Table 1

Control and SMA cases examined.

SMA

Case

Control

SMA phenotype

Deletion patterns

Postmortem
time (h)

Age/sex Cause of death

Postmortem
time (h)

Cause of death

Diagnosis

Age/sex

Case

NAIP

SMN

UK
UK

ES, E6
Normal

E7, E8

E7

UK
UK

AA
AA

14 w GA/UK
20 w GA/UK

S1
S2

<72
17.5
10.5

AA
AA
SB
SB

Cardiovascular anomaly

Hydrops fetalis

FCMD
FCMD

17w GA/M
18w GA/M
21w GA/F
26 w GA/M
31w GA/F
38w GA/F

Cl
C2
C3
C4

SB
SB

Torsion of umbilical cord

Polycystic kidney

C5

C6

Y. Ito et al. | Brain & Development 33 (2011) 321-331

0 0V L L VLV O
[P =Py = Vi < P < P o9}
PR T = =
el el el
BTo® 8 ®
ERMEE, E
= —- —
vy © O O
ZmZZZZ
o0 00 oo o0
[Za1 3 R
o e e
mmmmZm
O] v = 0O w= N
2
=
<)
b
8
Z
Lo <€
MO
SpEkEksk
\\EE\E
E 8- = Em
<t V) e e \O
>
>u>\>~.>~.>\N
S SO OV —
DPE LA
wy vy
v v
N — -— 00
<3
e .
- w
= 8
~ 3
LAk B
K<IT =
- 2
S »s <
I
c ag =1
g O = <
-2 ® =
SES E=
ER- B
2= 8 % 2
SEE 2§
225 B8
B 8T 5 ©
= 3= =
< < 0 <
U200 Z0O
u.EE
\\E
g E J EI-Y-
TOo= AR
o >\m
oo o vy —
=]
~ oo —
oL QO

pancreatitis

CA

Normal  Type 2

E7, E8

3.5

17 y/M

S9

8

AP, RF, HF

FCMD

17 y/M
18 y/F
Abbreviations: AA

cl2
C13

12
, artificial abortion; AP, acute pneumonia; CA, cardiac arrest; E, exon; F, female; FCMD, Fukuyama type congenital muscular dystrophy; GA, gestational age; HT, heart failure;

HF

Cardiovascular anomaly

; NAIP, neuronal apoptosis inhibitor protein; NE, not examined; RF, respiratory failure; SB, stillbirth; UK, unknown.

Elder brother of Case S5.

M, male

*
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Louis, MO, USA) for 30 min at room temperature,
quenched with 3% hydrogen peroxide for 20 min at
room temperature, rinsed in Tris-buffered saline, pH
7.5 (TBS), and subsequently incubated with a reaction
solution composed of 6 mU/uL TdT (GIBCO-BRL,
Eggenstein, Germany) and 100 uM digoxigenin-11-con-
jugated dUTP (Roche Diagnostics, Mannheim, Ger-
many) at final concentrations in distilled water-diluted
TdT buffer under a humidified atmosphere for 60 min
at 37 °C. The reaction was terminated by immersion in
TBS for 30 min at 37 °C. After rinsing in TBS, sections
were incubated for 30 min at room temperature with
horseradish peroxidase (HRP)-labeled anti-digoxigenin
antibody (Cat. No. 11593700; diluted 1:50; Roche).
Immunoreaction products on sections were developed
with DAB, and were counterstained with hematoxylin.
Elimination of TdT in the reaction solution served as
a negative control. Signals obtained by the TUNEL
method were observed with a light microscope, and ver-
ified by comparison with H&E-stained consecutive
sections.

3. Results
3.1. Histopathological observations

In the control cases, LMNs in the anterior horns
demonstrated normal histopathological features in the
fetal and postnatal periods. At 17, 18 and 21 weeks
(w) of gestational age (GA), the LMNs showed physio-
logical fetal immature profiles characterized by fine
Nissl bodies restricted to the periphery of round somata
with a few cell processes (Fig. 1a and c¢). At 31 and 38 w
GA, the LMNs showed physiological fetal mature pro-
files characterized by fine Nissl bodies diffusely distrib-
uted in the cytoplasm of polygonal somata with the
well-developed cell processes (Fig. 1d). At 0-18 y, the
LMNs showed physiological postnatal mature profiles
characterized by coarse Nissl bodies diffusely distributed
in the cytoplasm of polygonal somata larger than those
in the fetal period with preserved cell processes (Fig. 1f,
h and j). The control spinal cords displayed no signifi-
cant reactive gliosis. In the teenagers, a subset of the
LMNs contained lipofuscin pigments (Fig. 1j). Both
the anterior and posterior roots showed no significant
morphological alteration (data not shown).

In the SMA cases, LMNs in the anterior horns dem-
onstrated the characteristic histopathological features of
SMA in the fetal and postnatal periods. In the fetal cases
at 14 and 20 w GA, the LMNs showed pathological
immature profiles characterized by fine Nissl bodies
restricted to the periphery of round somata, smaller
than those in the age-matched controls, as well as a
few cell processes (Fig. 1b and e). In the postnatal cases
at 0-17 y, the SMA spinal cords showed somatic reduc-
tion in size of the LMNs and appearance of ballooned
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Fig. 1. Histopathological observations of motor neurons in hematoxylin—eosin-stained spinal cord anterior horn sections from the examined cases:
18 w (a), 21 w (c) and 31 w (d) GA control fetuses; 0y 4m (f); 0y 11 m (h) and 18 y (j) control subjects; 14 w (b) and 20 w (¢) GA SMA fetuses; 0 y
4m(g), 0y 11 m (i) and 17 y (k) SMA patients. Arrows and open circles indicate ballooned neurons and lipofuscin pigments, respectively. Blank and
solid arrowheads indicate pyknotic nuclei of lower motor neurons and reactive astrocytes, respectively. Scale bar = 100 pm (a—k). Abbreviations: GA,
gestational age; m, months old; SMA, spinal muscular atrophy; w, weeks; y, years old.

neurons (BNs), the latter evidenced by fragmentated or reduced cell processes (Fig. 1g, i and k). BNs were smal-
disappeared Nissl bodies in the cytoplasm of round ler than typical chromatolytic neurons that have been
somata with central or eccentric cell nucleus and shown to appear during axonal reaction in Wallerian
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degeneration. Both the size and number of LMNs were
evidently reduced in the SMA cases as compared to the
age-matched controls, and the remaining LMNs includ-
ing BNs diminished along with age. The population of
survived LMNs was relatively preserved in the SMA
type 2 Case S9, who lived to 17 y, as compared to the
SMA type 1 Cases S3-S8. The severity of SMA symp-
toms correlated with the degree of a reduction in the
number of LMNs. In the SMA teenagers, the anterior
horns displayed both pyknotic cell nuclei (Fig. 1k) and
lipofuscin pigments (data not shown) in a subset of the
remaining LMNs as well as reactive astrocytosis. Addi-
tionally, glial bundles in the anterior roots of the SMA
cases were found only in postnatal period, and those
in the posterior roots were evident after 5y, while those
in SMA type 2 showed even milder change in the ante-
rior roots and little change in the posterior roots (data
not shown).

