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Figure 2. Effects of various cytokines on PLAP-1 mRNA expression in
PDL cells. After FCS deprivation for 48 hrs, human PDL cells were
stimulated with indicoted cytokines for another 48 hrs. Cells were
harvested, and RNA was iso?;ted for real-time RT-PCR andlysis. Results
are presented as the ratio of the amount of PLAP-1 mRNA divided by
HPRT mRNA. The values are given as means + standard deviations (SD)
of quadruplicate assays. *P < 0.005, n = 4, compared with None.

differentiated into hard-tissue-forming cells, and calcified
nodule formation was finally observed in the culture (data not
shown). We also confirmed that the addition of FGF-2 in the
late stage of this long-term culture resulted in down-regulation
of ALPase activity (Takayama et al., 1997) (Fig. 1A) and
inhibited the calcified nodule formation (data not shown). We
performed real-time RT-PCR analysis of PLAP-I using RNAs
isolated from the PDL cells harvested on day 0 and day 20,
with or without FGF-2 stimulation (Fig. 1B). Expression of
PLAP-I was increased during the culture in mineralization
media, and strong expression was detected on day 20. The
transcription of PLAP-1 was clearly decreased in the PDL cells
cultured in the presence of FGF-2 from day 15 (Fig. 1B),
accompanying the down-regulation of their ALPase activity
(Fig. 1A.). The transcription of Biglycan and Decorin also
tended to be suppressed by stimulation with FGF-2. However,
the expression of Biglycan mRNA and Decorin mRNA during
the culture was changed only slightly, compared with that of
PLAP-1 mRNA (Fig. 1B).

Up-regulation of PLAP-1 mRNA Expression by BMP-2

We examined the effects of several other cytokines, assumed to
be involved in the process of cytodifferentiation of PDL cells,
on PLAP-1 expression. Human PDL cells were stimulated with
FGF-2, PDGF-BB, BMP-2, BMP-4, HGF, or EGF for 48 hrs,
as described in MATERIALS & METHODS, and were
examined for expression of PLAP-1 mRNA by real-time RT-
PCR analysis (Fig. 2). We used the optimum concentration for
each cytokine, which induced proliferation of PDL cells
equally (data not shown). The real-time RT-PCR analysis
showed that FGF-2 and PDGF-BB significantly down-
regulated the expression of PLAP-I mRNA in PDL cells. In
contrast, BMP-2 and BMP-4, which strongly induced
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Figure 3. mRNA induction of PLAP-] and mineralization-related genes
in PDL cells by BMP-2. After FCS deprivation for 48 hrs, human PDL
cells were stimulated with 100 ng/mL of BMP-2 for another 48 hrs. Cells
were harvested, and RNA was isolated for RT-PCR analysis. The-
numbers of PCR cycles were: 24 for PLAP-1, 21 for Osteonectin, 37 for
Osteopontin, 37

Similar results were obtained in 3 separate experiments, and
representative data are shown.

mineralization of PDL cells, significantly up-regulated PLAP-1
transcription. In contrast, neither HGF nor EGF changed the
expression of PLAP-1 mRNA in PDL cells.

We then examined the regulation of the expression of
PLAP-I mRNA by BMP-2 in detail. Human PDL cells were
stimulated with various concentrations of BMP-2 for 48 hrs,
and were examined by RT-PCR analysis for the expression of
PLAP-1. Stimulation of PDL cells with BMP-2 resulted in
increased expression of PLAP-1 mRNA in a dose-dependent
manner (data not shown).

We then confirmed the effects of BMP-2 on the induction
of the mineralization and cytodifferentiation of PDL cells by
investigating the gene expression of mineralization-related
proteins (Fig. 3). PDL cells were stimulated with BMP-2 (100
ng/mL) for 48 hrs, and RNA was isolated from the cells. RT-
PCR analysis revealed that the transcription of PLAP-1 was
induced along with Osteopontin, Osteocalcin, and Bone
sialoprotein transcripts by the stimulation of BMP-2 (Fig. 3).

Induction of PLAP-1 Protein by BMP-2 in PDL Cells

r Osteocalcin, 37 for Bone sialoprotein, and 27 for -
HPRT. The sizes of PCR products are shown on the right of each panel.-

N

PLAP-1 protein had a sequence similar to that of Decorin and

Biglycan (Yamada et al., 2001). To generate a polyclonal
antibody specific for PLAP-1 protein, we carried out protein
alignment of these 3 proteins to find amino acid sequences
unique and antigenic for generating anti-PLAP-1 antibodies
(Fig. 4A). Fig. 4A shows the peptide sequences which we
selected for the immunization of rabbits. We cultured human
PDL cells for 48 hrs in the presence or absence of BMP-2, and
stained the cells with the polyclonal antibody (Fig. 4B). During
the whole staining process, the PDL cells were alive and not
fixed. The cell surface of BMP-2-stimulated PDL cells was
stained with the anti-PLAP-1 polyclonal antibody in a dose-
dependent manner (Fig. 4Ba~c). No staining was observed in
the negative control, in which pre-immune rabbit serum was
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Figure 1. Real-time RT-PCR analysis of PLAP-1 mRNA expression in the
process of ifferentiation of ﬁumun PDL cells. (A) AlPase activity of
PDL cells. Human PDL cells were cultured in the presence of 10 mM B-
glycerophosphate and 50 pg/ml ascorbic acid. Triangle shows AlPase
activity of PDL cells cultured in the presence of FGF-2 (20 ng/mL) from
day 15 in the cultured period. Circles show AlPase activities of PDL cells
cu(t/ured without FGF-2. The values are given as means + standard
deviations (SD) of triplicate assays. *P < 0.05, n = 3 vs. respective PDL
cells on day 20. (B) Down-regulation of PLAP-1 mRNA of PDL cells by
FGF-2. RNA from the same samples in panel A was reverse-transcribed
info cDNA. Expression of specific mRNAs was detected by real-time
PCR with primers specific for PLAP-1, Biglycan, Decorin, and HPRT.
Results are presented as the ratio of the amount of each SLRP mRNA
divided by HPRT mRNA. The values are given as means + standard
deviations (SD) of triplicate assays.

MO, USA) (50 ng/mL), BMP-2 (Genzyme/Techne, Minneapolis,
MN, USA) (100 ng/mL), BMP-4 (Genzyme/Techne) (100 ng/mL),
hepatocyte growth factor (HGF) (SIGMA) (100 ng/mL), or
epidermal growth factor (EGF) (SIGMA) (100 ng/mL) and
incubated for another 48 hrs. The stimulated cells were then
harvested, and total RNA was isolated for RT-PCR analysis.

