embryos,
but not in BMP-47°%1°%, Cre ~ embryos (data not shown). To test
whether the phenotype in BMP-47°71°*, R26CreER™ embryos
was due to the deletion of BMP-4 gene or due to the systemic
activation of CreBR™2, we administered the same amount of TM to
pregnant WT mice bearing R26CreER™ embryos and WT em-
bryos without a floxed allele. Four days later, R26CreER™ em-
bryos without a floxed allele showed severe anemia as well (Fig.
2B), indicating that the anemia was not due to the deletion of
floxed alleles, but is due to the toxicity of CreER™. The livers of
R26CreER ™ embryos looked pale (Fig. 2C), and body weight as
. well as liver weight of R26CreER" embryos was lower compared
with those of WT embryos (Fig. 2D). R26CreER™ embryos
+-treated with vehicle did not show anemia, or the reduction in body
weight or liver weight. Histological analysis demonstrated the col-
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FIGURE 2. Severe anemia in R26CreER™ embryos after the admin-
istration of TM. A, Pregnant female mice were administered 150 mg/kg
TM i.p. at E13.5 and E14.5 and sacrificed at E18.5. B, R26CreER™
embryos without fioxed alleles were anemic compared with WT em-
bryos. These embryos were treated with TM simultaneously. C, The
liver of R26CreBER™ embryos was anemic and smaller than those of
WT littermates. D, Body weight and liver weight normalized to body
weight were lower in R26CreERT? embryos (n = 5). E, Erythroblasts in
the embryonic liver (arrow) decreased significantly in R26CreER™ em-
bryos. F, Ter119™ cells in the embryonic liver decreased in R26Cre-ER™?
mjce. Bar = 100 pM.

onization of erythroblasts in the liver in WT embryos in late em-
bryogenesis, while the number of erythroblast was significantly
reduced in R26CreER™ embryos (Fig. 2, E and F). These hema-
tological changes in R26CreER ™ embryos were already evident at
E16.5 (supplementary Fig. 1),* while the body weight reduction
was not observed yet.

Thymus atrophy and hematological abnormality observed in
R26CreERT2 adults after the administration of TM

Next, we administered TM to adult R26CteER™ mice and WT lit-
termates according to the protocol shown in Fig. 3A. R26CreER ™
mice administered TM developed severe thymus atrophy, but not
R26C1eFR™ mice treated with vehicle, nor WT mice treated with
TM (Fig. 3A). Thymus weight normalized to body weight was sig-
nificantly reduced in R26CreER™ mice treated with TM (Fig. 3A),

* The online version of this article contains supplemental material.
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FIGURE 3. Thymus atrophy and hematological abnormality in
R26CreER™ adults after the administration of TM. A, Eight-week-old
R26CreER™ mice and WT littermates were treated with 175 mg/kg of TM
orally for S consecutive days. Animals were analyzed 4 days after the
administration. Representative thymus atrophy and the reduction of thymus
weight normalized to body weight in R26CreER™ embryos were shown
(n =-5). B, Representative histological findings in the thymus, bone mar-
row,-and spleen after 9 days, and 1 mo. R26CreER™ mice exhibited thy-
- mus-cortical atrophy, hypocellular bone marrow, and decrease of erythro-
‘blasts in“the red pulp of the spleen at day 9, while these changes were
significantly diminished after 1 mo. Cell density in the follicle of the spleen
was not changed. C, cortex; M, medulla; F, follicle; *, erythroblasts in red
-.pulp of spleen. :

“which was consistent with the reduced cell density in the cortical
region of the thymus (Fig. 3B). R26CreER™ miice treated with TM
--also exhibited hypocellular bone marrow, and a decrease of erythro-
* “blasts in the red pulp of the spleen (Fig. 3B, #), but the cell density in
.- thewhite. pulp of -the-spleen was not changed. We also analyzed
-whether the strains:recover from the hematological abnormality, and

HEMATOLOGICAL TOXICITY OF CRE-ER™

demonstrated that the extent of recovery from the hematological tox-
icity greatly differed among individual mice 2 wk after the adminis-
tration of TM (supplementary Fig. 2), while all R26CreER™ mice
recovered completely after 1 mo (Fig. 3B).

