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Figure 1. Effective induction of myo-
genic lineage cells from mES cells in
vilro. A) In vitro culture system f{or ES
cells. B-E) Skeletal myofibers observed
within the culture system (B-D), which
were positive for the mature myofiber
marker MHC (E). £ G) Commonly
recognized markers for satellite cells,
Pax7 (F) and My[5 (G), were observed
in the cultures. H, ) MyoD-posilive
(H) and myogenin-positive fibers (I)
were also observed in the culwres.

White boxes indicate multinucleated myotubes (/). J) RT- PCR expression of MRFs including Pax3, Pax7, MyI5, MyoD, and
myogenin in ES cells in our novel culture system atd 0,3 + 3,3+ 3+ 7,3+ 3 + 14,and 3 + 3 + 21. Scale bars = 50

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

14, but Myfb, 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 ant-
body, SM/C2.6 (23), was used to detect satellite cells.
SM/C2.6 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, Myf5, 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; 70.7:16.5%
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/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-
blastlike and endothelium-ike cells, MHC-positive fi-
bers (787.3%123.7/well, 10.720.8% 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 (2.62.0/well, n=8;
0.03x0.01%) were seen in the SM/C-2.6-negative wells

A
s ne fr 20tion 004 Y renone st et tD SM+/ M—-
e 15.73% 5 ‘ Pax3
smc|,. B 100% |
2.6 %«2 R2 E Pax7
: .
5 sM-c| tyS
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v

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 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, My(5, cmet, 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 wm (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
¢Gy 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 "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-

SM/G-2.6 -

SM/IC-2.6+

SM/C-2.6 -

positive cells (Fig. 4B 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 antd-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. 4E and Supplemental Fig. 5) and in isolated
single fibers (Fig. 4Fand Table 1). The GFP-positive cells
were also confirmed to be positive for other satellite cell
markers such as Myfs and M-adherin (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 definition of satellite cells

Myosin Heavy Chain

1000 ¢ l_———!__l
800 | .
P <0.05

E3 Myosin Heavy
Chain

600

400 1

200 t

SM/C-2.6 posi

SWC-2.6 nega
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350 ! !

300 |
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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/G-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, P.
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Figure 4. ES-derived satellite-like cells can repair damaged muscle in vivo. A) Methods for in vitro and in vivo analysis of sorted
SM/C-2.6-positive and -negative cells derived from mES cells. B, C) 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) Grafied 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 = 1 mm (B, (); 15

wm (D); 5 pm (E); 20 pm (F, G).

(Fig. 4G). In contrast, in mice transplanted with SM/C2.6-
negative cells, GFP-positive tissues were rarely observed, and
none of the GFP-positive cells were positive for skeletal
MHC. H&F 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/C2.6-positive satellite-like 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 engrafted GFP'ES-

mES DERIVED FUNCTIONAL SATELLITE-LIKE CELLS

derived satellitedike 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 1. Transplantation of reinjured and nonreinjured mice and long-lerm evaluation

TA with GFP* GFP* fascicles/TA GFP* /Pax7™ Engraftment
Group fascicles [n(%)]" Mouse Cells/TA injected (n) (avg)” cells/TA (avg)® efficiency
SM/C2.6™
3SW 4/8 (50%) 1 1.75 X 10* 125.3 5.3
2 3.5 x 10* 111.1 7.1
3 5 X 10* 134.2 5.1
4 8 X 10* 176.1 4.2
Mean 45+ 26 X 10* 136.7 = 27.0 54+12 0.30%
ALY 6/9 (66.67%) 1 2 X 10* 773 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 =25 x 10* 168.7 = 72.9 6=x1 0.47%
3+ 1w 6/8 (75%) 1 2 X 10* 581.2 11.2
2 1.3 X 10° 370.3 11.5
3 5 X 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* 542.9 10.8
Mean 5.5+ 43 x 10* 461.7 £ 117.3 1083 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 83x2 0.59%
24W 1/2 (50%) 1 2 X 10* 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 104 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 2-8 x 10* 0 0 0%
24W 0/2 (0%) 1-2 2 X 10* 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
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-derived satel-
lite-like cells in response to the second injury. Surprisingly,
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 6.0£1.0 in the
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nonreinjured group; Fig. 5D and Table 1). This result
strongly suggests that engrafied 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-
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Figure 5. ESderived
satellitellike 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 *

117.8 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). E) In long-term evaluations, number of
GFP-positive muscle fascicles at 12 wk (12W) increased relative to number at 4 wk aflter 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 E were observed with the number of GFP/Pax7-double-positive cells. H) A GFP-positive cell beneath
the basal lamina was observed. Scale bars = 1 mm (A); 20 pm (C); 20 pm (F); 10 pm (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 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%x68.7 (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
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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 recelved secondary transplantation
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Figure 6. ES-derived satellite-like cells can be secondarily transplanted. A) SM/C-2.6-positive cells (2.5X 10%) 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 engrafied (GFP-positive) cells were SM/C-2.6-positive. C) Eight weeks
after secondary transplantation, immunostaining of LTA muscle for MHC showed that engrafted ES-derived GFP-positive tissues
formed mature skeletal muscle fibers. D) GFP/Pax7-double-positive cells (arrowhead) located beneath the basal lamina were
observed within GFP-positive LTA muscle of secondary recipient mice. Scale bars = 2 mm (A); 20 pm (C); 10 um (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. 6B). Eight weeks later (16 wk after the primary
transplantation), the recipient mice were analyzed.
GFP-positive tissue in the LTA muscle of the secondary
recipient mice was observed (Fig. 6A). The GFP-positive
tissues were confirmed to be 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 in vivo 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 vilro 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 wvilro. Matrigel
allows the migrating satellite cells to proliferate before
differentiating and fusing into large multinucleated
myotubes (35). We hypothesized that this Matrigel

mES DERIVED FUNCTIONAL SATELLITE-LIKE CELLS

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 Myfb/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 (87-39).
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. 1j) showed an earlier appearance of Pax3
expression, on d 3 + 3, followed by Pax3/ Pax7 expres-
sion ond 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 thatin the time course of myogenesis
satellite cells emerge during late fetal development,
ES-derived Pax7-positive cells were collected on d 3 +
3 + 14 in an attempt to acquire cells that correspond to
those of the late fetal to neonatal period. However,
RT-PCR results of myogenic factors in SM/G-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 selfrenewal 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