3.2. Immunohistochemical observations

No immunoreaction product deposit was visible on
negative reaction control sections (data not shown) for
the substances as mentioned below.

p-NFP immunoreactivity was mainly localized in ax-
ons in the gray and white matters of the postnatal con-
trol and SMA spinal cords (Fig. 2c, e and g). The
immunoreactivity was undetectable in the cytoplasm of
LMNs and glial cells in the fetal and postnatal control
cases (Fig. 2g), while it was detectable only in the cyto-
plasm of BNs (Fig. 2e) but undetectable other neurons
and glial cells in the fetal and postnatal SMA cases
(Fig. 2a and c).

Ubiquitin immunoreactivity was weak but detectable
only in the cell nucleus but undetectable in the
cytoplasm of the LMNs in both the control and SMA
spinal cords (Fig. 2b, d and h). Nuclear staining for
ubiquitin was considered as a normal subcellular localiz-
aton. BNs were only very weakly stained or not at all
(Fig. 2f). Glial cells were negatively stained.

Bcl-2 immunoreactivity was prominent in the cyto-
plasm of the LMNs in the control and SMA groups
in the early fetal period before 20 w GA (Fig. 3a and
¢), reduced around 20 w GA (Fig. 3b and d), and unde-
tectable including BNs in the postnatal period (data
not shown). There was no significant difference in
staining in the LMNs between the SMA cases and
the age-matched controls. Glial cells were negatively
stained.

Bax immunoreactivity was prominent in the cyto-
plasm of the LMNs in the fetal control and SMA cases
around 20 w GA (Fig. 3e and g). By contrast, it was
undetectable in LMNs including BNs in the postnatal
control and SMA cases (Fig. 3f and h). There was no
significant difference in staining in the LMNs between

the SMA cases and the age-matched controls. Glial cells
were negatively stained.

Activated caspase-3 immunoreactivity was prominent
in the cytoplasm of the LMNs in the fetal control and
SMA cases around 20 w GA (Fig. 3i and k), with no sig-
nificant difference in staining between the control and
SMA groups. On the other side, the immunoreactivity
was undetectable in the LMNs including BNs in the
postnatal control and SMA cases (Fig. 3j and 1). Most
of the glial cells were negatively stained.

SMN immunoreactivity was localized in the cytoplasm
of the LMNss in the control and SMA groups in the fetal
and postnatal period (Fig. 4). The immunoreactivity was
prominent in the fetal period (Fig. 4a and b) and within
5 years after birth (Fig. 4c—i), then reduced along with
age, and at last disappeared in higher teenagers, with non-
specific deposits on lipofuscin pigments in the LMNs
(Fig. 4j and k). The cytoplasm of BNs was also positive
for SMN (Fig. 4g). There was no difference in staining
pattern for SMN between the control and SMA groups.
Most of the glial cells were negatively stained.

3.3. Observations on TUNEL-stained sections

Negative reaction control sections did not show any
marked staining (data not shown). TUNEL-positive sig-
nals were undetectable in the cell nucleus and cytoplasm
of LMNss of the fetal and postnatal control and SMA
cases (Fig. 3m-p). By contrast, the signals were detect-
able in the nucleus of numerous glial cells and apoptotic
bodies were rarely detectable in only a few glial cells
from 21 and 26 w GA control fetuses, a 4-month-old
control infant, and a 14 w GA SMA fetus (Fig. 30).

4. Discussion

During development of the central and peripheral
nervous system, half of the neuron population regresses
and disappears [18]. The number of LMNs throughout
the human spinal cord reduces from 11 to 25w GA,
but not thereafter [19]; this type of physiological cell
death of LMNs overlaps with the initiation of functional
muscular contact. In the present study, we tested the
hypothesis that apoptosis may participate in the patho-
mechanism of SMA. Previous studies have suggested
implications for the proapoptotic transcription factor
p53 in SMA-associated LMN death [20]. p53 upregu-
lates expression of the proapoptotic gene product Bax
and downregulates expression of the antiaoptotic gene
product Bcl-2 in the neurons [21], and is a pivotal mol-
ecule regulating the death of neurons during develop-
ment and mediates a Bax-dependent caspase-3
activation in neuron [22]. Furthermore, Bax upregula-
tion is involved in motor neuron death during physio-
logical developmental processes [23]. Thus, our finding
that the immunoreactivities for Bax and activated
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Fig. 2. Immunohistochemical staining for phosphorylated neurofilament protein (a, c, e and g) and ubiquitin (b, d, f and h) in motor neurons in
spinal cord anterior horn sections from the examined cases: a 20 w GA SMA fetus (a and b); a 0 y 4 m SMA patient (c-f); and a 0 y 4 m control
subject (g and h). Panels (e) and (f) indicate the same region on consecutive sections. Arrows and blank and solid arrowheads indicate ballooned
neurons, axons and cell nuclei, respectively. Scale bar = 100 pm (a-h). 4bbreviations: GA, gestational age; m, months old; SMA, spinal muscular

atrophy; w, weeks; y, years old.

caspase-3 were detectable in the cytoplasm of a subset of
the LMNs in both the control and SMA cases in the
fetal period but not those in the postnatal period could
indicate that p53-induced, Bax-mediated, caspase-3 acti-
vation occurs in these cells in relation to the normal
developmental processes. The lack of TUNEL-positive
signals in LMN's in the fetal and postnatal control and

SMA spinal cords seemingly suggests a failure in cas-
pase-mediated apoptosis in these cells. However, it is
controversial whether TUNEL-positive signals are
detectable or undetectable in SMA LMNs [16,24,25].
Moreover, given that apoptosis execution completes
within some minutes after starting, followed by prompt
scavenging of apoptotic cells by macrophages [26], it is
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Fig. 3. Immunohistochemical staining for Bcl-2 (a-d), Bax (e-h) and activated caspase-3 (i-1) and terminal deoxynucleotidyl transferase-mediated
dUTP nick end labeling (TUNEL) assay (m-p) in motor neurons in spinal cord anterior horn sections from the examined cases: 17 w (a), 18 w (m)
and 21 w (b, e and i) GA control fetuses; a 0 y 4 m control subject (f, j and n); 20 w (d, g and k) and 14 w (c and 0) GA SMA fetuses; and a0 y4 m
SMA patient (h, | and p). Arrows and solid and blank arrowheads indicate ballooned neurons, immunoreactive cells and an astrocyte, respectively.
Scale bar = 100 um (a—p). Abbreviations: GA, gestational age; m, months old; SMA, spinal muscular atrophy; w, weeks; y, years old.