CreER" toxicity affected multiple hematopoietic lineages

We further analyzed the hematopoietic lineages affected by the
toxicity. Adult R26CreER ™ mice and WT littermates were treated
according to the protocol used in Fig. 3, which exerts severe he-
matological toxicity in R26CreER ™2 mice. Numbers of cells in the
thymus, bone marrow, and spleen decreased in R26CreER™ mice
after TM treatment (Fig. 44).

FACS analysis in the thymus demonstrated that CD4*CD8™"
double positive cells were significantly reduced in R26CreER™
nice (Fig. 4B, DP). In addition, the numbers of the cells in double
negative subsets in ¢-Kit/CD25 profiles of Lin™ fraction were re-
duced in R26CreER™ mice.

We also analyzed Ter119/Mac-1, Gr-1 profile and B220/IgM
profile of bone marrow cells (Fig. 4B). The numbers of myeloid
cells (Mac-1, Gr-1 positive cells), erythroblasts (Terl 197 cells)
and immature B lymphocytes (B2207/IgM ™ cells) were signifi-
cantly reduced in the bone marrow of R26CreER™ mice, while the
number of mature B lymphocytes did not change (Fig. 4B). To-
gether with that the number of CD4*CD8™ double positive cells
was significantly reduced in the thymus of R26CreER™ mice, im-
mature cells might be more sensitive to the toxicity of CreER™,

To analyze the toxicity in the peripheral tissues, we further ex-
amined Ter119/Mac-1, Gr-1 profile and B220/IgM profile in the
spleen (Fig. 4B). Similar to the results in the bone marrow cells,
the numbers of myeloid cells and erythroblasts decreased in the
spleens of R26CreER™ mice, but not the number of mature B
lymphocytes. :

Increased apoptosis and attenuated proliferation in the
hematopoietic tissues of R26CreER' mice after the
administration of TM

To define the nature of the toxicity of CreBR™?, we analyzed ap-
oplosis and cell proliferation in the hematopoietic tissues in adult
R26CreER™ mice treated with TM according to the protocol in
Fig. 3. These mice were sacrificed at the last day of administration,
when viable cells still remain in the hematopoietic tissues (Fig. 5).
The numbers of Ki67-positive cells were reduced both in thymus
and spleen of R26CreER™ mice, while the numbers of TUNEL-
positive cells were increased in spleen, but not in thymus of
R26CreER™ mice.

Considering high rate of apoptosis during thymocyte matura-
tion, we postulate that the loss of immature thymocytes in
R26CreER™ mice (Fig. 4) might reduce the number of “native”
apoptosis, and mask the increased apoptosis due to the toxicity.

Therefore, we conclude that the toxicity of CreER™ is due to
attenuated proliferation and increased apoptosis.

Direct toxicity of CreER'? in hematopoietic cells

To exclude the possibility that the hematological abnormality ob-
served in R26CreER™ mice is caused secondarily to unknown
systemic disorders, we analyzed the direct effect of TM on hema-
topoietic cells obtained from R26CreER ™ mice. First, we isolated
lineage marker negative (Lin™) c-kit™ cells from bone marrow and
cultured these cells with erythropoietin to induce differentiation
into erythroid cells in the presence or absence of 4-hydroxytamox-
ifen (4-OHT). Ter119™ cells were not generated when 4-OHT was
administered to the cells from R26CreER™ mice (Fig. 6A). Next,
we cultured Lin"c-kit™ cells on a monolayer of stromal cell line
TSt-4, which efficiently supports the generation of B and myeloid
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FIGURE 4. FACS analysis of hematopmetic tissues in R26CreER™
mice after the administration of TM. A, Mice were treated with 175 mg/kg
of TM orally for 5 consecutive days and analyzed at day 9. Total numbers
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FIGURE 5. Increased apoptosis and attenuated proliferation in the thy-
mus and spleen of R26CteER™ mice after the administration of TM.
R26CreER™ mice were treated with 175 mg/kg of T™M orally for 5 con-
secutive days and analyzed at the last day of the administration. The num-
ber of Ki67-positive cells was reduced both in the thymus and spleen of
R26CreER™ mice, while the number of TUNEL-positive cells was in-
creased in the spleen, but not in the thymus of R26CreBR™ mice.