RT-PCR Analysis ‘

Primers for real-time RT-PCR analysis were designed with Perfect
Real Time Primer Design software (TAKARA, Shiga, Japan).
Primers for PLAP-1 were: (sense) 5'-GGGTGACGGTGTT
CCATATCAG-3’ and (antisense) 5'-TGAAGCTCCAATAAA
GTTGGTGGTA-3'. Primers for Biglycan were: (sense) 5'-
CAACCAGATCAGGATGATCGAGAA-3' and (antisense) 5'-
CCCATGGGACAGAAGTCGTTG-3'. Primers for Decorin were:
(sense) 5'-GGGAGCTTCACTTGGACAACAAC-3' and
(antisense) 5'-GGGCAGAAGTCACTTGATCCAAC-3'. Primers
for hypoxanthine-guanine phosphoribosyl transferase (HPRT)
were: (sense) 5'-CCAGACAAGTTTGTTGTAGG-3’ and
(antisense) $'-TCCAAACTCAACTTGAACTC-3'. Real-time RT-
PCR reaction was carried out with a SYBR RT-PCR Kit
(TAKARA) and performed with Smart Cycler version II
(TAKARA). The amount of mRNA was calculated for each
sample from the standard curve via the instrument software.
Semi-quantitative RT-PCR was performed according to the
procedures described previously (Yamada et al., 2001). RT-PCR
primers for Osteonectin were: (sense) 5'-GGAAGAAACTGTGG
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CAGAGGTGAC-3’ and (antisense) 5'-TGTTGTCCTCATCCC
TCTCATACAG-3'. Primers for Osteopontin were (sense) 5'-
CCAAGTAAGTCCAACGAAAG-3’ and (antisense) 5’-
GGTGATGTCCTCGTCTGTA-3’. Primers for Osteocalcin were:
(sense) 5'-CATGAGAGCCCTCACA-3' and (antisense) 5’-
AGAGCGACACCCTAGAC-3'. Primers for Bone sialoprotein
were: (sense) 5'-GCCTGTGCTTTCTCAATG-3’ and (antisense)
5'-TTCCTTCCTCTTCCTCCTC-3'. Primers for HPRT were:
(sense) 5'-CGAGATGTGATGAAGGAGATGGG-3' and
(antisense) 5'-GCCTGACCAAGGAAAGCAAAGTC-3'.

In vitro Assay for Alkaline Phosphatase (ALPase) Activity
Human PDL cells were cultured with the standard medium (see
above) in the presence of 10 mM B-glycerophosphate and 50 p.g/mL
ascorbic acid (mineralization medium). Cellular DNA content and
AlLPase activity in the PDL cells were determined according to the
procedures described previously (Takayama et al., 1997).

- Production of Anti-PLAP-1 Antibody

A peptide (EPRSHFFPFD) homologous to human PLAP-1 was
synthesized with a Model 430 A peptide synthesizer (Applied
Biosystems). The peptide was conjugated to keyhole limpet
hemocyanin (KLH) and used for the immunization of rabbits. This
animal experiment was carried out in accordance with the
guidelines for animal experimentation approved by the Japanese
Association for Laboratory Animal Science.

Immunocytochemical Staining

Human PDL cells grown to confluence in a 60-mm poly-L-lysine-
coated glass-bottomed dish (Matsunami Glass, Osaka, Japan) were
stimulated with BMP-2 for 48 hrs. Cells were washed with PBS 3
times and incubated with anti-PLAP-1 polyclonal antibody or pre-
immune rabbit serum as a control at 4°C for 15 min. Cells were
then incubated with biotinylated goat anti-rabbit IgG (H+L)
antibody (Vector Laboratories, Burlingame, CA, USA) at 4°C for
15 min, and, finally, streptavidin-Alexa Fluor 488 (Molecular
Probe, Engene, OR, USA) was added for the detection of
immunoreactivity. Cells were washed 3 times with PBS after each
step.

For the pre-incubation assay, we pre-incubated the anti-
PLAP-1 polyclonal antibody with the antigenic KLH-conjugated
PLAP-1 peptide, KLH alone, recombinant human Decorin (R&D
Systems, Minneapolis, MN, USA), or recombinant human
Biglycan (ABNOVA, Taipei, Taiwan) at room temperature for 15
min before staining BMP-2-stimulated PDL cells. In each pre-
incubation assay, a 30-mg quantity of KLH-conjugated peptide or
recombinant proteins was added to 1 mL of the anti-PLAP-1
antibody. The amount of peptide and recombinant proteins (30
mg/1 mL of anti-PLAP-1 antibody) was equivalent to the amount -
of total protein in the anti-PLAP-1 polyclonal antibody serum.

Statistical Analysis

Data are expressed as means + standard deviations. The statistical
significance of differences between 2 means was examined by the
Mann-Whitney U test, and P values less than 0.05 were considered
to indicate a significant difference.

RESULTS
Down-regulation of PLAP-1 Gene Expression by FGF-2

When human PDL cells were cultured in the mineralization
media for 20 days, ALPase activity in the PDL cells was
gradually increased (Fig. 1A). The PDL cells simultaneously
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Figure 4. Induction of PLAP-1 protein on PDL cells by BMP-2. {A) Alignment of N-terminal of PLAP-1,
Biglycan, and Decorin protein. The pepfide sequence for antigen to immunize rabbits is shown in the dark-
shaded box. (B) Experiment I: Inmunocytochemical detection of PLAP-1 protein on PDL cells stimulated with
BMP-2. Human PDL cells cultured in the glass-bottomed dish were stimulated with the different
concentrations of BMP-2 for 48 hrs. The cells were washed with PBS and incubated with the anti-PLAP-1
polyclonal antibody or pre-immune rabbit serum, followed by the biotinylated goat anti-rabbit IgG mAb
and then with streptavidin-Alexa Fluor 488. {a} No BMP-2 stimulation. (b) BMP-2 stimulation {200 ng/ml).
(c} BMP-2 stimulation {400 ng/mL). (d} BMP-2 stimulation (400 ng/mlL), staining with pre-immune rabbit
serum. Experiment II: Dose-dependent inhibition of PLAP-1 staining with the PLAP-1 antigenic peptide. The
anti-PLAP-1 polyclonal antibody was pre-incubated with different concentrations of the PLAP-1 peptide
before BMP-2-siimulated (in 400 ng/mL} PDL cells were stained. {e} No PLAP-1 peptide. {f} Pre-incubation
with the PLAP-1 peptide (30 mg/1 mL of anti-PLAP-1 antibody). (g) Pre-incubation with the PLAP-1 peptide
(15 mg/1 ml oFﬁnﬁ-PLAP-] antibody). Experiment lil: No cross-reaction of the anti-PLAP-1 antibody to
Decorin or to Biglycan. The anti-PLAP-1 antibody was pre-incubated with either recombinant Decorin or
Biglycan before BMP-2-stimulated (in 400 ng/mk) PDL cells were stained. {h} No pre-incubation. (i) Pre-
incubation with recombinant Decorin (30 mg/1 mL of anti-PLAP-1 antibody). (j} Pre-incubation with
recombinant Biglycan (30 mg/1 mlL of anti-PLAP-1 antibody). (k) Pre-immune rabbit serum staining.
Representative dota of 3 independent experiments are shown. Scale bars = 50 um.
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with the antibody (data not shown).
Moreover, we pre-incubated the
anti-PLAP-1 antibody with either
recombinant human Decorin or
recombinant human Biglycan
before staining the BMP-2-
stimulated PDL cells (Fig. 4Bh~k).
No inhibition was observed by the
pre-incubation with either re-
combinant Decorin or recombinant
Biglycan. '

DISCUSSION

In this study, we analyzed the
regulation of PLAP-1 expression in
human PDL cells by mineral-
ization-related cytokines. The
transcription of PLAP-1 was up-
regulated along with the cyto-