likely to be hard to detect morphological evidence for
DNA fragmentation as a final event of apoptosis execu-
tion in originally hypocellular LMNs as compared to
much more hypercellular neuroblasts or cancer cells on

paraffin-embedded sections, using the TUNEL tech-
nique. On the other hand, we found the increased
Bcl-2 levels in both the fetal control and SMA cases, sug-
gesting that this protein interferes with Bax-dependent
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Fig. 4. Immunohistochemical staining for survival motor neuron protein in motor neurons in spinal cord anterior horn sections from the examined
cases: a 18 w GA control fetus (a); 0y 4m (c), 0 y 11 m (e), 5 y (h) and 18 y (j) control subjects; a 20 w GA SMA fetus (b); and 0 y4m (d),0y 11 m
(fand g), 5y (i) and 17y (k) SMA patients. Arrows and arrowheads indicate ballooned neurons and lipofuscin pigments, respectively. Scale
bar = 100 um (a—k). Abbreviations: GA, gestational age; m, months old; SMA, spinal muscular atrophy; w, weeks; y, years old.

apoptosis in the fetal period, as similar processes occur in
developmental LMN death [27]. Although a previous
study showed downregulation of Bcl-2 in SMA fetuses
[28], it is difficult to disclose a difference in Bcl-2 expres-
sion levels between the control and SMA groups by
morphological approaches as indicated here. If patholog-
ical analyses are performed in SMA fetus after 20 w GA

onward, maybe we will gain the evidences of accel-
erated apoptosis in SMA during advanced stage of
pregnancy.

Several studies have indicated that the pathogno-
monic, histopathological hallmarks of SMA in the post-
natal cases are loss of motor neurons, appearance of BNs
and reactive astrocytosis in the anterior horns as well as
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the formation of glial bundles in the anterior roots
[1,29,30]. In the present study, as another issue, we
focused on histopathological changes in the spinal cord
of SMA fetuses. Small-sized profiles of LMNs in the fetal
and postnatal SMA cases and severe motor neuron loss
after birth in our study suggests that LMN insult had
begun in the fetal period. The fact that fetal SMA cases
showed the pathological immature profiles is consistent
with a previous report showing the immaturity of LMNs
in SMA [31]. In the report, LMNs in fetal and infantile
SMA cases displayed a smaller size than age-matched
controls as well as less developed Nissl bodies restricted
to the periphery of the cytoplasm, suggesting the involve-
ment of a failure in the formation of adequate neuromus-
cular contact in neuronal cell death. However, this is
controversial because another report on motor neuronal
death during development has indicated that both the
morphology and the mean nuclear diameters of LMNs
in SMA cases were similar to those in control cases
[15]. In the spinal cord of infantile SMA cases, we found
BNs, which showed fragmentated or disappeared Nissl
bodies in round somata with the eccentric or central cell
nucleus and reduced cell processes. These observations
could indicate the similarity of BNs to chromatolytic
neurons, which have been shown to appear as “axonal
reaction” in Wallerian degeneration following axotomy
[32]. However, the finding that the size of BNs in SMA
was smaller than that of typical chromatolytic neurons
points to the possibility that other concomitant mecha-
nisms such as impairment of neuronal maturation and
neuromuscular contact may be involved in this disease.
In this respect, it is of interest that a simultaneous upreg-
ulation of both Bcl-2 and Bax results from axonal insult,
as shown in sciatic nerve injury [33]. In our study, like
chromatolytic neurons, all of the BNs were filled with
p-NFP as described previously by different investigators
[25,30,34-36]. On the other hand, it is controversial
whether BNs may be ubiquitinated [30,34,36,37]. Since
a disruption of the ubiquitin—proteasome system against
intracellular protein accumulation is involved in cell sur-
vival or death [38], our finding that BNs contained p-
NFP accumulations and lacked ubiquitin (Fig. 2e and
f) suggests a consequence of stagnant axonal transport
without subsequent activation of the system against the
accumulating p-NFP.

We also evaluated implications for SMN in the
pathomechsnim of SMA, using an immunohistochemi-
cal approach. SMN has been shown to be localized in
the cytoplasm of the soma, nuclear structures called
gems, axons, dendrites and neuromuscular junctions of
the LMNs [17,39-42]. In this study, SMN immunoreac-
tivity in the cytoplasm of the soma and cell processes of
the LMNs was prominent in the control and SMA cases
in the fetal period and within 5 years after birth but in
contrast less intense in the teenagers. This is in keeping
with previous evidence for the age-dependent reduction

in SMN expression levels [7,8]. Our finding of the pres-
ence of SMN immunoreactivity in the LMNs, including
BNs, in both the SMA and age-matched control groups
suggest that the SMN-specific antibody 2Bl used in our
study recognizes both wildtype and mutant proteins.
This is supported by evidence that the epitope of the
antibody 2Bl is the amino terminus of SMN protein
encoded by exon 1 [9], which is perceived in all SMA
phenotypes and SMN gene mutations. SMN has been
shown to play important roles in a post-transcriptional
mechanism in the cell nucleus [17]. In addition, prece-
dent investigations have provided evidence that SMN
not only exerts antiapoptotic effects by itself [43,44]
but also participates in antiapoptotic mechanism
through the inhibitory interaction with p53 [20] and
the synergistic interaction with Bcl-2 [45], although sub-
sequent studies did not support the latter interaction
[46,47]. Recent studies have suggested another function
of SMN, which may be involved in nucleocytoplasmic,
dendritic or axonal transport [40,41,46] and neurite out-
growth and neuromuscular maturation during differenti-
ation and development of the neurons [39].