1917



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

There have been few reports describing transplanta-
tion of ES-derived myogenic cells into injured muscles,
and the report of engraftable skeletal myoblasts derived
from human ES cells represents significant progress
(26). Recently Darabi et al. (46) have reported that by
introducing Pax3 into mouse embryoid bodies, auton-
omous myogenesis was initiated in vifro, 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 atd 3 + 3 weaklyand 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 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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Efficacy of Systemic Morpholino Exon-
Skipping in Duchenne Dystrophy Dogs

Toshifumi Yokota, PhD,! Qi-long Lu, MD, PhD,? Terence Partridge, PhD,' Masanori Kobayashi, DVM,’
Akinori Nakamura, MD, PhD,? Shin’ichi Takeda, MD, PhD,? and Eric Hoffman, PhD'

Objective: Duchenne muscular dystrophy (DMD) is caused by the inability to produce dystrophin protein at the myofiber
membrane. A method to rescue dystrophin production by antisense oligonucleotides, termed exon-skipping, has been reported for
the mdx mouse and in four DMD patients by local intramuscular injection. We sought to test efficacy and toxicity of intrave-
nous oligonucleotide (morpholino)-induced exon skipping in the DMD dog model.

Methods: We tested a series of antisense drugs singly and as cockails, both in primary cell culture, and two in vive delivery
methods (intramuscular injection and systemic intravenous injection). The efficiency and efficacy of multiexon skipping (exons
6-9) were tested at the messenger RNA, protein, histological, and clinical levels.

Results: Weekly or biweekly systemic intravenous injections with a three-morpholino cockrail over the course of 5 to 22 weeks
induced therapeutic levels of dystrophin expression throughout the body, with an average of about 26% normal levels. This was
accompanied by reduced inflammatory signals examined by magnetic resonance imaging and histology, improved or stabilized
timed running tests, and clinical symptoms. Blood tests indicated no evidence of toxicity.

Interpretation: This is the first report of widespread rescue of dystrophin expression to therapeutic levels in the dog model of
DMD. This study also provides a proof of concept for systemic multiexon-skipping therapy. Use of cockrails of morpholino, as
shown here, allows broader application of this approach to a greater proportion of DMD patients (90%) and also offers the

prospect of selecting deletions that optimize the functionality of the dystrophin protein.

Ann Neurol 2009;65:667—-676

Duchenne muscular dystrophy (DMD) and its milder
form, Becker muscular dystrophy (BMD), are caused
by mutations in the DMD gene.! DMD is a progres-
sive and fatal X-linked myopathy arising from the ab-
sence of functional dystrophin at the myofiber plasma
membrane.? Most DMD mutations are caused by out-
of-frame (frameshift) or nonsense gene mutations,
whereas the majority of BMD mutations are in-frame,
and thus compatible with production of a messenger
RNA (mRNA) transcript that can be translated into a
partly functional quasi-dystrophin (reading frame
rule).” Some BMD patients with deletions as large as
33 exons (46% of the gene) can show little or no clin-
ical symptoms, with only increased serum creatine ki-
nase concentration.” This raises the possibility of using
antisense-mediated removal of exons carrying nonsense
mutations, or whose presence distupts the open reading

frame at the site of the mutation, so as to restore the
translational reading frame and thus to convert DMD
to a milder BMD phenotype.® Recently, intramuscular
injection of 2'O-methylated phosphorothioate (2'O-
MePs) has been shown to induce limited dystrophin
expression in four DMD boys.® These studies, and ex-
tensive mdx mouse model systemic intravenous delivery
reports, have rescued dystrophin expression by target-
ing a single exon. However, many DMD patients
would require skipping of two or more exons to restore
the reading frame. The ability to use cocktails of anti-
sense oligonucleotides targeting multiple exons would
permit design of quasi-dystrophin proteins that retain
more functionality,” Finally, the use of cocktails could
lead to FDA-approved mixtures that would successfully
treat a large group of DMD patients with distinct but
overlapping deletions. This might alleviate the problem

From the 'Research Center for Genetic Medicine, Children’s Na-
tional Medical Center, Washington, DC; *McColl-Lockwood Lab-
oratory for Muscular Dystrophy Research, Neuromuscular/Amyo-
trophic Lateral Sclerosis  Center, Carolinas Medical Center,
Charlotte, NC; and *Department of Molecular Therapy, National
Institute of Neuroscience, National Center of Neurology and Psy-
chiatry, Kodaira, Tokyo, Japan.

Address correspondence to Dr Hoffman, Research Center for Ge-
netic Medicine, Children’s National Medical Center, Department of
Integrative Systems Biology, George Washington University School
of Medicine, 111 Michigan Avenue NW, Washington, DC 20010.
E-mail: ehoffman@cnmcresearch.org or Dr. Takeda, Department of

Molecular Therapy National Institute of Neuroscience, National
Center of Neurology and Psychiatry 4-1-1 Ogawa-higashi, Kodaiva,
Tokyo, Japan. E-mail: takeda@ncnp.go.jp

Potential conflict of interest: Nothing to report.

Additional Supporting Information may be found in the online ver-
sion of this article.

Received Jul 1, 2008, and in revised form Nov 29. Accepted for
publication Dec 5, 2008.

Published in Wiley InterScience (www.interscience.wiley.com).
DOI: 10.1002/ana.21627

© 2009 American Neurological Association 667



of performing toxicology tests and FDA approvals for
each individual antisense sequence; a formidable barrier
to clinical application. Skipping of more than one exon
could, theoretically, increase the applicability to some
90% of DMD patients”*® while aiming to produce the
most functionally favorable dystrophin variants.”