- differentiation process of PDL cells

and down-regulated when the
process was arrested by FGF-2
(Fig. 1). This suggests that PLAP-]
expression is closely associated
with the process of cytodiffer-
entiation of PDL cells. FGF-2 and
PDGF-BB, which have mitogenic
and chemotactic activities (Rifkin
and Moscatelli, 1989; Hoch and
Soriano, 2003), clearly suppressed
the expression of PLAP-1 in PDL
cells (Fig. 2). Since PDL cells
proliferate after stimulation with
FGF-2 or PDGF-BB, PLAP-1 may
not be essential for cell pro-
liferation. In contrast, BMP-2 and
BMP-4 clearly induced the
expression of PLAP-1 (Fig. 2).
BMP-2 is one of the most potent
cytokines that stimulate osteoblast
differentiation and bone formation
(Hogan, 1996; Canalis et al., 2003).
BMP-2 has also been reported to
stimulate osteoblastic differ-
entiation in human PDL cells
(Kobayashi et al., 1999), and to
promote dental follicle cells, -
putative progenitor cells for the
periodontium, to induce differ-
entiation into a cemento-
blastic/osteoblastic phenotype
(Zhao et al., 2002). Given that
BMP-2 induced the cytodiffer-

used as the primary antibody (Fig. 4Bd). We then pre-incubated
the antibody before staining the BMP-2-stimulated PDL cells
with different amounts of the PLAP-1 antigenic peptide, which
we utilized for immunization. Pre-incubation of the PLAP-1
antigenic peptide inhibited the binding of the antibody to BMP-
2-stimulated PDL cells in a dose-dependent manner (Fig.
4Be~g). No inhibition was observed in the negative control in
which only KLH carrier protein was used for the pre-incubation

entiation and mineralization of PDL cells, PLAP-1 is closely
associated with the cytodifferentiation of PDL cells into hard-
tissue-forming cells. BMP-2 induced the expression of PLAP-]
in a dose-dependent manner. PLAP-I was then transcribed
along with the induction of other BMP-2-induced
mineralization-related genes (Fig. 3). These results suggest that
PLAP-1 is a mineralization-related gene, and that its
transcription might be driven by the BMP-2 signaling pathway.
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Recently, it was demonstrated that topical application of
recombinant FGF-2 or PDGF-BB enhances the healing process
and accelerates periodontal tissue regeneration (Takayama et
al., 2001; Murakami et al., 2003; Nevins et al., 2003). In the in
vivo process of periodontal tissue regeneration, FGF-2 is likely

to generate a suitable micro-environment in the FGF-2-applied -

sites by regulating the production of extracellular matrix
(Takayama et al., 1997; Shimabukuro er al., 2005).
Interestingly, we found that both FGF-2 and PDGF-BB
strongly suppressed transcription of PLAP-1 in PDL cells (Fig.
2). Thus, the effects of FGF-2 and PDGF-BB on periodontal
tissue regeneration might be partly associated with suppression
of PLAP-1 expression in PDL. Temporal reduction of PLAP-1
during the early phase of wound healing might be suitable for
periodontal tissue regeneration in terms of the creation of an
ideal micro-environment at the site.

PLAP-1 is categorized into the same subclass of SLRP
proteoglycan families as Biglycan and Decorin (Yamada et al.,
2001). Biglycan and Decorin were dominantly expressed in
bone and connective tissue of skin, respectively (Ameye and
Young, 2002). In general, both proteoglycans exist
ubiquitously in mineralized tissues and connective tissues. In
oral tissues, Biglycan is expressed in odontoblasts and
ameloblasts and regulates the cytodifferentiation of those cells
(Iozzo, 1997). Decorin is expressed ubiquitously in tissues of
the periodontium (Hakkinen et al., 1993). However, we could
not detect the PLAP-] transcript in bone tissue by Northern blot
analysis, but its expression was specifically revealed in PDL by
in situ hybridization (Yamada et al., unpublished observations).
Changes in Decorin and Biglycan were slight in the course of
cytodifferentiation of PDL cells, compared with PLAP-]
expression (Fig. 1). These findings suggest that PLAP-1 has
unique function(s) in the PDL, compared with those of Decorin
and Biglycan, and may play different roles in the process of the
cytodifferentiation of the PDL cells.

The present findings demonstrated that the PLAP-I
transcript is tightly regulated by FGF-2 and BMP-2 and closely
associated with the process of cytodifferentiation and
mineralization of human PDL cells. Thus, PLAP-1 is expected
to be useful for our understanding of the molecular basis of
periodontal ligament functions.
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Duchenne muscular dystrophy (DMD), the most common lethal genetic disorder in children, is an X-linked recessive
muscle disease characterized by the absence of dystrophin at the sarcolemma of muscle fibers. We examined a putative
endometrial progenitor obtained from endometrial tissue samples to determine whether these cells repair muscular
degeneration in a murine mdx model of DMD. Implanted cells conferred human dystrophin in degenerated muscle of
immunodeficient mdx mice. We then examined menstrual blood-derived cells to determine whether primarily cultured
nontransformed cells also repair dystrophied muscle. In vivo transfer of menstrual blood—-derived cells into dystrophic
muscles of immunodeficient mdx mice restored sarcolemmal expression of dystrophin. Labeling of implanted cells with
EGFP and differential staining of human and murine nuclei suggest that human dystrophin expression is due to cell
fusion between host myocytes and implanted cells. In vitro analysis revealed that endometrial progenitor cells and
menstrual blood-derived cells can efficiently transdifferentiate into myoblasts/myocytes, fuse to C2C12 murine myoblasts
by in vitro coculturing, and start to express dystrophin after fusion. These results demonstrate that the endometrial
progenitor cells and menstrual blood—-derived cells can transfer dystrophin into dystrophied myocytes at a high frequency

through cell fusion and transdifferentiation in vitro and in vivo.

INTRODUCTION

Skeletal muscle consists predominantly of syncytial fibers
with peripheral, postmitotic myonuclei, and its intrinsic re-
pair potential in adulthood relies on the persistence of. a
resident reserve population of undifferentiated mononuclea;
cells, termed “satellite cells.” In mature skeletal muscle,'
most satellite cells are quiescent and are activated:in
sponse to environmental cues, such as injury, to mediate-
postnatal muscle regeneration. After division, satellite.ce

progeny, termed myoblasts, undergo terminal differentia-
tion and become incorporated into muscle fibers (Bischoff,”
1994). Myogenesis is regulated by a family of myogenic " -
transcription factors including MyoD, Myf5, myogenin, and -

MRF4 (Sabourin and Rudnicki, 2000). During embryonic
development, MyoD and Myf5 are involved in the establish-
ment of the skeletal muscle lineage (Rudnicki et al., 1993),
whereas myogenin is required for terminal differentiation
(Hasty et al., 1993; Nabeshima et al., 1993). During muscle

This article was published online ahead of print in MBC in Press
(http / /www.molbiolcell.org/cgi/doi/10.1091/mbc.E06- 09— 0872)
on February 21, 2007.
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repair, satellite cells recapitulate the expression program of
the myogen'ic genes manifested during embryonic develop-
ment

Dystrophm is associated with a large oligomeric complex

w0 of ‘glycoproteins that provide linkage to the extracellular

smbrane (Ervasti and Campbell, 1991). In Duchenne mus-
lar'dystrophy (DMD), the absence of dystrophin results in
~destabilization of the extracellular membrane-sarcolemma-

¢ytoskeleton architecture, making muscle fibers susceptible

. to’ contraction-associated mechanical stress and degenera-
“tion. In the first phase of the disease, new muscle fibers are
formed by satellite cells. After depletion of the satellite cell
pool in childhood, skeletal muscles degenerate progres-
sively and irreversibly and are replaced by fibrotic tissue
(Cossu and Mavilio, 2000). Like DMD patients, the mdx
mouse lacks dystrophin in skeletal muscle fibers (Hoffman et
al., 1987; Sicinski et al., 1989). However, the mdx mouse
develops only a mild dystrophic phenotype, probably be-
cause muscle regeneration by satellite cells is efficient for
most of the animal’s life span (Cossu and Mavilio, 2000).
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 ex-
pandable in vitro and rapidly undergo senescence (Cossu
and Mavilio, 2000). An alternative source of muscle progen-
itor cells is therefore desirable. Cells with a myogenic po-
tential are present in many tissues, and these cells readily

1
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form skeletal muscle in culture (Gerhart et al., 2001). We
report here that human dystrophin expression in the mdx
model of DMD is attributed to cell fusion of mdx myocytes
with human menstrual blood—derived stromal cells.