Taken together, we here demonstrated several find-
ings obtained from histopathological, immunohisto-
chemical and TUNEL analyses on the spinal cord of
control and SMA cases in the fetal and postnatal peri-
ods. In spite of the detection of Bax and activated cas-
pase-3 in both the control and SMA cases in the fetal
period, the present results did not provide convincing
evidence for apoptosis closely relevant to SMA. Both
the pathological immature profiles and the reduced size
of LMNSs in the early fetal SMA cases as compared to
the age-matched controls suggest a critical role for
impaired neuronal development. As indicated in
Fig. 5, we postulate the hypothesis that SMA may be

PCD

—3>» Normal

20 wGA 40w

Prenatal period Postnatal period

Fig. 5. A schematic diagram showing changes in the number of lower
motor neurons (LMN) in the spinal cord anterior horns of control and
spinal muscular atrophy (SMA) and comparison of the disease severity
among SMA types |, 2 and 3. Large and small arrows indicate prenatal
programmed cell death (PCD) and postnatal retrograde degeneration
of LMN, respectively. Gray zones and solid dots indicate a critical
level of clinical manifestations and age at onset, respectively.
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a fetal developmental maturation error as well as a post-
natal retrograde dying-back degeneration of LMNs.
Under physiological conditions, immature LMNs are
eliminated by PCD in the fetal period to some extent,
and then the remaining mature LMNs survive in the
postnatal period. In the case of SMA, since the down-
regulation of SMN impairs neuromuscular maturation
and neurite outgrowth [39], it is likely that elimination
of immature LMNs is accelerated during advanced stage
of pregnancy when we cannot find true fact without still-
birth, while loss of the residual small-sized LMNs con-
tinues in the postnatal period. Among the SMA
phenotypes, the clinical features are the most severe in
type 1 and milder in types 2 and 3, because the residual
motor function depends on the number of the remaining
LMNs. When the number of LMNs decreases to a crit-
ical level (Fig. 5), motor symptoms may be apparent.
Our hypothesis does not contradict the involvement of
PCD in SMA, and it might even explain differences in
age at onset between the clinical phenotypes. Postnatal
retrograde dying-back degeneration is supported by
studies on a mutant SMN transgenic mouse model of
SMA, which demonstrate the neurofilamentous accu-
mulation at motor endplate, more severely affected
axons than cell bodies of LMNSs, the lack of axonal
sprouting of LMNs [48], and muscular atrophy preced-
ing LMNs loss [49]. Further investigations oriented to
these issues may contribute to better understanding of
SMA. It is predicted that trials of intrauterine therapy
would be beneficial for this disease.
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Duchenne muscular dystrophy is an X-linked recessive genetic disease characterized by severe skeletal muscular degeneration. The

placenta is considered to be a promising candidate cell source for cellular therapeutics because it contains a large number of cells and
heterogenous cell populations with myogenic potentials. We analyzed the myogenic potential of cells obtained from six parts of the
placenta, that is, umbilical cord, amniotic epithelium, amniotic mesoderm, chorionic plate, villous chorion, and decidua basalis. In vitro cells
derived from amniotic mesoderm, chorionic plate, and villous chorion efficiently transdifferentiate into myotubes. In addition, in vivo
implantation of placenta-derived cells into dystrophic muscles of immunodeficient mdx mice restored sarcolemmal expression of human
dystrophin. Differential contribution to myogenesis in this study may be attributed to placental portion-dependent default cell state.
Molecular taxonomic characterization of placenta-derived maternal and fetal cells in vitro will help determine the feasibility of cell-based

therapy.
J. Cell. Physiol. 223: 695-702, 2010. © 2010 Wiley-Liss, Inc.

The human placenta is a large discoid organ with a diameter of
around 20 cm and a weight of approximately 500g. It contains
a large number of cells possessing a wide range of phenotypes
and potentials (Cunningham and Williams, 2005; Sadler and
Langman, 2006). The functions of the placenta are (a) exchange
of metabolic and gaseous products between maternal and fetal
bloodstreams and (b) production of hormones, such as
progesterone, estradiol, estrogen, and human chorionic
gonadotrophin. The placenta consists of the following two
components: (a) a fetal portion, derived from the amnion, the
chorionic plate (CP), the smooth chorion (chorion laeve (SC)),
and the villous chorion (chorion frondosum (VC)) and (b) a
maternal portion, derived from the decidua basalis (DB).
The amnion, the inner layer, consists of a small amount of
connective tissue (amniotic mesoderm (AM)) covered with
a cuboidal epithelium (amniotic epithelium (AE)). The
amniogenesis is rather complicated, the AM being
extraembryonic whereas the AE is from the inner cell mass/
embryoblast. The chorion, the outer layer of the amnion, is
classified into VC, SC, and CP. The embryonic and abembryonic
portions are called villous and SC, respectively. The VC is made
of growing and expanding villi, while the CP and SC are made of
degenerated villi. The DB, originating from the endometrium,
is composed of glandular epithelial cells and stromal
(mesenchymal) cells with decidual change. The umbilical cord
(UC) that attaches a fetus to the placenta develops from the
body stalk of the embryo and contains blood vessels and
Wharton jelly, surrounded by the amnion. Each part of the
placenta has recently been a candidate cell source for cell-based
therapies because of the variety of cell types that become
available (Fukuchi et al., 2004; Portmann-Lanz et al., 2006).
One currently untreatable disease which may benefit from
cell-based therapy using placenta-derived cells is Duchenne
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muscular dystrophy (DMD). DMD is an X-linked recessive
genetic disease characterized by severe skeletal muscle
degeneration. It is caused by a deficiency in dystrophin that is
associated with a large oligomeric complex of glycoproteins
which provide linkage to the extracellular membrane (Ervasti
and Campbell, 1991). The absence of dystrophin results in
destabilization of the extracellular membrane—sarcolemma—
cytoskeleton architecture, making muscle fibers susceptible to
contraction-associated mechanical stress and degeneration. In
the first phase of the disease, new muscle fibers are formed by
satellite cells. After depletion of the satellite cell pool in
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childhood, skeletal muscles degenerate progressively and
irreversibly and are replaced by fibrotic tissue (Cossu and
Mavilio, 2000). No effective therapeutic approaches for
muscular dystrophy currently exist; thus, cell-based therapy, in
addition to gene therapy (Harper et al., 2002), exon skipping
therapy (Matsuo et al., 1991), and read-through therapy by
aminoglycoside (Barton-Davis et al., 1999) remain promising
treatment options.

Myoblasts represent the natural first choice in cellular
therapeutics for skeletal muscle because of their intrinsic
myogenic commitment (Grounds et al., 2002). However,
myoblasts recovered from muscular biopsies are poorly
expandable in vitro and rapidly undergo senescence (Cossu and
Mavilio, 2000). Intramuscular allotransplantation of normal
muscle precursor cells can induce expression of donor-derived
dystrophin in skeletal muscles of patients with DMD (Skuk et al.,
2006). However, it is difficult to perform transplantation of
muscle precursor cells due to a limited number of donor cells.
An alternative source of muscle progenitor cells is therefore
desirable. Cells with a myogenic potential are present in many
tissues, including bone marrow (Ferrari et al., 1998; Dezawa
et al., 2005), UC blood (Gang et al., 2004), adipose tissue
(Rodriguez et al., 2005; Di Rocco et al., 2006), and
endometrium and menstrual blood (Cui et al., 2007), and all
these cells readily form skeletal muscle in culture.

There has, as yet, been no systematic analysis of the
distribution of placenta-derived stem cells which have myogenic
differentiation potential. Therefore, we characterized each
placenta-derived cell in vitro, via a taxonomic approach using
global gene expression profiles, and investigated which part of
the placenta is the most useful source of stem cells with a
myogenic potential that might prove useful for possible future
cell-based therapy of DMD.