The canine X-linked muscular dystrophy (CXMD)
harbors a point mutation within the acceptor splice site
of exon 7, leading to exclusion of exon 7 from the
mRNA transcript.” We used the Beagle model here,
the mutation of which originates from the Golden Re-
triever model, but which is less severely affected. At
least two further exons (exons 6 and 8; Fig 1) must be
skipped (multiexon skipping) to restore the open read-
ing frame; therefore, it is more challenging to rescue
dystrophic dogs with an exon-skipping strategy. Previ-
ously, McClorey and colleagues'® showed transfection
with antisense oligo targeting exons 6 and 8 restored
reading frame of mRNA in cultured myotubes from
dystrophic dogs in vitro. Here, we identified a phos-
phorodiamidate morpholino oligomer (PMO) cockrail
that, using either intramuscular injection or systemic
intravenous delivery, was not toxic, resulted in exten-
sive dystrophin expression to therapeutic levels, and
was associated with significant functional stabilization
in dystrophic dogs in vivo.

Methods

Animals

CXMD-affected dogs and wild-type littermates from 2
months to 5 years old were used in this study'' (see the
Supplementary Table). Institutional animal care and use
committee of National Center of Neurology and Psychiatry
Japan approved all experiments using CXMD.

Antisense Sequences and Chemistries

We designed four antisense sequences to target exons 6
and 8 of the dog dystrophin mRNA as follows: Ex6A
(GTTGATTGTCGGACCCAGCTCAGG), Ex6B (AC-
CTATGACTGTGGATGAGAGCGTT), Ex8A (CTTC-
CTGGATGGCTTCAATGCTCAC), and Ex8B (ACCT-
GTTGAGAATAGTGCATTTGAT). Sequences were
designed to target exonic sites of exon 6 (Ex6A) and exon 8
(Ex8A), or exon/intron boundary between exon 6 and in-
tron 6 (ExGB), or exon 8 and intron 8 (Ex8B) (see Fig 1).
Two donor-site sequences (Ex6B and Ex8B) were designed
to target 23bp of exon and 2bp of intron. Sequences were
synthesized using two different backbone chemistries: 2'O-
MePs (Eurogentec Litge, Belgium), and morpholino
(Gene-Tools, LLC Philomath, OR).'> We determined these
sites based on the exonic splicing enhancer motifs, GC con-
tents, and secondary structures. We also avoided self/
heterodimers. U (uracil) was used instead of T (thymidine)
for the synthesis of 2'0O-MePs oligos. A discussion and fig-

The DMD gene Ex6A EX68
CXMD dog mutation

Dystrophic dog mRNA

Ex8A Ex8B
mes B

Out-of-frame

Out-of-frame

Out-of-frame

ln-frame _ ]
[T ATy Tl

Reading frame

In-frame

Fig 1. Mutation in canine X-linked muscular dystrophy (CXMD) and strategy for exon-skipping treatment. The dystrophic dog har-
bors a point mutation at splice site in intron 6, which leads to lack of exon 7 in messenger RNA. Single-exon skipping of exon 6
or 8 leads to out-of-frame products. Exclusion of at least two further exons (exons 6 and 8) is required to restore reading frame.
Each extremity of the box represents the specific phasing of the exon. Left end of exons: I: vertical lane (such as exon 6) means that
the exon begins by the first nucleotide of a codon; 2) arrowhead toward left (such as exon 8) means that the exon begins by the
second nucleotide of a codon; and 3) arrowhead toward right (such as exon 7) means that the exon begins by the third nucleotide
of a codon. Right end of exons: 1) Vertical lane (such as exon 8) means that the exon ends by the last nucleotide of a codon; 2)
arrowhead toward left (such as exon 1) means that the exon ends by the first nucleotide of a codon; and 3) arrowhead toward
right (such as exon 6) means that the exon ends by the second nucleotide of a codon. DMD = Duchenne muscular dystrophy.
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ure showing the alternative chemistries can be found in
Yokota and colleagues’ article.!?

In Vitro Cell Transfections _
Primary myoblast cells from neonatal CXMD dogs were ob-
tained by standard methods using a preplating method.**
Normal control (wild-type) or dystrophic (CXMD) myo-
blasts (1.5 X 10° cells) were cultured in growth medium
containing F-10 growth media, 20% fetal calf serum, basic
fibroblast growth factor (2.5ng/ml), penicillin (200U/ml),
and streptomycin (200pg/ml) for 72 hours, followed by
antisense oligonucleotide (2'0-MePs) administration (0.25-
Spg/ml, 30~-600nM) for 3 hours with lipofectin (Invitro-
gen, La Jolla, CA) following manufacturer’s instructions (An-
tisense Oligo (AO)/lipofectin ratio = 1:2). The cells were
cultured in differentiation medium containing Dulbecco’s
minimum essential medium with Horse Serum (HS) (2%),
penicillin (200U/ml), and streptomycin (200pg/ml) for 4 to
5 days before analyses for RNA and protein. Morpholino
antisense oligonucleotides carry no charge and cannot be
transfected into cells efficiently, so only 2'O-MePs chemistry
was utilized for in vitre studies.

Intramuscular Injections

Animals were anesthetized with thiopental sodium induction
and maintained by isoflurane for all intramuscular injections
and muscle biopsies. Skin was excised over the site of injec-
tion, muscle exposed, and the injection site marked with a
suture in the muscle. Antisense oligonucleotides were deliv-
ered by intramuscular injection using lml saline bolus into
the tibialis anterior or extensor carpi ulnaris (ECU) muscles
using a 27-gauge needle. Antisense oligonucleotides were de-
livered either singly or in mixtures. Both 2'O-MePs and
morpholino chemistries were tested. Muscle biopsies were
obtained at 2 weeks after antisense injection.

Intravenous Systemic Delivery

Three dogs were treated and all were given an equimolar
mixture of morpholinos Ex6A, Ex6B, and Ex8A at 32mg/ml
each. Between 26 and 62ml was injected into the right sa-
phenous vein using a 22-gauge indwelling catheter, leading
to a cumulative (combined) dose of 120 to 200mg/kg per
injection. Morpholinos were injected 5 to 11 times at weekly
or biweekly intervals (see the Supplementary Table). Tissues
were examined 2 weeks after the last injection.