MATERIALS AND METHODS

Isolation of Human Endometrial Cells from Menstrual
Blood

Menstrual blood samples (n = 21) were collected in DMEM with antibiotics
(final concentrations: 100 U/ml penicillin/streptomycin) and 2% fetal bovine
serum (FBS), and processed within 24 h. Ethical approval for tissue collection
was granted by the Institutional Review Board of the National Research
Institute for Child Health and Development, Japan. The centrifuged pellets
containing endometrium-derived cells were resuspended in high-glucose
DMEM medium (10% FBS, penicillin/streptomycin), maintained at 37°C in a
humidified atmosphere containing 5% CO,, and allowed to attach for 48 h.
Nonadherent cells were removed by changing the medium. When the culture
reached subconfluence, the cells were harvested with 0.25% trypsin and 1 mM
EDTA and plated to new dishes. After 2-3 passages, the attached endometrial
stromal cells were devoid of blood cells. Human EM-E6/E7/hTERT-2 cells,
endometrium-derived progenitors, were obtained from surgical endometrial
tissue samples and were immortalized by E6, E7, and hTERT-2 (Kyo et al.,
2003). C2C12 myoblast cells were supplied by RIKEN Cell Bank (The Institute
of Physical and Chemical Research, Japan). .

Flow Cytometric Analysis

Flow cytometric analysis was performed as previously described (Terai et al.,
2005). Cells were incubated with primary antibodies or isotype-matched
control antibodies, followed by additional treatment with the immunofluo-
rescent secondary antibodies. Cells were analyzed on an EPICS ALTRA
analyzer (Beckman Coulter, Fullerton, CA). Antibodies against human CD13,
CD14, CD29, CD31, CD34, CD44, CD45, CD50, CD54, CD55, CD59, CD73,
CD90, CD105, CD117 (c-kit), CD133, HLA-ABC, and HLA-DR were pur-
chased from Beckman Coulter, Immunotech (Marseille, France), Cytotech
(Hellebaek, Denmark), and BD Biosciences PharMingen (San Diego, CA).

In Vitro Lentivirus-mediated Gene (EGFP) Transfer into
EM-E6/E7/hTERT-2 Cells

Infection of EM-E6/E7/hTERT-2 cells with lentivirus having a CMV pro-
moter and EGFP reporter resulted in high levels of EGFP expression in all
cells. Cells were analyzed for EGFP expression by flow cytometry (Miyoshi et
al., 1997, 1998).

In Vitro Myogenesis

Menstrual blood-derived cells or EM-E6/E7/hTERT-2 cells were seeded onto
collagen I-coated cell culture dishes (Biocoat, BD Biosciences, Bedford, MA)
at a density of 1 X 10¢/ml in growth medium (DMEM, supplemented with
20% FBS). Forty-eight hours after seeding onto collagen I-coated dishes, cells
were treated with 5-azacyt1dme for 24 h. Cell cultures were then washed twice
with PBS and maintained in differentiation medium (DMEM, supplemeritéd
with either 2% horse serum (HS) or 1% insulin-transferrin-selenium supp!

ment [ITS]). The differentiation medium was changed twice a week until t}ie :

experiment was terminated.

RT-PCR Analysis of EM-E6/E7/hTERT-2 Cells and
Menstrual Blood—-derived Cells

Total RNA was prepared using Isogen (Nippon Gene, Tokyo, Japan). Humian :

skeletal muscle RNA was purchased from TOYOBO (Osaka, Japan). RT-PCR

of Myf5, MyoD, desmin, myogenin, myosin heavy chain-llx/d (MyHC-IIx/
d), and dystrophin was performed with 2 ug of total RNA. RNA for RT-PCR "

was converted to cDNA with a first-stand ¢cDNA synthesis kit (Amersham
Pharmacia Biotechnology, Piscataway, NJ) according to the manufacturer’s
recommendations. The sequences of PCR primers that amplify human but not
mouse genes are listed in Supplementary Table 1. PCR was performed with
TaKaRa recombinant Taq (Takara Shuzo, Kyoto, Japan) for 30 cycles, with
each cycle consisting of 94°C for 30 s, 62°C or 65°C for 30 s, and 72°C for 20 s,
with an additional 10-min incubation at 72°C after completion of the last
cycle.

Immunohistochemical and Immunocytochemical Analysis

Immunohistochemical analysis was performed as previously described (Mori
et al., 2005). Briefly, the sections were incubated for 1 h at room temperature
with mouse mAb against vimentin (Cone V9, DakoCytomation, Fort Collins,
CO). After washing in PBS, sections were incubated with horseradish perox-
idase-conjugated rabbit anti-mouse immunoglobulin, diluted, and washed in
cold PBS. Staining was developed by using a solution containing diamino-
benzidine and 0.01% H,0, in 0.05% M Tris-HCl buffer, pH 6.7. Slides were

counterstained with hematoxylin. In the cases of fluorescence, frozen sections
fixed with 4% PFA were used. The antibodies against human dystrophin
(NCL-DYS3; Novocastra, Newcastle upon Tyne, United Kingdom) or anti-
human nuclei mouse mAb (clone 235-1, Chemicon, Temecula, CA) was used
as a first antibody, and goat anti-mouse IgG conjugated with Alexa Fluor 488
or goat anti-mouse IgG antibody.conjugated with Alexa Fluor 546 (Molecular
Probes, Eugene, OR) was used as a second antibody.

Immunocytochemical analysis was performed as previously described
(Mori et al., 2005), with antibodies to skeletal myosin (Sigma, St. Louis, MO;
product no. M 4276), MF20 (which reacts with all -sarcomere myosin in
striated muscles, Developmental Studies Hybridoma Bank, University of
Towa, 1A), a-sarcomeric actin (Sigma, product no. A 7811), and desmin (Bio-
Science Products, Bern, Switzerland; no. 010031, clone: D9) in PBS containing
1% bovine serum albumin. As a methodological contro), the prifmary antibody
was omitted. In the cases of fluorescence, slides were incubated with Alexa
Fluor 546-conjugated goat anti-mouse IgG antibody.

Western Blotting

Western blot analysis was performed as previously described (Mori et al.,
2005). Blots were incubated with primary antibodies (desmin, myogenin
[Clone F5D, Santa Cruz Biotechnology], and dystrophin [NCL-DYSA, Novo-
castra]) for 1-2 h at room temperature. After washing three times in the
blocking buffer, blots were incubated for 30 min with a horseradish peroxi-
dase-conjugated secondary antibody (0.04 pg/ml) directed against the pri-
mary antibody. The blots were developed with enhanced chemiluminescence
substrate according to the manufacturer’s instructions.

Fusion Assay

EM-E6/E7/hTERT-2 cells (2500/cm?) or EGFP-labeled EM-E6/E7/hTERT-2
cells (2500/ cm?) were cocultured with C2C12 myoblasts (2500/cm?) for 2d in
DMEM supplemented with 10% FBS and then cultured for 7 additional days
in DMEM with 2% HS to promote myotube formation. The cultures were
fixed in 4% paraformaldehyde and stained with a mouse anti-human nuclei
IgG1 mADb and the mouse anti-human dystrophin IgG2a mAb (or anti-myosin
heavy chain IgG2b mAb MF-20). The cells were visualized with appropriate
Alexa-fluor-conjugated goat anti-mouse IgG1 and IgG2a (or IgG2b) second-
ary antibodies (Molecular Probes). Total cell nuclei were stained with DAPI

(4',6-diamidino-2-phenylindole).

In Vivo Cell Implantation

Six- to 8-wk-old NOD/Shi-scid/IL-2 receptor —/— (NOG, CREA, Shizuoka,
Japan) mice and 6- to 8-wk-old mdx-scid mice were implanted with EM-E6/
E7/hTERT-2 cells and menstrual blood-derived cells in seven independent
experiments. The cells (2 X 107) were suspended in PBS in a total volume of
100 pl and were directly injected into the right thigh muscle of NOG mice or
mdx-scid mice. The mice were examined 3 wk after cell implantation, and the
right thigh muscle was analyzed for human vimentin and dystrophin by
immunohistochemistry. The antibodies to vimentin and dystrophin (NCL-
DYS3) rfeact with human vimentin and dystrophin-equivalent protein, but not
murine protéin.