Materials and Methods
Isolation of human placental tissues

Ethical approval for tissue collection was granted by the
Institutional Review Board of the National Institute for Child
Health and Development, Japan. Written informed consent was
obtained before the sample collection. Human placental samples
were collected from normal full-term pregnancies. All of the
placentas were processed within 24 h of collection and washed
extensively with phosphate-buffered saline (PBS). After peeling off
the amnion, the placenta was separated into three parts, that s, CP,
VC,and DB. To isolate cells from the UC, the middle part was used,
after excluding the edge of the placenta and the tissue close to the
fetal navel. The amnion and the SC were manually separated.
Amniotic mesodermal cells were manually scraped from the AE.
After each placental part was minced using scissors, minced AM
was re-suspended in MSCGM (Cambrex Bio Science, Walkersville,
MD). We did not calculate the cell numbers at the start of
cultivation because the tissue was chopped up mechanically by
hand. The placenta-derived cells were maintained at 37°C in a
humidified atmosphere containing 5% CO, and allowed to attach
for 48 h. Non-adherent cells were removed and the medium was
changed twice a week. At 70-80% confluence, the cells were
harvested with trypsin (0.25%) and | mM EDTA (0.02%) in PBS
(1:1,v/v) and plated to new dishes. Primary culture cells were used,
except for the differentiation analysis. Cells were processed from
45 placentas, and primary cultures from |10 placentas were used for
this study.

Flow cytometric analysis

Flow cytometric analysis was performed as previously described
(Terai et al.,, 2005). Briefly, cells were incubated with primary
antibodies or isotype-matched control antibodies, followed by
additional treatment with the immunofluorescent secondary
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antibodies. Cells were analyzed on an EPICS ALTRA analyzer
(Beckman Coulter, Fullerton, CA). Antibodies against human
CDI3, CDI4, CD29, CD34, CD44, CD45, CD55, CD59, CD73,
CD9%0, CD105, CD166, HLA-ABC, and HLA-DR were purchased
from Beckman Coulter, Inmunotech (Marseille, France), Cytotech
(Hellebaek, Denmark), and BD Biosciences Pharmingen (San
Diego, CA).

In vitro myogenesis

In vitro myogenic analysis was performed as previously described
(Cui et al,, 2007). Briefly, placenta-derived cells were seeded onto
60-mm collagen |-coated cell culture dishes (BD Biocoat™)) at a
density of | x 10%ml in growth medium (Dulbecco’s modified
Eagle’s medium (DMEM), supplemented with 20% fetal bovine
serum (FBS)). Forty-eight hours after seeding onto collagen
I-coated dishes, the cells were treated with 5 wm 5-azacytidine for
24 h. Cell cultures were then maintained in differentiation medium
(DMEM, supplemented with 2% horse serum). The differentiation
medium was changed twice a week until the experiment was
terminated.

Reverse transcriptase-polymerase chain reaction analysis
(RT-PCR) of placenta-derived cells

RT-PCR analysis was performed as previously described (Cui etal.,
2007). Briefly, RT-PCR of MyoD, Myf5, myogenin, myosin heavy
chain-lix/d (MyHC-IlIx/d), desmin, and dystrophin was performed
with 2 pg of total RNA. The sequences of PCR primers that amplify
human but not mouse genes are listed in Supplementary Table |.
PCR was performed for 30 cycles, with each cycle consisting of
94°C for 30 sec, 60°C or 65°C for 30 sec, and 72°C for 20 sec, with
additional 10-min incubation at 72°C after completion of the last
cycle.

Fusion assay in vitro

Placenta-derived cells (2,500/cm?) were co-cultured with C2C12
myoblasts (2,500/cm?) for 2 days in DMEM supplemented with 10%
FBS, and then cultured for seven additional days in DMEM with 2%
horse serum to promote myotube formation. C2C|2 myoblast
cells were supplied by RIKEN Cell Bank (The Institute of Physical
and Chemical Research, Japan). The cultures were fixed in 4%
paraformaldehyde (PFA) and stained with a mouse anti-human
nuclei IgG | monoclonal antibody (clone 235-1, Millipore, Billerica,
MA) and a mouse anti-myosin heavy chain IgG2b monoclonal
antibody (MF-20, Developmental Studies Hybridoma Bank,
University of lowa, |A). The cells were visualized with appropriate
Alexa-fluor-conjugated goat anti-mouse IgG | and IgG2b secondary
antibodies (Molecular Probes, Eugene, OR). Total cell nuclei were
stained with 4, 6-diamidino-2-phenylindole (DAPI). To assess the
ability of placenta-derived cells to fuse with C2C|2 cells, we
calculated the percentage of myotubes containing one or more
human nuclei in the total myotube as a fusion index.

In vivo cell implantation

The cells (2 x 107) were suspended in PBS, in a total volume of
100 wl, and directly injected into the right tibialis anterior muscle of
6- to 8-week-old mdx/mdx scid/scid (mdx-scid) mice. The mice
were euthanized 4 weeks after cell implantation, and the right
tibialis anterior muscle was analyzed for human dystrophin by
immunohistochemistry.

Immunohistochemical and immunocytochemical analysis

Immunohistochemical and immunocytochemical analyses were
performed as previously described (Mori et al., 2005). Briefly, the
sections were incubated with a mouse anti-human dystrophin
1gG2a monoclonal antibody (NCL-DYS3, Novocastra, UK), and
then incubated with horseradish peroxidase-conjugated rabbit
anti-mouse immunoglobulin. Staining was developed using a
solution containing diaminobenzidine and H,0,. Slides were
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counterstained with hematoxylin. In the cases of fluorescence,
frozen sections fixed with 4% PFA were used. The anti-human
dystrophin monoclonal antibody, anti-human nuclei mouse
monoclonal antibody, anti-a-sarcoglycan rabbit IgG polyclonal
antibody (H-82, Santa Cruz Biotechnology, Santa Cruz, CA) or
anti-laminin 2a rat IgG monoclonal antibody (4H8-2,
Sigma—Aldrich, St. Louis, MO) was used as the initial antibody, and
goat anti-mouse |gG2a conjugated with Alexa Fluor 546, goat
anti-mouse IgG| antibody conjugated with Alexa Fluor 488, goat
anti-rabbit IgG conjugated with Alexa Fluor 635, or goat anti-rat
IgG conjugated with Alexa Fluor 488 was used as a second
antibody. The anti-myogenin mouse monoclonal antibody (F5D,
BD Pharmingen, San Diego, CA) was used for
immunocytochemistry. As a methodological control, the primary
antibody was omitted. In the cases of fluorescence, the slides were
incubated with Alexa Fluor 546-conjugated goat anti-mouse IgG
antibody.