Reverse Transcriptase Polymerase Chain Reaction and
Complementary DNA Sequencing

Total RNA was extracted from myoblasts or frozen tissue
sections using TRIzol (Invitrogen). Then reverse transcrip-
tase polymerase chain reaction (RT-PCR) was performed on
200ng of total RNA for 35 cycles of amplification using
One-Step RT-PCR kit (Qiagen, Chatsworth, CA) following
manufacturer’s instructions with 0.6mM of either an exon 5
(CTGACTCTTGGTTTGATTTGGA) or an exon 3/4
junction (GGCAAAAACTGCCAAAAGAA) forward primer.
Reverse primers were either exon 10 (TGCTTCGGTC-
TCTGTCAATG) or exon 13 (TTCATCGACTACCAC-
CACCA). The resulting PCR bands were extracted by using
Gel extraction kit (Qiagen). BigDye Terminator v3.1 Cycle

Sequencing Kit (Applied Biosystems) was used for comple-
mentary DNA sequencing with the same primers.

Hematoxylin and Eosin and Immunostaining

Eight micrometer cryosections were cut from flash-frozen
muscle biopsies at an interval of every 200m, then placed
on poly-L-lysine—coated slides and air-dried. Anti-dystrophin
rod (DYS-1) or C-terminal monoclonal Ab (DYS-2) (Novo-
castra Newcastle upon Tyne, UK) were used as primary an-
tibodies. Rabbit anti-neuronal nitric oxide synthase (anti-
nNOS) (Zymed Laboratory, San Francisco, CA) was used for
nNOS staining. Alexa 468 or 594 (Invitrogen) was used as
secondary antibody. 4',6-diamidino-2-phenylindole contain-
ing mounting agent (Invitrogen) was used for nuclear coun-
terstaining (blue). The number of positive fibers for DYS-1
was counted and compared in sections where their biggest
number of the positive fibers was as described previously.'
Hematoxylin and eosin staining was performed with Harris
hematoxylin and eosin solutions. Irnaégcs were analyzed and
quantified by using Image] software.'

Western Blotting Analysis

Muscle proteins from cryosections were extracted with lysis
buffer containing 75mM Tris-HCl (pH 6.8), 10% sodium
dodecyl sulfate, 10mM EDTA, and 5% 2-mercaptoethanol.
Four to 40ug proteins were loaded onto precase 5% resolv-
ing sodium dodecyl sulfate polyacrylamide gel electrophoresis
gels following manufacturer’s instructions. The gels were
transferred by semidry blotting (Bio-Rad Hercules, CA) at
240mA for 2 hours. DYS-2 (Novocastra) antibody against
dystrophin, rabbit polyclonal antibody against a-sarcoglycan,
and rabbit polyclonal antibody desmin were used as primary
antibodies.'” Horseradish peroxidase—conjugated anti-mouse
or anti-rabbit goat immunoglobulin (Cedarlane Laborato-
ries, Hornby, Ontario, Canada) was used as secondary anti-
bodies. Enzyme chemiluminescence kit (GE Fairfield, CT)
was used for the detection. Blots were analyzed by Image]
software.

Blood Tests

Creatine kinase activity, blood counts, serum biochemistry,
and toxicology test in canine serum were assayed with the
Fuji Drychem system (Fuji Film Medical Co. Ltd, Tokyo,
Japan) and Sysmex F-820 (Sysmex Corporation, Kobe, Ja-
pan) according to manufacturer’s instruction.

Magnetic Resonance Imaging

For imaging studies, animals were anesthetized with thiopen-
tal sodium and maintained by isoflurane. We used a super-
conducting 3.0-Tesla magnetic resonance imaging (MRI) de-
vice (MAGNETOM Trio; Siemens Solutions, Erlanger,
Germany) with an 18cm diameter/18cm length human ex-
tremity coil. The acquisition parameters for T2-weighted im-
aging were TR/TE = 4,000/85 milliseconds, slice thick-
ness = 6mm, slice gap = Omm, field of view = 18 X 18cm,
matrix size = 256 X 256, and number of acquisitions = 3
during fast spin echo.
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Functional Testing
Clinical evaluation of dogs was performed as described in
our previous report.'® Grading of clinical signs in CXMD
dogs was as follows: gait disturbance: grade 1 = none, grade
2 = sitting with hind legs extended, grade 3 = bunny hops
with hind legs, grade 4 = shuffling walk, and grade 5 =
unable to walk; mobility disturbance: grade 1 = none, grade
2 = lying down more than normal, grade 3 = cannot jump
on hind legs; grade 4 = increasing difficulty moving around,
and grade 5 = unable to get up and move around; limb or
temporal muscle atrophy: grade 1 = none, grade 2 = sus-
pect hardness, grade 3 = can feel hardness or apparentdy
thin, grade 4 = between grades 3 and 5, and grade 5 =
extremely thin or hard; drooling: grade 1 = none, grade 2 =
occasionally dribbles saliva when sitting, grade 3 = some
drool when eating and drinking, grade 4 = strings of drool
when eating or drinking, and grade 5 = continuous drool;
macroglossia: grade 1 = none, grade 2 = slightly enlarged,
grade 3 = extended outside dentition, grade 4 = enlarged
and slightly thickened, and grade 5 = enlarged and thick-
ened; dysphagia: grade 1 = none; grade 2 = takes time and
effort in taking food, grade 3 = difficulty in taking food
from plate, grade 4 = difficulty in chewing, swallowing, or
drinking, and grade 5 = unable to eat.

For timed running tests, each dog was encouraged to run
down a hallway (15m), and elapsed time was recorded. Sin-
gle tests were done because dystrophic dogs tired rapidly.