cells, for 14 days, and 4-OHT was administered to the culture at
various time points (Fig. 68). The generation of B cells, as exam-
ined by the expression of CD19, was significantly reduced by
the administration of 4-OHT to the cells from R26CreER™
mice, but not the generation of myeloid cells determined by the
expression of Mac-1 (Fig. 6, B and C). Finally, we analyzed the
toxicity of CreER™ in already differentiated hematopoietic
cells. We isolated Mac-17 cells and CD19" cells from bone
marrow and cultured them on a monolayer of TSt-4cells in the
presence or absence of 4-OHT, The number of CD19™ cells was
significantly reduced when 4-OHT was administered to the cells
from R26Cre-ER™ mice, while the number of Mac-1" cells
was not affected (Fig. 6D).

Chromosomal abnormalities in bone marrow cells caused by
the activation of CreER"?

As the endonuclease activity of Cre is reported to cause chromo-
somal aberrations and growth arrest in MEF in vitro (18), we an-
alyzed whether the chromosomal aberrations are caused in vivo in
hematopoietic cells in R26CreER ™ mice. R26CreER™ mice and

of cells of the thymus (1 = 7), bone marrow (n = 3), and spleen (n = 7)
decreased in R26CreER™ mice after the administration of TM. B, Flow
cytometric profiles of hematopoietic cells in the thymus, bone marrow, and
spleen after the administration of TM. CD4"CD8™ double positive cells
were significantly reduced in the thymus of R26CreER™ mice. In profiles
of c-kit/CD25, Lin~ fraction was subdivided into c-kir"CD257, c-kir™
CD25™, c-kit™ CD25™, ¢-kit™ CD25™ subsets, which are designated as
DN1, DN2, DN3, and DN4 subsets, respectively. Cell numbers of all sub-
sets were decreased in R26CreER™ mice. The numbers of myeloid cells
(Mac-1 or Gr-1 positive cells) and erythroblasts (Ter!19% cells) in the bone
marrow and spleen, as well as the number of immature B lymphocytes
(B2207/1gM ™ cells) in the bone marrow were significantly decreased of
R26Cre-ER™ mice (1 = 3). The percentages of cells in each quadrant are
indicated.
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FIGURE 6. In vitro administration of 4-hydroxytamoxifen to the hema-
topoietic progenitor cells bearing CreER™ arrests proliferation and differ-
entiation. A, Lin"c-kit* cells (500 cells) collected from R26CreER™ mice
and WT littermates were cultured with erythropoietin (EPO) to induce
differentiation into the erythrocyte lineage in the presence or absence of
4-hydroxytamoxifen (4-OHT) at a concentration of 1 uM. Four days later,
Ter119% cells were not generated in the culture where 4-OHT was admin-
istered to the cells from R26CreBR™ mice. B, Lin"c-kir™ cells (300 cells)
from bone marrow were cultured on a monolayer of stromal cell line TSt-4
for 14 days for myeloid and B lymphoid potentials. 4-OHT added from day
0 (14) or from day 7 (7), and the generation of the B cells examined by
the expression of CD19 was significantly reduced in the cells from
R26CreER™ mice treated with 4-OHT, but not the generation of myeloid
cells determined by the expression of Mac-1. C, Representative FACS
profiles of the experiment in Fig. 4B with their percentages in the respec-
tive quadrant. CD19™ cells were eradicated by the administration of
4-OHT to the cells from R26CreER™ mice. D, Differentiated Mac-17 cells
and CD19™ cells (10* cells for each) were isolated from bone marrow and
cultured on a monolayer of TSt-dcells in the presence or absence of
4-OHT. The number of CD19" cells was significantly reduced when
4-OHT was administered to the cells from R26CreER™ mice, while the
number of Mac-17 cells did not.