GeneChip expression analysis

Human genome-wide gene expression was examined with the
Human Genome U133 Plus 2.0 Array (GeneChip; Affymetrix, Inc.,
Santa Clara, CA), which contains the oligonucleotide probe set for
more than 47,000 transcripts and variants, including approximately
40,000 well-characterized human genes and expressed sequence
tags (ESTs). Total RNA was prepared from samples using the
RNeasy Kit (Qiagen, Hilden, Germany), according to the
manufacturer’s instructions. The purity of RNA was assessed on
the Agilent Bioanalyser 2100. Double-stranded cDNA was
synthesized from DNase-treated total RNA, and the cDNA was
subjected to in vitro transcription in the presence of biotinylated
nucleoside triphosphates using the Enzo BioArray HighYield RNA
Transcript Labeling Kit (Enzo Life Sciences, Inc., Farmingdale, NY)
according to the manufacturer’s protocol. The biotinylated cRNA
was hybridized with a probe array for 16 h at 45°C, and the
hybridized biotinylated cRNA was stained with streptavidin—PE
(query 6) and scanned with a Hewlett-Packard Gene Array Scanner
(Palo Alto, CA). The fluorescence intensity of each probe was
quantified using the GeneChip Analysis Suite 5.0 computer
program (Affymetrix) and Robust Multi-array Average (RMA)
model (Bolstad et al., 2003; Irizarry et al., 2003a,b). To normalize
the variations in staining intensity among chips, the “average
difference” values for all genes on a given chip were divided by the
median value for expression of all genes on the chip. To eliminate
genes containing only a background signal, genes were selected
only if the raw values of the “average difference” were more than
200, and if the expression of the gene was judged to be “present” by
the GeneChip Operating Software version |.4 (Affymetrix).

Hierarchical clustering and principal component analysis (PCA)

The hierarchical clustering and PCA techniques classify data by
similarity of expression pattern using NIA Array Analysis and TIGR
Mev (http://Igsun.gre.nia.nih.gov/ANOVA/, http://www.tm4.org/
mev.html).

Results
Morphology of placenta-derived cells

We collected 45 normal full-term placentas which were then
separated into six parts, that is, UC, AE, AM, CP, VC, and DB
(Fig. 1). Ten placentas were used for the subsequent
experiments. Primary cells from each separated part were
successfully cultured. These cultured cells appeared to be two
morphologically different groups: small fibroblast-like cells and
epithelium-like cells (Fig. 2Aa-g). Cells derived from the UC,
AM, CP, VC, and DB showed fibroblast-like morphology.
However, AE-derived cells and some DB-derived cells
exhibited a small cobblestone-like morpholo;y. We obtained
I x 10° cells after 3-week cultivation of | cm’ of UC, AM, CP,
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andVC;and | x 10° cells after 4-week cultivation of | cm® of AE
and DB.

Surface marker expression and gene chip analysis

Surface markers of primary culture placenta-derived cells, in
the absence of any inductive stimuli, were evaluated by flow
cytometric analysis (Fig. 2B, Supplementary Figs. 1-5). The cells
in “early” primary culture (with low replication number)
exhibited a heterogeneous pattern by flow cytometric analysis
as shown in Supplementary Figure 5. The “CP” shows two
peaks (61.1% positive and 38.9% negative) for CD29
(Supplementary Fig. 5A), and the “DB” contains cells negative
for CD29 (8.0%) (Supplementary Fig. 5B). In contrast, the
cells in “late” primary culture (with high replication number)
show a homogenous pattern by flow cytometric analysis

due to the culture conditions in which mesenchymal cells can
predominantly proliferate. UC-, AE-, AM-, CP-, VC-, and
DB-derived cells were positive for CD 13, CD29, CD44, CD55,
CD59, CD73, CD9%0, CD105, and CD166. Placenta-derived
cells expressed neither hematopoietic lineage markers, such
as CD34, nor monocyte-macrophage antigens, such as CD 14
(a marker for macrophage and dendritic cells), or CD45
(leukocyte common antigen). The lack of expression of

CD 14, CD34, or CD45 suggests that all cells cultured in our
experimental setting are depleted of hematopoietic cells. The
cell population was positive for HLA-ABC, but not for HLA-DR.
Among the placenta-derived cells, that is, UC-, AM-, AE-, CP-,
VC-, and DB-derived cells, no significant difference was
observed in the expression of mesenchymal stem cell markers,
suggesting that the cells are of mesenchymal origin or stromal
origin.

To clarify the specific gene expression profile of cells derived
from each portion of the placenta, we compared the expression
levels using Affymetrix GeneChip oligonucleotide arrays. RNAs
were isolated from primary cultured cells of the placenta.
The gene expression profile reported in this article has been
deposited in the gene Expression Omnibus (GEO) database
(http://www.ncbi.nlm.gov/geo: accession no. GSM289889-
289894). We performed PCA to determine whether it is
possible to discriminate cells of one part from cells of other
parts in two-dimensional expression space. PCA, using all
probes and 1,087 probes which were annotated with the
“transcription factor,” revealed that the DB-derived cells are
categorized into a distinct group. Statistical analysis revealed
that the DB-derived cells significantly express genes for FOX L2,
HOP, HOX D10, HOX D1 I,and HOX A5. We thus analyzed the
HOX genes by hierarchical clustering and PCA, since the cells
are well categorized, especially based on the HOX gene family,
and identified three clusters (Fig. 2C,D). Determination of
cell specification via gene chip analysis revealed that the each
placental cell has a distinct expression pattern of the HOX gene
family: (a) AE- and AM-derived cells preferentially express the
HOX B genes, such as HOX B2, B6, B7, and B8; (b) DB-derived
cells express the HOX D genes, suchas D3,D4,D8,D9,D10,and
D1 I; (c) the others express the HOX A genes, HOX A3 and A3.

In vitro induction of myogenic differentiation

Each distinct part of the placenta has recently been viewed as
a candidate source of material for cell-based therapies.