Results

In Vitro Screening of Antisense Oligonucleotides in

Dog Primary Myoblasts

The CXMD dog harbors a splice-site mutation of exon
7, leading to an out-of-frame mRNA transcript fusing
exons 6 to 8 (see Fig 1). Both exons 6 and 8 must be
excluded (skipped) from the mRNA to restore the
reading frame. Four antisense oligonucleotides were de-
signed against exons 6 and 8. Ex6A and Ex8A were
designed to bind exonic splicing enhancers, and Ex6B
and Ex8B were directed against the 5’ splice bound-
aries of each exon (see Fig 1). The four AOs were
transfected as 2’'O-MeDPs either singly or in mixture
(cocktails; Spg/ml each or 600nM each) into cultures
of primary myoblasts isolated from the skeletal muscle
of neonatal CXMD dogs. Four days after differentia-
tion into myotubes, RNA was isolated and tested for
specific exon skipping by RT-PCR. A cocktail of all 4
AOs produced a single 101bp band with 100% of RT-
PCR product corresponding to a desired in-frame
splice product of exons 5 to 10 (Fig 2A). It is of in-
terest that exon 9, known to be an alternatively spliced
exon in the dystrophin mRNA, was consistently
skipped, although no antisense oligonucleotide was
used against this exon (see Fig 2; see Supplemental Fig
1).'® Each of the four sequences was also transfected
individually, and either Ex6A or Ex6B successfully in-
duced skipping as a single AO (100% in-frame prod-
uct) (see Fig 2A). The precise skipping of exons was
confirmed by complementary DNA sequencing (see
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Fig 2. In vitro screening of antisense oligonucleotides and re-
covery of dystraphin expression by single antisense oligos in dog
primary myoblasts. (A) Detection of exons 6 to 9 skipped in-
frame products (101bp) using reverse transcriptase polymerase
chain reaction (RT-PCR) at 4 days after the transduction of
Sug (600nM) each AOs of single (Ex6A or ExGB) or cocktail
AOs (ExGA, ExGB, Ex8A, and Fx8B) as indicated. A faint
585bp out-of-frame band is detected in Ex8B-treated myo-
tubes. Nontreated myotubes (NT) show listle RT-PCR prod-
uct, likely because of nonsense-mediated decay. (B) Comple-
mentary DNA (cDNA) sequencing after antisense
oligonucleotide treatment at 4 days after the transduction of
ExGA alone, showing the desired in-frame exons 5 to 10 skip.
(C) Immunocytochemistry with dystrophin C-terminal anti-
body (Dys-2; red) and nuclear counterstaining (blue) for pri-
mary myotubes from canine X-linked muscular dystrophy
(CXMD) cells at 4 days afier transfection with cocktail or
single antisense 2' O-methylated phosphorothioate (2' O-MePs)
targeting exons G and 8 (5pg each/ml, or 600nM), non-
treated wild-type (WT) cells, and CXMD cells. Scale bar =
50pm.

Fig 2B). We found a dose-response relation where use
of 30 and 60nM of either ExGA or Ex6B induced mul-
tiexon skipping of exons 5 to 10, although with less
efficiency and more intermediate out-of-frame products
(see Supplemental Fig 1A). In contrast, the Ex8A AO
alone induced skipping of mainly exons 8 and 9, an



out-of-frame transcript, whereas the Ex8B AO induced
no detectable exon skipping (see Fig 2A). Dystrophin
protein production from in-frame mRNA was con-
firmed by immunocytochemistry using either the four-
sequence cocktail or Ex6A alone (see Fig 2C).

We tested the same sequences in normal (wild-type)
control Beagle cells (see Supplemental Fig 1B-C).
When transfected into wild-type Beagle myoblasts,
exon 9 was again routinely removed from the tran-
scripts. The antiexon 8 AO pair excised exon 8, similar
to dystrophic cells, whereas the exon 6-specific AO
pair excised exon 6, as well as exon 9, but left exons 7
and 8 in place.

Efficient Skipping In Vivo Requires a

Three-AO Cocktail

Given that Ex8B appeared ineffective by all in witro
assays, we did not continue with this sequence. Intra-
muscular injections were done using Ex6A alone, and
equimolar mixtures of Ex6A, Ex6B, and Ex8A. Intra-
muscular injections into the tibialis anterior or ECU
muscles of 0.5- to 5-year-old CXMD dogs were done
for both 2’O-MePs and morpholino chemistries, at a
dose of 0.12 to 1.2mg of each sequence (Fig 3; sce
Supplemental Fig 2). Biopsies were performed 2 weeks
later at injection sites, marked by suture threads.
Dystrophin-positive fibers were concentrated around
the injection site, and the absolute number of
dystrophin-positive fibers was counted in cross section.

In contrast with the skipping patterns observed with
in vitro cell transfections, injection of ExG6A alone in-
duced skipping of only exon 6 in experiments using
either morpholinos or 2'O-MePs chemistries (see Fig
3; see Supplemental Fig 2). By contrast, the cocktail of
ExGA, Ex6B, and Ex8A induced robust dystrophin ex-
pression in a highly dose-dependent manner), with
1.2mg per each morpholino showing areas of complete
dystrophin rescue, and high levels of dystrophin by im-
munohistochemical analysis and immunoblot (see Figs
3A, B, D; see Supplemental Fig 2). Intramuscular in-
jections using the same cocktail with 2'O-MePs chem-
istry showed similar results, with greater dystrophin
rescue using the three AO cocktail compared with
Ex6A alone (see Fig 3C). Two pairwise combinations
of Ex8A with either Ex6A or Ex6B were tested with
morpholino chemistry, and neither combination
proved as efficient as the three-sequence cocktail (see
Fig 3B).