WT littermates treated with vehicle or TM for 5 consecutive days
were sacrificed 3 days after the last administration (Fig. 74), and
bone marrow cells were analyzed for chromosomal numbers and
karyotype. In R26CreER ™ mice treated with TM only 53% of the
cells showed a normal diploid chromosome number of 40 (Fig.
" 1B), while 90% of the cells had 40 chromosomes in WT mouse
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FIGURE 7. Chromosomal abnormalities in bone marrow cells caused
by the activation of CreER™. A, Eight-week-old R26CreER™ mice and
WT litterrnates were treated with 175 mg/kg of TM orally for 5 consecutive
days, and bone marrow cells were analyzed for chromosomal numbers and
karyotype 3 days after the last administration. B, In R26CreER™ mice
treated with TM (right), only 53% of the cells showed a normal diploid
chromosome number of 40, while 90% of the cells had 40 chromosomes in
WT mouse treated with TM (lefr) as well as in R26CreER™ mouse treated
with vehicle (imiddle). C, Various types of chromosome abnormalities such
as chromosome exchanges (1), chromatic exchanges (2), and chromatid
breaks (3) were observed only in R26CreER™ bone marrow cells after the
administration of TM in karyotypic analysis. D, Cleavage at the cryptic/
pseudo loxP site in R26CreER™ thymus genoine after the administration
of TM. We designed real-time PCR primer sets around the repotted cryptic/
pseudo foxP site in AF033025 locus to detect the amount of intact
AF033025 locus (5-TGTTGGACGAGGCCACCT-3 and 5-TCCGGCCT
TCTCTAGCCTAGA-3). The results were normalized to the amount of
GAPDH gene without cryptic/pseudo loxP site using the following primers
(5-CCAGAACATCATCCCTGCATC-3 and 5-CCTGCTTCACCACCT
TCTTGA-3). In three of four R26CreER™ mice, the intact AF033025
locus was almost undetectable after the administration of TM, indicat-
ing illegitimate cleavage at the cryptic/pseudo loxP site due to the ac-
tivation of CreER™.
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treated with TM as well as in R26CreER™ mouse treated with
vehicle. In karyotype analysis, 78% of bone marrow cells from
R26CreER™ mouse treated with TM displayed chromosomal ab-
errations including chromosome exchanges (Fig. 7C, 1), chromatic
exchanges (Fig. 7C, 2), and chromatid breaks (Fig. 7C, 3), while
no chromosomal aberrations were observed in bone marrow cells
from WT mice treated with TM (Fig. 7C) or in bone marrow cells
from R26CreER ™ mice treated with vehicle (data not shown).
Thyagarajan et al. (35) reported that mammalian genome con-
tains several candidates for cryptic/pseudo loxP sites, and that one
locus in mouse genome AF033025 (GenBank) serves as an active
site for the Cre recombinase. To clarify whether inappropriate
cleavage at cryptic loxP sites occurs after the activation of Cre-
ER"™, we designed real-time PCR primer sets around the cryptic/
pseundo loxP site in AF033025 locus to detect the amount of intact
AF033025 locus (Fig. 7D). Intact AF033025 locus in the thymus
of three of four R26CreER™ mice was almost undetectable after
the administration of TM, indicating illegitimate cleavage at the
cryptic/psendo loxP site due to the activation of CreER™, The
amount of intact AF033025 locus did not change until the admin-
istration of TM, excluding the possibility that the gene targeting
procedure to generate R26CreER™ allele altered the locus.