_ RESULTS
. S#rfa&é Marker Expression of Endometrium-derived Cells

. We investigated myogenic differentiation of primary cells
- without gene introduction from menstrual blood, because

menstrual blood on the first day of the period is considered
to include endometrial tissue. We successfully cultured a
large number of primary cells from menstrual blood. Men-
strual blood—derived cells showed at least two morpholog-
ically different cell groups: small spindle-like cells and large
stick-like cells, regarded as being passage day (PD) 1 or 2
(Figure 1, A and B, respectively). Surface markers of the
menstrual blood-derived cells were evaluated by flow cy-
tometric analysis. Surface markers of EM-E6/E7/hTERT-2
cells (Figure 1C) and menstrual blood-derived cells (Figure
1D) were evaluated by flow cytometric analysis (Figure 1E).
In these experiments, the cells were cultured in the absence
of any inductive stimuli. EM-E6/E7/hTERT-2 cells were
positive for CD13, CD29 (integrin p1), CD44 (Pgp-1/1y24),
CD54, CD55, CD59, CD73, and CD90 (Thy-1), implying that
EM-E6/E7/hTERT-2 cells expressed mesenchymal cell-re-
lated antigens in our experimental setting. Menstrual blood-
derived cells were positive for CD13, CD29, CD44, CD54,
CD55, CD59, CD73, CD90, and CD105, implying that prolif-
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blood-derived cells, regarded as being PD 1 or 2. Scale intenaity .

bars, 200 m (A), 100 pm (B). (C and D) Flow cytometric

analysis of cell surface markers of EM-E6/E7/hTERT-2
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Further phenotypic analysis in EM-E6/E7/hTERT-2 co13 T - CcDS5 - o
cells and menstrual blood—-derived cells are summa- cD14 . . [oe] - -
rized. Peak intensity was estimated in comparison with C029 ++ b cD73 e +
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the isotype control); ++, moderately positive (<100 CD34 - . CD105 - ++
times but more than 10 times the isotype control), C044 Aasd e c-kit - .
weakly positive (<10 times but more than twice the CD45 - - CD133 -
isotype control), —, negative (less than twice the 1sotype CO50 . . HLA-ABC - 4+
control). CO54 + - HLA-DR - -

erated and propagated cells express mesenchymal cell-re-
lated cell surface markers. Unlike EM-E6/E7/hTERT-2 cells,
the menstrual blood-derived adherent cells were positive
for CD105. EM-E6/E7 /hTERT-2 cells and menstrual blood-
derived cells expressed neither hematopoietic lineage mark:
ers, such as CD34, nor monocyte-macrophage antxgens‘such
as CD14 (a marker for macrophage and dendritic cel
CD45 (leukocyte common antigen). The lack of expression
CD14, CD34, or CD45 suggests that EM-E6/E7/hTERT:
cells and the menstrual blood—-derived cell culture in't
present study is depleted of hematopoietic cells. The cells
were also negative for expression of CD31 (PECAM-1),
CD50, c-kit, and CD133. The cell population was positive for
HLA-ABC, but not for HLA-DR. These results demonstrate
that almost all cells derived from endometrium are of mes-
enchymal origin or stromal origin.

Implanted Endometrium-derived Cells Induce De Novo
Myogenesis in Immunodeficient NOG Mice

EM-E6/E7/hTERT-2 cells originate from the endometrial
gland and are considered as endometrial progenitor cells or
bipotential cells capable of differentiating into both glandu-
lar epithelial cells and endometrial stromal cells (Kyo et al.,
2003). To determine whether EM-E6/E7/hTERT-2 cells and
menstrual blood-derived cells generate complete endome-
trial structure in vivo, like endometriosis, the cells without
any treatment or induction were injected into the right thigh

Vol. 18, May 2007

immunodeficient NOG mice. PBS without cells
into the left thigh muscles as a control. We
tect any endometrial structure in the cell-injected
¢. Immunohistochemical analysis using an antibody spe-
ﬁc to'himan vimentin, an intermediate filament associated
ith’a mesenchymal cell, revealed that the injected EM-E6/

:E7/hTERT 2 cells (Figure 2, A-F) or menstrual blood-de-
rived cells (Figure 2, G-L) extensively migrated or infiltrated

etween muscular fibers (Figure 2, arrowheads). To investi-
gate if the donor cells between muscular fibers occur as a

: result of cell migration, we performed a time-course analysis *

of implanted cells, as probed by human-specific antibody to
vimentin (Supplementary Figure 1). Donor cells at 3 h after
implantation are observed at the injection site, which is
considered to be due to just injection of cells. Cells at 1-3 wk
after implantation are detected between myocytes in the
muscle bundle or muscular fascicle as well as in the inter-
stitial tissue, implying that the donor cells between myo-
tubes result from cell migration. Interestingly, some of the
vimentin-positive implanted cells exhibited round-shaped
structure (Figure 2, D, F, and ], arrows), suggesting that
endometrium-derived cells are capable of differentiating
into myoblasts/myotubes, and can contribute to skeletal
muscle repair in patients suffering from genetic disorders
such as DMD, similar to previous reports for marrow stro-
mal cells (Dezawa et al., 2005) and synovial membrane cells
(De Bari et al., 2003).
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into the muscle of NOG mice. EM-E6/ E7/hTERT-2 cells (A
menstrual blood-derived cells (G-]) cultured in absence of any
stimuli were directly injected into the right thigh muscle of 1
mice. Immunohistochemical analysis was performed using -
body that reacts to human vimentin but not to murine vimentin. (
C, E, G, ], and K) hematoxylin and eosin stain (HE; B, D, F, H, J, any
L) immunohistochemistry. Note that vimentin-positive EM-E6/E

hTERT-2 cells and menstrual blood—derived cells with a spindle -

morphology (C-], arrowheads) extensively migrated into muscular
bundles at 3 wk after injection, and some of the injected cells
exhibited round structure (D, F, and J, arrows). Isotype mouse IgG1
served as a negative control (L). Scale bars, 100 um (A, B, K, and L),
50 pm (C-F, |, and J), 90 pm (G and H).

Induction of Myogenic Differentiation in Endometrial
Progenitor Cells In Vitro

EM-E6/E7/hTERT-2 cells at 2 wk (cultured in the DMEM
supplemented with 20% FBS) after exposure to different
concentrations (5, 10, and 100 uM) of 5-azacytidine were
analyzed by immunostaining using anti-desmin antibody
(Figure 3, A-F). The number of desmin-positive cells was

4

significantly higher in experimental groups with 5 or 10 uM
5-azacytidine than in untreated control groups (p < 0.05). To
investigate whether EM-E6/E7/hTERT-2 cells are capable of
differentiating into skeletal muscle cells in vitro, the cells
were exposed to 5 uM 5-azacytidine for 24 h and then
subsequently cultured in the DMEM supplemented with 2%
HS (Figure 3, G-J) or serum-free ITS for up to 21 d (Figure
3K). Skeletal myoblastic differentiation of the cells was ana-
lyzed by evaluating expression of MyoD, Myf5, desmin,
myogenin, MyHC-IIx/d, and dystrophin by RT-PCR. The
MyoD, desmin, myogenin, and dystrophin genes were con-

-stitutively expressed, but MyHC-IIx/d and Myf5 genes were

not. The decline of MyoD was observed in both the 2% HS
(Figure 3, G and H) and the serum-free ITS (Figure 3K). The
expression of MyHC, as determined by RT-PCR and immu-
nocytochemistry, significantly increased with 2% HS (Figure
3, G-J) and serum-free ITS (Figure 3K). Immunocytochemi-
cal analysis indicated that a-sarcomeric actin (Figure 3I) and
MyHC (Figure 3]) were detected in the cells incubated with
2% HS for 21 d.