RT-PCR analyses of injected muscles showed that
the ExGA/Ex6B/Ex8A morpholino cocktail drives effi-
cient skipping of exons 6 to 10 skipped products, with
between 61 and 83% of RT-PCR products showing
the desired in-frame product in the three muscles
tested (see Fig 3D). Additional out-of-frame products
were observed with Ex6A alone, and as a minority of
products in the cocktail-treated muscles (see Fig 3D).
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Fig 3. Recovery of dystrophin expression by in vive intramuscu-
lar injection of a three-AO cocktail but not ExGA alone. (4)
Restoration of dystrophin expression in tibialis anterior (TA) at
14 days afier single injection with 1.2mg ExGA only, or cocktail
containing 0.12mg each, 0.6mg each, or 1.2mg each of anti-
sense morpholino Ex6A, ExGB, and Ex8A are shown. Age-
matched nontreated (NT) canine X-linked muscular dystrophy
(CXMD) and wild-type (WT) dogs are shown as control ani-
mals. Hematoxylin and eosin (HE) staining at 14 days after
1.2mg each of the cocktail injection and age-matched nontreated
control (NT), with consecutive cryosection stained with dystro-
phin (DYS-1) and 4',6-diamidino-2-phenylindole, show histo-
logical correction of the dystraphy. Bar = 100um. (B, C) The
number of DYS-1-positive fibers in TA or extensor carpi ul-
naris (ECU) at 14 days after a single injection with cocktail
(ExGA+ Ex6B+ Ex8A), or indicated combinations, at 1.2mg
each (morpholino; B), or 120ug each 2' O-methylated phosphoro-
thisate (2' O-MePs) (C). Values are mean * standard error of
the mean. (D) RT-PCR analysis at 2 weeks after intramuscular
injection of cocktail or ExGA morpholino at 1.2mg each. The
percentage of the in-frame exon 5 to 10 skip is shown under the
gel image for treated muscle; normal control (WT) muscle shows
the normal full-length in-frame transcript at the expected 100%.
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Histological analyses of the muscle injected with the
three-morpholino cocktail (1.2mg/each) showed signif-
icant histological improvement of the dystrophy, rela-
tive to uninjected muscle, (see Fig 3A; bottom panels).

By immunoblotting, intramuscular injection of the
optimal cocktail induced dystrophin to 50% normal
levels in a 2-year-old dog but only to 25% in a more
clinically severe 5-year-old dog (see Supplemental Fig
2A). This result implies that the muscle quality influ-
ences the amount of dystrophin that can be produced.

Intravenous Systemic Delivery of a Morpholino

Cocktail Induces Body-Wide Dystrophin Expression

AOs must be deliverable systemically to be of therapeu-
tic value. Accordingly, we undertook intravenous infu-
sion of the three morpholino-cocktail showing the
most success in the intramuscular experiments (Ex6A,
Ex6B, and Ex8A). Three CXMD dogs were studied us-
ing intravenous doses similar to that used in mdx
mouse studies (30-40mg/kg per injection), with
weekly or biweekly dosing. The first dog received
120mg/kg morpholinos (40mg/kg per each sequence)
in weekly intravenous injections, with five doses over 5
weeks. The second dog was given the same dose 11
times at 2-week intervals over the course of 5.5
months. The third dog received a greater dose:
200mg/kg (66mg/kg of each morpholino) seven times
at weekly intervals (see the Supplementary Table). All
dogs were euthanized 2 weeks after the last injection,
and multiple muscles were examined.

All skeletal muscles of each treated dog showed evi-
dence of de novo dystrophin expression by immunoflu-
orescence of cryosections, although the degree of rescue
was variable (Fig 4A). Histopathology was markedly
improved in regions showing high dystrophin expres-
sion (see Fig 4A). Immunoblotting confirmed expres-
sion up to approximately 50% of normal levels, but
some muscles expressed only trace amounts (see Figs
4C, D). Dystrophin expression was also detected in
cardiac muscles but, as in the mdx mouse,"” less than
in skeletal muscles and concentrated in small patches
(see Fig 4A). Of the three dogs, the average dystrophin
protein expression level was greatest in the dog given
seven weekly doses of 200mg/kg PMO, with an aver-
age of 26% of normal dystrophin levels.

Selected muscles were studied for quantitative rescue
of histopathology and for biochemical rescue of
dystrophin-interacting proteins (dystrophin-associated
glycoproteins and nNOS). A commonly utilized quan-
titative marker for muscle pathology is central nucle-
ation of myofibers, where increased central nucleation
is reflective of increased degeneration and regeneration.
Quantitation of central nucleation in treated dogs
compared with untreated littermates showed that intra-
venous antisense treatment reduced central nucleation
in all five muscle groups examined (sce Fig 4B).
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Both nNOS and a-sarcoglycan are dystrophin-
associated proteins that colocalize with dystrophin in
normal muscle and are reduced in DMD muscle.
nNOS immunofluorescence and «-sarcoglycan im-
munoblotting were done on a series of muscles
from treated and control dogs. By immunoblot,
a-sarcoglycan was seen to be increased in all muscles
examined (Fig 5B). Likewise, nNOS was seen to relo-
calize to the membrane in dystrophin-positive regions
in systemically treated dogs (see Fig 5A).

Muscle Imaging and Clinical Grading Scores Are
Improved by Systemic Antisense Treatment

A global improvement in muscle pathology was further
supported by the T2-weighted MRI examination (Fig
6). The high-intensity T2 signal, indicative of inflam-
mation and increased water content, was diminished in
PMO-treated dogs compared with pretreated and un-
treated control dogs in most muscles (see Fig 6).

Functional improvement of treated dogs was also as-
sessed by a 15m timed running test and by a combined
clinical grading score, as we have previously pub-
lished.'® Three dogs treated with intravenous morpho-
linos were compared with three untreated, at the ages
of both 2 or 5 months (pretreatment) and 4 or 7
months (posttreatment) (Figs 7B, C). The untreated
lictermates became slower over the treatment time,
whereas all treated dogs ran faster after treatment. The
single dog treated at an older age with more advanced
symptoms showed greater improvement relative to un-
treated littermates (see Fig 7B).

The combined clinical grading score similarly
showed improvement or stabilization of disease pro-
gression after antisense treatment, relative to natural
history controls (see Fig 7A). Videos documenting run-
ning ability of treated dogs and untreated littermates
are available as supplemental data (see Supplemental
Movies 1-5).

Serum creatine kinase was assessed before and after
intravenous treatment, and compared with natural his-
tory controls (see Supplemental Fig 3). Although se-
rum creatine kinase was variable, posttreatment creat-
ine kinase levels were consistently less than natural
history controls.

Intravenous High-Dose Morpholino Cocktail Shows

No Evidence of Toxicity

No local inflammatory reactions or organ dysfunctions
were recorded in the morpholino-treated dogs. Twice-
weekly serum toxicology screens of the three systemically
treated dogs showed no evidence of liver or kidney dys-
function (see Supplemental Fig 4). Levels of urea nitro-
gen, a-glutamyl transpeptidase, and creatinine all re-
mained within the reference ranges. In addition, no
significant changes were observed in amylase, total pro-
tein, total bilirubin, C-reactive protein, sodium, potas-



sium, or chloride. Growth of body weight was also
within reference range in all treated dogs (data not
shown).