We examined, both in vitro and in vivo, whether the placenta-
derived cells have a myogenic potential. Of the 54,675 genes
represented on the GeneChip, skeletal muscle-specific genes
such as the phospholamban, myozenin, dystrobrevin, and
myosin heavy chain were expressed in cells derived from VC
and the CP. Expression of these muscle-specific genes in these
cells led us to hypothesize that these cells are capable of
differentiating into myocytes. To prove this, cells from each part
of the placenta were exposed to 5-azacytidine for 24 h and then
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Fig. . Placenta-derived cells from each portion. Macroscopy (A) and histology (B,C) of amnion (D), chorionic plate (E), villous chorion, and
decidua basalis (F). AE, amniotic epithelium; AM, amniotic mesoderm; CP, chorionic plate; VC, villous chorion; DB, decidua basalis.

cultured in DMEM supplemented with 2% horse serum for 3
weeks. Myogenic differentiation of the cells was analyzed by
evaluating the expression of MyoD, Myf5, myogenin, MyHC-IIx/
d, and desmin by RT-PCR and immunocytochemistry (Fig. 3).
MyoD is constitutively expressed in amniotic mesodermal cells
but decreased to no measurable level at day 3 and thereafter
(Fig. 3A). In the case of the CP and VC, MyoD expression is
detected at 3 weeks. Expression of genes encoding MyoD,
Myf5, myogenin, and MyHC-lIx/d was under a detectable level
in cells derived from UC, AE, and DB even after myogenic
induction. MyHC-lIx/d, a structural gene, started to be
expressed at the middle of differentiation in amniotic
mesodermal cells and at the late stage in CP-derived cells.
Desmin was expressed in cells derived from AM, UC, CP,
AE, and DB throughout differentiation. In the cells derived from
AM and CP, dystrophin expression increased after myogenic
induction (Fig. 3B). Inmunocytochemical analysis revealed that
CP-derived cells became positive for MyHC-lIx/d, -
sarcoglycan, and myogenin after cultivation with 2% horse
serum for 2| days (Fig. 3C-E). However, without any
treatment, the cells did not show myotube-like morphology
(Fig. 3Cc). C2C12 myoblasts were used for a positive
control of immunocytochemistry (Supplementary Fig. 6).
Placenta-derived cells from each portion exhibit different
capabilities for proliferation and myogenesis in vitro (Fig. 3F).

Detection of human placental cell contribution to
myotubes in an in vitro myogenesis model

To simulate in vivo phenomena, human placental cells were
co-cultured in vitro with murine C2C12 myoblasts for

2 days under proliferative conditions and then switched to
differentiation conditions for an additional 7 days.
Multinucleated myotubes were formed after co-culturing with
C2CI2 cells (Fig. 4). Myosin heavy chain and human nuclei were
unequivocally identified by staining with MF20 and an antibody
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to human nuclei, while the numerous mouse nuclei present
in this field, as shown by DAPI staining, are negative. The
frequency of fusion between placenta-derived cells and C2C12
myotube depends on the cell type: cells derived from CP
and DB exhibited high frequencies of fusion, whereas cells
derived from AE and UC induced low-level fusion to C2C12
myocytes. No multinucleated cells were formed without
co-cultivation.

Expression of human dystrophin by cell implantation in
the mdx-scid mouse

To investigate whether placenta-derived cells can generate
muscle tissue in vivo, cells (2 x 107) without any treatment or
induction were implanted directly into the right anterior tibialis
muscles of mdx-scid mice. PBS without cells was injected into
the left anterior tibialis muscle as a control. After 4 weeks,
myofibers in the muscle tissues injected with amniotic
mesodermal cells expressed human dystrophin and laminin
(Fig. 5). Dystrophin was not detected in the muscle of mdx-scid
mice without cell implantation because the antibody to
dystrophin used in this study is human-specific, implying that
dystrophin is transcribed from dystrophin genes of human
donor cells but not from reversion of dystrophied myocytes in
mdx-scid mice.

Discussion
Differential myogenic potential of cultured cells from
each part of the placenta

The placenta includes cells of maternal and fetal origin.
Although most placenta-derived cells are of extraembryonic
origin, AE-derived cells are from the epiblast/inner cell mass of
the blastocyst (Cunningham and Williams, 2005; Sadler and
Langman, 2006). The aim of this study was to determine the
intrinsic differentiation potential of cells from six parts of the
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Fig. 2. Morphology of placenta-derived cells and flow cytometric analysis of amniotic mesoderm-derived cells. A: Photomicrographs of cells
from umbilical cord-derived cells (a), amniotic epithelial cells (b), amniotic mesodermal cells (c), chorionic plate-derived cells (d), villous
chorion-derived cells (e), decidua basalis-derived cells (f: fibroblast-like, g: epithelial cell-like) from primary culture. Amniotic epithelial cells (b) and
decidua basalis-derived cells (g) showed an epithelial cell-like (cobblestone-like) morphology, while the others (a,c,d,e,f) showed a fibroblast-like
morphology. Scale bars: 200 pm. B: Flow cytometric analysis of amniotic mesoderm-derived cells in primary culture (with high replication

number) in the absence of any inductive stimuli. No

haded and shaded areas indicated reactivity of antibodies for isotype controls and that of

antibodies for cell surface markers, respectively. C: Hierarchical clustering analysis and heat map analysis of HOX gene expressionin cells derived
from umbilical cord (UC719 and UC723), amniotic epithelium (AE),amniotic mesoderm, (AM), chorionic plate (CP), villous chorion (VC), decidua
basalis (DB), using “TIGR MeV.” D: PCA revealing general trends of HOX gene expression.

placenta, that is, UC, AE, AM, CP, VC, and DB. The myogenic
potential of cells from the AM, CP,and VC proved much greater
than expected, and this higher myogenic differentiation ratio
can be a reflection of the intrinsic cellular potential of
extraembryonic mesodermal cells. Lack of myogenic potential
in AE-derived cells is envisaged because the cells are of
extraembryonic ectodermal origin and cuboidal in morphology.
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Despite our findings, amniotic epithelial cells have been
reported to have the potential to differentiate to all three germ
layer cells, including myocytes, after in vitro sphere formation
(Miki et al., 2005). Amniotic epithelial cells formed neither
spheres nor viable supernatant cells in our experimental
settings, but displayed a cobblestone appearance with an
epithelial phenotype. Cells obtained from AE, we believe,
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Fig. 3. Expression of muscle-specific genes during differentiation of placenta-derived cells. A: RT-PCR analysis of human MyoD, Myf5, myogenin,
myosinheavy chaintype lix/d (MyHC-lIx/d), desmin, and 1 8§ cDNA (from top to bottom). Amniotic mesodermal cells, umbilical cord-derived cells,
and chorionic plate-derived cells were exposed to 5 pM 5-azacytidine for 24 h and then subsequently cultured in DMEM supplemented with 2% HS
for 21 days. RNAs from human muscle serve as a positive (P) control. Only the | 88 PCR primerused asa positive control reacted with the human and
murine cDNA. B: RT-PCR analysis of human dystrophin in chorionic plate (CP) and amniotic mesodermal cells (AM). The muscle-specific isoform
(Dp427m) was amplified. RNAs from human muscle serve as a positive (P) control. C: Immunocytochemistry of skeletal myosin heavy chain in
chorionicplate-derived cellsafter myogenicinduction (a,b) or noinduction (c). Scale bars: (a) 2.0 mm, (b,c) 200 p.m. D: Immunocytochemistry of -
sarcoglycan. a: a-sarcoglycan; b: DAPI staining; c: “merge” of a and b. Scale bars: 50 pum. E: Inmunocytochemistry of myogenin. a: myogenin; b:
DAPI staining; c: “merge” of a and b. Scale bars: 50 um. F: Cell site origin and capability for proliferation and myogenesis.