Discussion

In this study, we demonstrated that the administration of TM to
R26CreER™ mice causes severe growth arrest, apoptosis, and il-
legitimate chromosomal rearrangement in hematopoietic cells,
even in the absence of genes targeted by loxP sites. We tested two
independent lines of R26CreER™ mice from different facilities,
and the results were essentially the same. Furthermore, both strains
recovered from the toxicity within a month. We also performed in
vitro culturing of hematopoietic cells from these mice and dem-
onstrated direct toxicity of CreER"™ on growth and differentiation
of certain cell types.

Hematological abnormalities in R26CreER" mice is due to
systemic activation of CreER"?

Previous reports regarding the adverse effects of Cre in vivo could
not exclude the possibility that the unexpected phenotypes were
due to the disruption of the genome loci where transgenes were
integrated. On the contrary, the lines in this report are alleles in-
troduced into the well-characterized R26 locus, and the disruption
of the locus was proved not to cause adverse effects. In addition,
no hematological abnormalities were detected until the adminis-
tration of TM, indicating that an effect of the R26 locus is not
likely to be the cause. Importantly, the hematological abnormali-
ties was not due to the toxicity of TM, because the administration
of TM to WT mice in vivo as well as to the hematopoietic cells
from WT mice in vitro did not exert any effect. Therefore, we
concluded that the hematological abnormalities observed in this
report were due fo the systemic activation of CreER™?, which ar-
rested cell proliferation and induced apoptosis (Fig. 5), and were
the direct effect on hematopoietic cells (Fig. 6).

The cause of these hematological abnormalities after the sys-
temic activation of CreER "™ is likely to be Cre-mediated genomic
rearrangements as observed in Fig. 7, perhaps at cryptic or pseudo-
loxP sites within the mouse genome, which have recently been
shown to serve as substrates for Cre recombinase (34, 35). Thyga-
rajan et al. (35) reported that the sequences in mouse genomes
considerably divergent from the consensus loxP sites serve as
functional recognition sites for Cre mediated recombination, and
the recombination efficiency of one locus (AF033025) was con-
siderably high in bacterial assays. We further demonstrated that
intact AF033025 locus in three of four R26CreER™ mice was
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almost undetectable after the administration of TM (Fig. 7D). Fur-
thermore, recent bioinformatics analysis estimated the frequency
of cryptic loxP sites in the mouse genome is 1.2 per megabase, and
are homogeneously distributed throughout the genome.

High sensitivity of hematopoistic cells to the systemic activation
of CreER™ might be due to their rapid proliferation rate, because
the genome in rapidly proliferating cells are more easily accessible
by CreER™ than the tightly packed genome in quiescent cells.
FACS analysis also demonstrated that immature proliferating cells
in each hematopoietic lineage tend be more sensitive to CreER™
toxicity (Fig. 4B). Positive correlation between Cre-induced tox-
icity and proliferation was previously reported in fibroblasts
(18) as well as in transgenic flies (36). In addition to hemato-
poietic cells, intestinal epithelial cells also proliferate rapidly,
and R26CreBR™ mice occasionally demonstrated diarrhea and
intestinal edema after the administration of TM, possibly due to
the toxicity of CreBR™ in rapidly proliferating intestinal epi-
thelial cells (data not shown).

Sensitivity to the toxicity of CreER™ might also be influenced
by the amount of CreER ™ translocating to nuclei, which is defined
by the level of CreBER™ expression as well as dose and tissue
distribution of TM. Seibler et al. (17) previously reported rela-
tively high expression of CreER™ in thymus, where we observed
severe toxicity.

Which is tolerated better, CreER'? or Cre?