Discussion

This is the first report of widespread induction of dys-
trophin expression to therapeutic levels in the dog
model of DMD. Overall, our findings provide a prom-
ising message for DMD patients. Specifically, we show
that intravenous morpholino antisense (PMOs) can
generate body-wide production of functional dystro-
phin in 2 model clinically more severe than DMD, re-
sulting in stabilization or improvement of the clinical
disease. Beneficial effects were documented by histol-
ogy, MR, and functional tests (running and combined
clinical grading scores).

We encountered some unexpected findings that raise
important questions as to how to pursue this promising
approach into human dlinical trials. Clearly, the choice
of specific antisense sequences is a crucial determinant
of the ultimate success of targeted exon skipping. To
date, specific AO sequences have been assessed for ef-
ficiency of exon skipping using cell-based experimental
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(in vitro) systems, with the optimal sequences then
used for i vive experiments. In studies presented here,
antisense oligonucleotides directed against exon 6 were
able to efficiently induce the desired exon 5 to 10
splicing #n wvitro but not in vive. Our observations of
discrepant outcomes for ex vivo and in vivo in the dys-
trophic dog tell us that we do not currently possess a
reliable means of screening for sequences that induce
efficient skipping of a particular exon in a particular
mutational context. Data obtained from application of
sequences as 2'O-MePs in primary myogenic cells or as
PMO:s incubated ex vivo with muscle fragments failed
to predict the effects when PMO sequences were tested
in vivo. The high percentage of in-frame products here
might be related to nonsense-mediated decay of out-of-
frame products or quality of RNA from cell culture;
however, the in vitro experiments were consistent using
three different concentrations (600, 60, and 30nM)
with two different sequences (ExGA and Ex6B). The
results were confirmed by RT-PCR, immunohisto-
chemistry, and complementary DNA sequences (see
Fig 2; see Supplemental Fig 1). The in vitro effect of

Fig 4. Widespread dystrophin expression and improved histology
by intravenous systemic delivery of cocktail morpholinos in ca-
nine X-linked muscular dystrophy (CXMD) dogs. (4) Dystro-
phin (DYS-1) staining and bistology in bilateral tibialis ante-
rior muscles (TA), diaphragm (DIA), sternocleidomastoid
(SCM), and heart ar 2 weeks after final injection afier five
weekly intravenous infections of 120mglkg cocktail morpholinos
containing ExGA, ExGB, and Fx8A4 (2001MA). Comparisons
were made with TA from normal control animal (wild type
[WT]) and from nontreated CXMD littermate (NT) tibialis
anterior (TA) and heart. Intravenous morpholino treatment
resulted in extensive, though variable, dystrophin production in
multiple muscles, but with only limited evidence of rescue in
heart (isolated cardiocytes). Paired dystrophin immunostaining
and histology from treated dog (TA, bottom panels) showed im-
proved histopathology relative to untreated littermate (NT TA)
histology. Bars = 200pm, except for higher magnification pic-
ture of DIA and hearts (100pm). (B) Quantitation of centrally
nucleated fibers (CNFs) in TA, intercostal (IC), quadriceps
(QUA), diaphragm (DIA), and sternocleidomastoid (SCM) in
treated dog (blue bars; 2001MA) and untreated dog (red bars;
2008MA). (C) Western blotting analysis for detection of dystro-
phin at 2 weeks after final injection after 5 X weekly intrave-
nous injections of 120mglkg cocktail morpholinos containing
ExGA, Ex6B, and Ex8A (2001MA). Dystrophin rescue is vari-
able with high expression in right extensor carpi ulnaris
[ECUR)] and left biceps femoris [BF(L)], and less in posterior
[ESO(P)] or anterior esophagus [ESO(A)] and sternocleidomas-
toid (SCM). (D) Immunoblot analysis of dystrophin in intrave-
nous morpholino-treated dog (2703MA; 7 X weekly dosing)
and control animals (normal control (WT], nontreated [NT]).
Desmin immunoblot is shown as a leading control. Dystrophin
shows high levels (>25% control levels) in triceps brachii (IB),
DIA, and masseter (MAS). ADD = adductor; BB = biceps
brachii; EDL = extensor digitorum longus; MAS = masseter.
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Fig 5. Recovery of localization and expression of dystrophin-
associated proteins after systemic delivery of cocktail morpholi-
nos to canine X-linked muscular dystrophy (CXMD) dogs.
Neuronal nitric oxide synthase (nINOS) (A) and a-sarcoglycan
(B) expression at 2 weeks afier 5 X weekly 120mglkg cocktail
(2001MA) or 7 X weekly 200mglkg cocktail morpholino in-
Jjections (2703MA) to CXMD dogs. Recovery of nNOS expres-
sion at sarcolemma was observed by double immunofluores-
cence against dystrophin (DYS-1) and nNOS. Scale bar =
50mm. By immunoblot (B), a-sarcoglycan levels are increased
in treared dog muscles, compared with untreated dystrophic
controls (NT). Myosin heavy chain (MyHC) shown as a load-
ing control. WT = wild-type normal control animals; WI(1/
10) = wild-type (1/10 diluted samples, ie, 4g loaded);

NT = nontreated CXMD muscles (tibialis anterior); ECU =
extensor carpi ulnaris; SCM = sternocleidomastoid; BF =
biceps femoris; TA = tibialis anterior; QUA = quadriceps;
SAR = sartorius; GAS = gastrocnemius; DIA = diaphragm;
L = left side; R = right side.

the exon 6—specific sequence was, in addition, context
dependent. For when transfected into wild-type Beagle
myoblasts, the exon 8 AO pair again excised exons 8
and 9, whereas the exon 6-specific AO pair excised
exons 6 and 9, leaving exons 7 and 8 in place (see
Supplemental Fig 1). Thus, excision of exon 8 by the
exon G—specific sequences occurs only in the context of
the mutant exon 7 splice site. Together, the differences
between patterns of skipping in vive versus in vitro and
between wild-type versus mutant genotypes tell us that
efficiency of skipping during transcription is domi-
nated by variables other than the availability or other-
wise of specific local sequence. Thus, it is prudent to
consider testing of selected sequences in multiple sys-
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tems with human dystrophin mRNA as the target be-
fore committing to a specific sequence for clinic trials.