In Vitro Myogenic Differentiation of Menstrual Blood-
derived Cells

Menstrual blood-derived cells at 3 wk (cultured in DMEM
supplemented with 20% FBS) after exposure to different
concentrations (5, 10, and 100 pM) of 5-azacytidine were
analyzed by immunostaining using anti-desmin antibody
(data not shown). The number of desmin-positive cells was
significantly higher in experimental groups with 5 or 10 uM
5-azacytidine than with 100 pM 5-azacytidine; for further in
vitro experiments, the menstrual blood—derived cells were
exposed to 5 uM 5-azacytidine for 24 h and then subse-
quently cultured in DMEM supplemented with low serum

(2% HS) or serum-free ITS for up to 21 d (Figure 4). Myo- =,

genic potential of human menstrual blood-derived cells was
analyzed by evaluating the expression of Myf5, MyoD,
desmin, myogenin, MyHC-IIx/d, and dystrophin by RT-
PCR. MyoD, desmin, and dystrophin genes were constitu-
tively expressed in menstrual blood—derived cells, but
MyHC-IIx/d and Myf5 were not (Figure 4A). For cells
tredted with2% HS or serum-free ITS, the mRNA level of
d.myogenin significantly increased after 3 d, and

desmin steadily increased until day 21 (Figure 4, C and D).

[X/d started to be expressed at a low level at day 21
tion (Figure 4C). We then analyzed desmin expres-
ioni'by immunocytochemistry. Menstrual blood-derived
ells:were exposed to 5 uM 5-azacytidine for 24 h and then
ubsequently cultured in DMEM supplemented with 20%
BS for up to 2 wk. Desmin was readily detected in colonies
f the menstrual blood-derived cells (Figure 4B). Western

“blot analysis indicated that desmin, myogenin, and dystro-

phin were highly expressed in the cells incubated for 3 wk
(Figure 4, E-G). These results suggest that menstrual blood-
derived cells are, like the EM-E6/E7/hTERT-2 cells, able to
differentiate into skeletal muscle.

Regeneration of Dystrophin by Cell Implantation in the
DMD Model mdx-scid Mouse

To investigate whether human EM-E6/E7/hTERT-2 cells
and menstrual blood-derived cells can generate muscle tis-
sue in vivo, cells without any treatment or induction were
implanted directly into the right thigh muscles of mdx-scid
mice (Supplementary Figure 2). The left thigh muscles were
injected with PBS as an internal control. After 3 wk, myo-
tubes in the muscle tissues injected with human EM-E6/E7/
hTERT-2 cells and menstrual blood—derived cells expressed
human dystrophin as a cluster (Figure 5, A, C, and D, EM-
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Figure 3. Expression of myogenic-specific genes during myogenic dif-
ferentiation of EM-E6/E7/hTERT-2 cells. (A-F) Immunocytochemical
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E6/E7 /hTERT-2 cells, and 5B, menstrual blood~derived cells).
Quantification analysis revealed that the percentage of dys-
trophin-positive myofibers after implantation of menstrual
blood-derived cells was high, compared with that after
implantation of EM-E6/E7/hTERT-2 cells (Figure 5E). Do-
nor cells with EGFP fluorescence participated in myogenesis
3 wk after implantation (Supplementary Figure 3). EGFP-
labeled EM-E6/E7/hTERT-2 cells became positive for hu-
man dystrophin (Figure 5C). Dystrophin was not detected in
the muscle of mdx-scid mice and NOG 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.

To determine if dystrophin expression in the donor cells is
due to transdifferentiation or fusion, immunohistochemistry
with an antibody against human nuclei (Ab-HuNucl) and
DAPI stain was performed. If dystrophin expression is ex-
plained by fusion, dystrophin-positive myocytes must be
demonstrated to have both human and murine nuclei. We
examined almost all the 7-um-thick serial histological sec-
tions parallel to the muscular bundle (longitudinal section)
of the muscular tissues by confocal microscopy and found
that dystrophin-positive myocytes have nuclei derived from
both human and murine cells in the longitudinal section of
the myocytes (Figure 5D), implying that dystrophin expres-
sion is attributed to fusion between murine host myocytes
and human donor cells, rather than myogenic differentiation
of EM-E6/E7/hTERT-2 cells and menstrual blood-derived
cells per se.

Detection of Human Endometrial Cell Contribution to
Myotubes in an In Vitro Myogenesis Model

To simulate in vivo phenomena, human endometrial cells
were cocultured in vitro with murine C2C12 myoblasts for
2 d under proliferative conditions and then switched to
differentiation conditions for an additional 7 d. Figure 6A

-E6/E7 /hTERT-2 cells using an antibody to desmin.
on of only the primary antibody to desmin serves as a
trol. (C) Higher magnification of inset in B. (F) Myo-
erentiation of EM-E6/E7/hTERT-2 cells with exposure to
oncentrations (B, 5 uM; C, 5 uM; D, 10 uM, E, 100 uM) of
ytidine. To estimate myogenic differentiation, the number of
1l the desmin-positive cells was counted for each dish (n = 3). Data
ere analyzed for statistical significance using ANOVA. EM-E6/

: _E7/hTERT -2 cells were cultured in the DMEM supplemented with
“2% HS (G-J; horse serum), and serum-free ITS (K). (G and K)
“RT-PCR analysis with PCR primers allows amplification of the

human MyoD, Myf5, desmin, myogenin, myosin heavy chain type
IIx/d (MyHC-IIx/d), and dystrophin cDNA (from top to bottom).
RNAs were isolated from EM-E6/E7/hTERT-2 cells at the indicated
day after treatment with 5-azacytidine. RNAs from human muscle
and H,O served as positive (P) and negative (N) controls. Only the
18S PCR primer used as a positive control reacted with the human
and murine cDNA. (H) Time course of MyoD, desmin, myogenin,
MyHC-IIx/d, and dystrophin expression in the cells incubated with
2% HS for up to 21 d after 5-azacytidine treatment. Relative mRNA
levels were determined using Multi Gauge Ver 2.0 (Fuji Film). The
signal intensities of MyoD, desmin, and dystrophin mRNA at day 0,
myogenin mRNA at day 3, and MyHC-II/d mRNA at day 21 were
regarded as equal to 100%. (I and J) The cells were exposed to 5 uM
5-azacytidine for 24 h and then subsequently cultured in DMEM
supplemented with 2% HS for 21 d. a-Sarcomeric actin (I) and
skeletal myosin heavy chain (J) was detected by immunocytochem-
ical analysis. Scale bars, 2 mm (A and B), 300 um (C-E), 900 um (Ia
and Ja), 425 pm (Ib and Jb).
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provides an example of how human and mouse nuclei in the .

EGFP-positive myotubes were detected. Multinucleated
myotubes were revealed by the presence of specific human

dystrophin (Figure 6, B and C) and myosin heavy chain " -

(Figure 6D). Dystrophin was detected in cytoplasm in cul- -
ture condition (Figure 6, B and C) despite evidence of cell
surface localization in vivo. Human dystrophin and human
nuclei were unequivocally identified by staining with anti-
bodies to human dystrophin and human nuclei, whereas the
numerous mouse nuclei present in this field, as shown by
DAPI staining, are negative (Figure 6, B and C).