In previous reports demonstrating adverse effects in Cre transgenic
mice, the authors suggested that the inducible form of Cre might be
tolerated better because it stays outside the nucleus until induction
(23). However, our results in this study indicated large amount of
activated CreER"™ was also able to cause cell toxicity. Although the
growth arrest is prominent in CD19™ cells from R26CreER™ mice
after the administration of TM (Fig. 6), no hematological abnormal-
ities have been reported in well-characterized CD19-Cre mice, in
which Cre recombinase is highly expressed in B cells. One explana-
tion for the discrepancy is that DNA damage in the cells bearing Cre
recombinase induces the cells to develop DNA repairing system to
counteract the damage, and such systems might be established in
CDI19-Cre mice, while R26CreER™ mice are not prepared when
massive amounts of CreER™ would be suddenly activated and cause
DNA damage.

To make good use of R26Cre ERT2 mice, which are still
aftractive

Although the hematological abnormality in R26CreBER™ mice
might compromise the phenotypic analysis of the gene of interest,
the strain is still of great value because of its efficient inducibility
without leakage, and of ubiquitous expression of CreER "2,

In this study, we suggest three points to take note of to make
good use of this strain. One way to solve the problem is taking
appropriate control for Cre toxicity: the use of the same mouse
without floxed allele. In spite of the fact that Cre toxicity has been
occasionally documented in the literatures, it seems still to be
widely neglected. A recent study has systemically reviewed the use
of RIP-Cre mice, which alone display glucose intolerance, and
demonstrated that in more than half of the cases, the appropriate
control was not included (23).

Second, it is better to postpone the analysis of the mice for at
least 1 mo after the administration of TM. The hematological ab-
normalities will have diminished after 1 mo (Fig. 3B), possibly due
to the proliferation of the surviving cells.

Third, it is better to minimize the dose of TM. The toxicity in
R26CreER™ mice was dependent on the dose of TM, which reg-
ulates the inducibility of CreER™. The minimal dose of TM fo
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induce efficient recombination varies between target alleles, de-
pending on the number of floxed alleles, the distance between loxP
sites, the expression level of the target gene, and local chromatin
structure. One should adjust the minimal dose of TM to induce
efficient recombination in the gene of the interest (supplementary
Fig. 3). In cell culture analysis, changing the medium after incu-
bation for 6 h with 4-OHT minimizes the toxicity with efficient
recombination (data not shown). The experiments where high re-
combination efficiency is not necessary or even desirable, such as
lineage tracing and mosaic oncogene activation, might be ideal for
R26CreER ™ mice. The self-excising Cre veclors might be another
option to reduce the toxicity (37-39).

Therapeutic implications and possibility to be a disease model

The result of the study warns of the potential consequences of
Cre-mediated recombination between cryptic loxP sites in the ge-
nome in Cre/loxP based technologies in human gene therapy pro-
tocols. Paradoxically, however, immature and rapidly proliferating
cells are more susceptible to the toxicity caused by the activation
of CreER™?, indicating the possible therapeutic implication of the
technology for cancer treatment. Schimidt-Supprian et al. (40) re-
ported that the activation of CreER? transgene in c-Myc-driven
primary B cell lymphoma leads to death of lymphoma at lower
dose of TM compared with our experiment. Because the dose of
TM they used in their experiment does not exert severe toxicity in
healthy hematopoietic cells (data not shown), selective eradication
of malignant cells might be possible. In addition, R26CreER ™
mice might be useful as an inducible model for hematological
abnormalities caused by aberrant chromosomal rearrangements.
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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 Fll-1 and for the sequential expression of other genes that are associated with hematopoietic and endothelial development. Fli-1 *
cells differentiated into primitive and definitive hematopoietic cells, as well as into endothelial cells. Furthermore, Flk-1" 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 hematopoietic route to that seen in normal embryogenesis. This
finding highlights the potential use of iPS 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 et al.,
1994, 1996; Nishikawa etal., 998). During embryogenesis, the
developmental progression toa hematopoietic lineage is closely
associated with progression to an endothelial lineage (Shalaby
etal,, |997; Woodetal,, [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, 1 995; 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 is accompanied 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 etal,,
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 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