We observed efficient skipping of exon 9, even
though no antisense sequence targeted its removal in
both wild-type and CXMD (see Figs 2 and 3), which
is known as alternative splice site.”® AOs targeting exon
8 have been reported to induce skipping of both exon
8 and 9 in human and in dog studies (see Figs 2 and
3).1%2! It appears likely that the small size of intron 8
compared with intron 7 (1.1 vs 110Kb) predisposes to
splicing of exon 8 to exon 9 before splicing to exon 7.

In the systemically treated dogs, we found widespread
expression of dystrophin in all muscles analyzed but
with considerable variation (see Fig 4). No difference in
dystrophin expression between fiber types was evident
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Fig 6. Amelioration of pathology and reduced inflammation
signal in magnetic resonance imaging (MRI). T2-weighted MRI
of hind legs at 1 week before initial injection (pre-inj) and ar 2
weeks afier final injection (post-inj) of 7 X weekly intravenous
(IV) injection of 200mgfkg cocktail morpholinos (2703MA) or
5 X weekly IV injection of 120mglkg cockiail morpholines
(2001MA). Age-matched untreated dogs (wild type [WT; nor-
mal control] and nontreated dystraphic control [NT]) are shown
Jfor comparison. (B) Changes of 12 value examined by MRI at
2 weeks after 7 X weekly 200mglkg cocktail morpholino injec-
tions. Changes of T2 values in hind legs at 1 week before ini-
tial injection and at 2 weeks after final injection are shown.
Intravenous morpholino treatment resulted in decreased T2 sig-
nal in all muscles examined. TA = tibialis anterior; GAS =
gastrocnemius; ADD = adductor; VL = vastus lateralis. Dot-
ted lines represent normal Beagle; dashed lines represent non-
treated canine X-linked muscular dystrophy (CXMD); solid
lines represent treated CXMD.
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Fig 7. Stabilization of clinical symptoms by systemic morpholino treatment. (A) Combined clinical grading scores before (black
lines) and after starting trearment (red lines) of the three treated dogs. Clinical grades of gait disturbance, mobility disturbance,
limb or temporal muscle atrophy, drooling, macroglossia, and dysphagia are scored as described in Materials and Methods. A series
of untreated dogs (n = 6-13) was studied for comparison (dashed line, standard error bars). (B, C) Fifteen-meter timed running
tests in treated dogs and untreated littermates. A canine X-linked muscular dystrophy (CXMD) dog treated from 5 to 7 months
(2001MA) of age showed decreased timed 15m run after treasment, whereas untreated littermates showed slowed running ability
(B). Similarly, two listermate dogs treated at 2 to 4 months of age (2703MA; 2702FA) showed quicker 15m times after treatment

compared with nontreased littermate (C).

(data not shown). Even contralateral muscles differed
from one another, suggesting that variation in efficacy of
dystrophin production is a reflection of transient spo-
radic events such as myopathic episodes or changes in
vascularization or circulation rather than any intrinsic
muscle-specific properties. Pathological stages of degen-
eration/regeneration may also be involved. Overall, most
studies to date suggest that 10 to 20% normal dystro-
phin levels are needed to improve muscle function,**??
and the data on systemic morpholino-induced exon
skipping presented here imply that some, but not all,
muscle groups reached this therapeutic level.

Systemic delivery of morpholinos in CXMD dogs as
in mdx mice induced only modest dystrophin produc-
tion in the heart (see Fig 4)." The reason is not clear,
but it has been suggested that dystrophic skeletal mus-
cle fibers may give greater access to AOs because they
have more “leaky” membranes than the smaller cardiac
cells and because the syncytial structure of myofibers
may permit wider diffusion of PMO molecules from
each site of entry.”* Cardiac ischemia, as indicated by
abnormal Q-waves in CXMD,?* may also limit access
of AOs to cardiomyocytes. Some improvement in de-
livery has been reported with cell-penetrating peptide-
tagged morpholinos, or use of microbubbles and ultra-
sound that may enhance uptake efficiency in the heart
by facilitating penetration of cell membranes, although
toxicity of these strategies is not clear.2%*’

Considerable evidence for functional and histological
improvement was seen in the three systemically treated
dogs (see Figs 4-7). All were stabilized compared with
their untreated littermates in motor function tests, gen-
eral clinical condition, and serum creatine kinase levels.

MRI images also showed reduction of T2-weighted sig-
nal, interpreted as a sign of diminished inflammation,
after morpholino delivery (see Fig 6). However, longer-
term experiments are required to investigate whether
AOs can reduce infiltration by fibrofatty tissue and to
what extent functional loss can be recovered.

Many DMD patients require two or more exons to
be skipped to restore the reading frame. The data re-
ported here are the first demonstrations of efficient
skipping of multiple exons systemically through intra-
venous delivery. The dog model required skipping of
two to three exons to restore the reading frame, and we
were able to show efficient skipping of three exons by
both intramuscular and intravenous delivery methods.
Multiexon skipping has also been shown in in vitro cell
cultures and in mdx mice by intramuscular injec-
tions.»?*~° Multiexon skipping increases the range of
potentially treatable DMD patients and also raises the
prospect of selecting the most functionally favorable in-
frame dystrophins,” although skipping larger stretches
of exons has yet not been achieved and currently may
not be feasible. Specific morpholino cocktails able to
treat a large proportion of DMD patients with opti-
mized quasi-dystrophin production might be submitted
for regulatory approval as a single “drug.” For example,
a cocktail of AOs targeting exons 45 to 55 would be
applicable in up to 63% of patients with dystrophin
deletions, and this specific deletion is associated with
asymptomatic or mild BMD clinical phenotypes.®'*?
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