DISCUSSION

Skeletal muscle has a remarkable regenerative capacity in
response to an extensive injury. Resident within adult skel-
etal muscle is a small population of myogenic precursor cells
(or satellite cells) that are capable of multiple rounds of
proliferation (estimated at 80-100 doublings), which are

6

e “S—’

Figure4. Expression of myogenic-specific genes in dif-
ferentiated menstrual blood-derived cells. Menstrual
blood-derived cells were cultured in DMEM supple-
mented with 20% FBS, 2% HS, or serum-free ITS me-
dium. (A) RT-PCR analysis with PCR primers that al-
lows amplification of the human MyoD, Myf5, desmin,
myogenin, MyHC-1Ix/d, and dystrophin cDNA (from
top to bottom). RNAs were isolated from menstrual
blood-derived cells at the indicated day after treatment
with 5 uM 5-azacytidine for 24 h. RNAs from human
muscle and H,0 served as positive (P) and negative (N)
controls. Only the 185 PCR primer used as a positive
contro] reacted with the human and murine cDNA. (B)
Immunocytochemical analysis using an antibody to
desmin (a—f) was performed on the menstrual blood-
derived cells at 2 wk after exposure to 5 pM of 5-aza-
cytidine for 24 h. The desmin-positive cells are shown at
higher magnification (d-f). Merge of a and b is shown in
¢, and merge of d and e is shown in f. The images were
obtained with a laser scanning confocal microscope.
Scale bars, 200 pm (a-c) and 75 pm (d—f). (C and D)
RT-PCR analysis of menstrual blood—derived cells on
DMEM supplemented with 2% HS (C) or serum-free ITS

~ :medium (D) after exposure to 5 uM 5-azacytidine for

- 24 h. (E-G) Western blot analysis was performed on the

- .cells cultured in myogenic medium indicated for 21 d.
The blot was stained with desmin (E), myogenin (F),
and dystrophin (G) antibodies followed by an HRP-
conjugated secondary antibody.

e 36 502

able to reestablish a quiescent pool of myogenic progenitor
cells after each discrete regenerative episode (Mauro, 1961;
‘Schultz and McCormick, 1994; Seale and Rudnicki, 2000;
Hawke and Garry, 2001). Although muscle regeneration is a
highly efficient and reproducible process, it ultimately is
exhausted, as observed in senescent skeletal muscle or in
patients with muscular dystrophy (Gussoni et al., 1997;
Cossu and Mavilio, 2000). In the present study, we investi-
gated the myogenic potential of human endometrial tissue-
derived immortalized EM-E6/E7/TERT-2 cells and primary
cells derived from human menstrual blood. Human men-
strual blood-derived cells proliferated over at least 25 PDs
(9 passages) for more than 60 d and stopped dividing before
30 PDs. This cessation of cell division is probably due to
replicative senescence or shortening of telomere length. Cell
life span of menstrual blood cells is relatively short when
compared with human fetal cells (Imai et al., 1994; Teraiet al.,
2005), and this shorter cell life span may be attributed to
shorter telomere length of adult cells (i.e., endometrial stro-
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Figure 5. Conferral of dystrophin to mdx myocytes by
human endometrial cells. (A and B) Immunohistochem-
istry analysis using an antibody against human dystro-
phin- molecule (green), human nuclei (HuNucl, red),
and DAPI staining (blue) on thigh muscle sections of
mdx-scid mice after direct injection of EM-E6/E7/
hTERT-2 cells (A) or menstrual blood—-derived cells (B)
without any treatment or induction. (C) EGFP-labeled
EM-E6/E7/hTERT-2 cells without any treatment or in-
duction were directly injected into the thigh muscle of
mdx-scid mice. Immunohistochemistry revealed the in-
corporation of implanted cells into newly formed EGFP-
positive myofibers, which expressed human dystrophin
3 wk after implantation. (A and B) As a methodological
control, the primary antibody to dystrophin was omit-
ted (e and f). (D) Inmunohistochemistry analysis using
an antibody against human dystrophin molecule (green,
arrowheads), human nuclei (HuNucl, red, arrow), and
DAPI staining (blue) on thigh muscle sections of mdx-
scid mice after direct injection of human EM-E6/E7/
hTERT-2 cells without any treatment or induction. (A
and B) Merge of a—c is shown in d, and merge of e-g is
shown in h. (C and D) Merge of a~c is shown in d. Scale
bars, 50 um (A and B), 20 um (C and D). (E) Quantita-
tive analysis of human dystrophin-positive myotubes.
Menstrual blood-derived cells or EM-E6/E7/hTERT-2
cells without any treatment or induction were directly
injected into thigh muscle of mdx-scid mice. The per-
centage of human dystrophin-positive-myofiber areas
was calculated 3 wk after implantation of the EM-E6/
E7/hTERT-2 cells or menstrual blood-derived cells. In-
jection of PBS without cells into mdx-scid myofibers
was used as a control.

-
P-4 - N

% Dystrophin positive area

o

mal cells) at the start of cell cultivation, as is the case with
hematopoietic stem cells (Suda et al., 1984).

Menstrual blood—-derived cells had a high replicative abil-
ity similar to progenitors or stem cells that display a long-
term self-renewal capacity and had a much higher growth
rate in our experimental conditions than marrow-derived
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Menstrual  EM-EGEY/
biood cells  hTERT-2

cells

stromal cells (Mori et al., 2005). In addition, the myogenic
potential of menstrual blood-derived cells, i.e., a high fre-
quency of desmin-positive cells after induction, is much
greater than expected. The higher myogenic differentiation
ratio can be explained just by alteration of cell characteristics
from epithelial and mesenchymal bipotential cells or heter-

7
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A

ogeneous populations of cells to cells with the mesenchymal
phenotype in our cultivation condition, as determined by
cell surface markers (Figure 1, C-E). MyoD-positive cells are
present in many fetal chick organs such as brain, lung,
intestine, kidney, spleen, heart, and liver (Gerhart et al.,
2001), and these cells can differentiate into skeletal muscle in
culture. Constitutive expression of MyoD, desmin, and myo-
genin, all markers for skeletal myogenic differentiation in
both immortalized EM-E6/E7/hTERT-2 cells and menstrual
blood-derived cells, implies either that most of these cells
are myogenic progenitors or that these cells have myogenic
potential. Expression of MyoD, one of the basic helix-loop-
helix transcription factors that directly regulate myocyte cell
specification and differentiation (Edmondson and Olson,
1993), occurs at the early stage of myogenic differentiation,
whereas myogenin is expressed later, related to cell fusion
and differentiation (Aurade ef al., 1994).

Acquisition or recovery of dystrophin expression in dys-
trophic muscle is attributed to two different mechanisms: 1)
myogenic differentiation of implanted or transplanted cells
and 2) cell fusion of implanted or transplanted cells with
host muscle cells. Recovery of dystrophin-positive cells. is
explained by muscular differentiation of implanted marrow
stromal cells and adipocytes (Dezawa et al., 2005; Rodrlguez
et al., 2005). In contrast, implantation of normal myoblasts
into dystrophin-deficient muscle can create a reservoir of

normal myoblasts that are capable of fusing with dystrophic -
muscle fibers and restoring dystrophin (Mendell et al., 1995; -,
Terada et al., 2002; Wang et al., 2003; Dezawa et al., 2005; -

Rodriguez et al., 2005). In this study using menstrual blood-
derived cells, our findings—that the implantation of immor-
talized EM-E6/E7/hTERT-2 cells and menstrual blood—de-
rived cells improved the efficiency of muscle regeneration
and dystrophin delivery to dystrophic muscle in mice—is
explained by both possibilities or the latter possibility alone,
because cells expressing human dystrophin had both mu-
rine and human nuclei, located in the center and periphery
of dystrophic muscular fiber, respectively (Figures 5D, in
vivo, and 6, A-D, in vitro).