correspond to previously reported adherent cells with little may also be due to intrinsic cell characteristics (or cell mission),
myogenic activity (Miki et al., 2005). The poor myogenic and UC-derived cells embedded in Wharton'’s jelly may be
capability of UC-derived cells was also contrary to our terminally differentiated cells or highly specific cells which

expectation based on prior research (Conconi et al., 2006). It produce a matrix for cushioning of the cord.
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HOX-BASED TAXONOMY OF PLACENTA CELLS
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Fig. 4. Detection of human placenta-derived cell contribution to myotubes in an in vitro myogenesis model. The chorionic plate-derived cells
were co-cultured with C2C12 myoblasts for 2 days under conditions that favored proliferation. The cultures were then changed to differentiation
mediafor 7 days toinduce myogenicfusion. A: Fusion between human chorionic plate-derived cellsand murine C2C1 2 cells. a:human myosin heavy
chain molecule (red, MF20); b: human nuclei (HuNucl, green); c: DAPI staining (blue); d: “merge” of a, b, and c. Scale bars: 100 pm. e-h: Human
chorionic plate-derived cells without co-culturing. e: human myosin heavy chain molecule (red, MF20); f: human nuclei (HuNucl, green); g: DAPI
staining (blue); h: “merge” of e, f, and g. B: Comparison of fusion between each placenta-derived cell and mouse C2C12 myoblasts. Fusion index is
shown as number of fused cells per 1,000 cells. UC, umbilical cord; AE, amniotic epithelium; AM, amniotic mesoderm; CP, chorionic plate; VC,

villous chorion; DB, decidua basalis.

Taxonomic approach using global gene
expression database

In general, cultured cells reflect in vivo characteristics, for
example, hematopoietic cells proliferate as a supernatant cell in
culture, and epithelial cells exhibit cobblestone appearance at
confluence. In contrast, mesenchymal/stromal cells from each
part of the placenta, regardless of cell source, show similar
appearance in vitro and in vivo, irrespective of their diversity
with respect to differentiation and proliferation. The different
phenotypes of mesenchymal/stromal cells are maintained even
after a series of cell replications and passages, probably by
epigenetics, such as genomic methylation and chromatin of
cells. The stably transmitted epigenetics in cultured cells
reflects a gene expression network and maintains cell identity,
and thus each mesenchymal cell is predictable by the results of
gene expression with GeneChip analysis. Categorization of the
cells may reflect the native functional difference, even after
cultivation, and implies that cells from the UC, AE, AM, CP, VC,
and DB have a distinct cell identity, in addition to mesenchymal
or epithelial phenotypes.

Cell-based therapy for DMD

DMD is a fatal disease for which an effective treatment is still
being actively sought. As a novel treatment option, stem cells
could be used to replace defective dystrophin and restore the
dystrophic muscles. Most placenta-derived cells are either
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myogenic progenitors or have myogenic potential, and clearly
cells with the highest myogenic potential would be beneficial for
treatment of dystrophic muscle. Acquisition or recovery of
dystrophin expression in dystrophic muscleis attributed to two
different mechanisms: (a) myogenic differentiation of implanted
or transplanted cells and (b) cell fusion of implanted or
transplanted cells with host muscle cells. In this study using
placenta-derived cells, our findings, namely that implantation of
placenta-derived cells improved the efficiency of muscle
regeneration and dystrophin delivery to dystrophic muscle

in mice, are explained by both possibilities or the latter
possibility (fusion mechanism) alone. Efficient fusion systems
of placenta-derived cells with host dystrophic myocytes may
contribute substantially to a major advance toward eventual
cell-based therapies for muscle injury or chronic muscular
disease.

The isolation of tissue-specific stem cells for expansion in
vitro and transplantation back into the patient in an allogeneic
manner is indeed an ideal strategy, from the viewpoint of
industry-based, sustainable supply of large quantities of
affordable, quality-controlled cells. In most cases of degenerative
diseases and genetic diseases, such as lysosomal storage
diseases, it is unlikely that enough unaffected stem cells will
be isolated or available in sufficient quantity, necessitating
the use of stem cells from suitable, cost-effective allogeneic
sources, such as human placenta. The predicted number of
AM-derived cells from one placenta of an average size (500 g)
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Fig. 5. Conferral of dystrophin to mdx myocytes by human
placenta-derived cells. A: Immunohistochemistry using an antibody
against human dystrophin on anterior tibialis muscle sections of
mdx-scid mice after direct injection of PBS without cells (a: negative
control) or amniotic mesoderm-derived cells without any treatment
or induction (b) into mdx-scid myofibers. Scale bars: 50 pm.

B: Immunohistochemistry analysis on anterior tibialis muscle
sections of mdx-scid mice after direct injection of amniotic
mesoderm-derived cells without any treatment or induction.
Immunohistochemistry revealed the incorporation of implanted cells
into newly formed myofibers, which expressed human dystrophin

4 weeks after implantation. Murine nuclei are indicated by arrows.
a: human dystrophin molecule (red); b: DAPI staining (blue); c: human
nuclei (HuNucl, green); d: “merge” of a, b, and c. Scale bars: 50 pm. C:
Immunohistochemistry analysis on anterior tibialis muscle sections of
mdx-scid mice after direct injection of amniotic mesoderm-derived
cells. a: a-sarcoglycan (yellow); b: DAPI staining (blue); c: laminin
(red); d: human dystrophin (green); e: “merge” of a, b, ¢, and d.
Scale bars: 50 pm.

would be approximately | x 10° (before ex vivo amplification),
possibly reaching | x 10'" after cultivation. This may cover
3,000 cm® of muscular tissues in cell-based therapy (Skuk et al.,
2006). Cells converted into myotubes in vitro at a high
frequency after induction, giving rise to large numbers of
myofibers expressing human dystrophin when transplanted
into BALB/c and mdx mice, thus fulfilling all the criteria required
for a successful allogeneic cell therapy for muscular dystrophy.
It should also be remembered that currently, implantation of
placenta-derived cells in an allogeneic combination requires
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administration of immunosuppressive drugs, such as FK506 and
steroids.

We have established a method for systemic mapping of
placental cells with myogenic potential. Cellular dissection and
cultivation, coupled with accurate determination of the
molecular characteristics of specific cells in the human placenta,
opens up significant new possibilities in regenerative medicine.
The outcome of this study indicates a potential cell-based
treatment for DMD, a lethal human disease for which no
effective treatment currently exists.
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