DMD is a devastating X- linked muscle disease character-
ized by progressive muscle weakness attributable to a lack
of dystrophin expression at the sarcolemma of muscle fibers
(Mendell et al., 1995; Rodriguez et al., 2005), and there are no

8

Figure 6. Detection of human endometrial cell contri-
bution to myotubes in an in vitro and in vivo myogen-
esis model. EGFP-labeled EM-E6/E7 /hTERT-2 cells (A)
or EM-E6/E7/hTERT-2 cells (B) or menstrual blood-
derived cells (C and D) were cocultured with C2C12
myoblasts for 2 d under conditions that favored prolif-
eration. The cultures were then changed to differentia-
tion media for 7 d to induce myogenic fusion. (A) Myo-
tubes were revealed by EGFP (green); human nuclei
were detected by antibody specific to human nuclei
(HuNucl, red, arrows). (B-D) Myotubes were revealed
by specific human dystrophin mAb NCL-DYS3 (B and
C, red) or anti-myosin heavy chain mAb MF-20 (D, red).
(D) Human nuclei were detected by antibody specific to
human nuclei (HuNuc], green, arrows). Total cell nuclei
in the culture were stained with DAPI (blue, arrow-
heads). (B-D) Merge of a—c are shown in d. The cultures
were then changed to differentiation media for 7 d to
induce myogenic fusion. Scale bars, 100 um (A-D).

effective therapeutic approaches for muscular dystrophy at
present. Human menstrual blood-derived cells are obtained
by a simple, safe, and painless procedure and can be ex-
panded efficiently in vitro. In contrast, isolation of mesen-
chymal stem cells/mesenchymal cells from other sources,
such as bone marrow and adipose tissue, is accompanied by
a painful and complicated operation. Efficient fusion sys-
tems of our immortalized human EM-E6/E7/hTERT-2 cells
and menstrual blood—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. Finally, we would like to reem-
phasize that human menstrual blood-derived cells possess
high self-renewal capacity, whereas biopsied myoblasts ca-
pable of differentiating into muscular cells are poorly ex-
pandable in vitro and rapidly undergo senescence (Cossu
and. Mavilio, 2000).
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ARTICLEINFORMATION ABSTRACT

Bone marrow-derived stromal cells can give rise to cardiomyocytes as well as adipocytes,
osteocytes, and chondrocytes in vitro. The existence of mesenchymal stem cells has been
proposed, but it remains unclear if a single-cell-derived stem cell stochastically commits
toward a cardiac lineage. By single-cell marking, we performed a follow-up study of
individual cells during the differentiation of 9-15c mesenchymal stromal cells derived
from bone marrow cells. Three types of cells, i.e., cardiac myoblasts, cardiac progenitors
and multipotent stem cells were differentiated from a single cell, implying that
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Keywords: cardiomyocytes are generated stochastically from a single-cell-derived stem cell. We
Mesenchymal stem cells also demonstrated that overexpression of Csx/Nkx2.5 and GATA4, precardiac mesodermal
Cardiomyocytes transcription factors, enhanced cardiomyogenic differentiation of 9-15c¢ cells, and the
Transient amplifying cells frequency of cardiomyogenic differentiation was increased by co-culturing with fetal
Csx/Nkx2.5 cardiomyocytes. Single-cell-derived mesenchymal stem cells overexpressing Csx/Nkx2.5
GATA4 and GATA4 behaved like cardiac transient amplifying cells, and still retained their
plasticity in vivo.

© 2006 Elsevier Inc. All rights reserved.

Introduction graft-versus-host disease through immunomodulatory effects

Cell-based therapy is a novel therapeutic strategy, based on
the concept of the cell-mediated restoration of damaged or
diseased tissue. Candidate cell sources include embryonic
stem (ES) cells, hematopoietic stem cells (HSCs), neural stem
cells (NSCs), mesenchymal stem cells (MSCs) [1], and so on.
Clinical trials with MSCs have been performed in patients with
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E-mail address: umezawa@1985.jukuin keio.ac.jp (A. Umezawa).

[2], and osteogenesis imperfecta [3,4], and MSCs are expected
to be one of the most available cells. The source of MSCs
includes bone marrow [5], adipose tissue [6], umbilical cord [7]
and placenta [8).

Bone marrow-derived stromal cells [9] can differentate
into mesenchymal progenitors, including osteoblasts [10],
chondroblasts {11], skeletal myoblasts [12}, adipoblasts [13],
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and neurons {14,15] when placed in appropriate in vitro and
in vivo environments. We have shown that bone marrow-
derived stromal cells are also able to differentiate into
cardiomyocytes in vitro and in vivo [13,14,16,17). However,
the characteristics of the cells that can differentiate into
cardiomyocytes are poorly understood, and how the progeny
of multipotent cells adopt one fate among several possible
fates remains a fundamental question.

Hematopoietic stem cells are defined as cells that are
capable of self-renewal to maintain a long-term supply of
progeny and are capable of differentiating into multiple
hematopoietic lineages [18]. Retroviral labeling of individual
cells is one of the useful clonal assays to monitor lineage
commitment at the single cell level [16,17,19). At present,
several models have been proposed in which hematopoietic
lineage determination is driven intrinsically [20], extrinsically
[21], or both [22]. We therefore performed retroviral labeling
experiments of bone marrow-derived stromal cells to inves-
tigate whether cardiomyocytes are generated from committed
cardiac precursor cells or uncommitted stem cells.

In the present study, we provide evidence that cardiomyo- -

cytes are stochastically differentiated from MSCs, and we
demonstrate that forced expression of cardiomyocyte-specific
transcription factors, i.e., Csx/Nkx2.5 and GATA4, destined
these MSCs to a cardiomyocytic lineage.

Materials and methods
Cell culture

9-15c cells were used as a source of uncommitted stem cells in
this study [23,24]. 9-15c cells are available through one of the
cell banks (JHSF cell bank: http://www.jhsf.or.jp/English/
index_gc.html; RIKEN cell bank: http://www brc.riken.go.jp/
lab/cell/english/guide.shtml). 9-15¢ cells were cultured using
methods described previously [25]). The cells were cultured in
Iscove's modified Dulbecco's medium (IMDM) supplemented
with 20% fetal bovine serum and penicillin (100 pg/ml)/
streptomycin (100 pg/ml)/amphotericin B (250 ng/m)) at 33°C
with 5% CO,.

Primary cultures of cardiac myocytes were prepared from
the hearts of 16-day-old fetal C3H/He] mice (CLEA Japan, Inc.,
Tokyo, Japan) according to the method of Simpson et al. [26]
with minor modifications. In brief, cardiomyocytes were
dissociated into single isolated cells by trypsinization and
the cells were plated in culture medium (IMDM with 20% fetal
bovine serum).

Cloning of Csx/Nkx2.5 and GATA4 cDNAs

The full open reading frames of mouse Csx/Nkx2.5 and
GATA4 cDNAs were cloned by RT-PCR from poly(A) RNA
obtained from the hearts of fetal mice using the following
primers: Csx/Nkx2.5, sense: 5'-TGAAACCTGCGTCGCCAC-
CATGT-3', antisense: 5'-GGCTCTTTCCCTACCAGGCTCGG-3’;
GATA4, sense: 5-TAGTTCTTGTCTGCCTCGTGCTCA-3', anti-
sense: 5-GGCGCTGATTACGCGGTGATTATG-3'. The PCR pro-
ducts were subcloned into pGEM-T vector (Promega). DNA
sequencing confirmed that the plasmids contained the full-

length fragments of the mouse Csx/Nkx2.5 and GATA4
coding regions.

Retroviral transduction

The retroviral vectors pCLNCX (Imgenex), pCLPCX and pCLHCX
were used. pCLPCX was constructed from pCLNCX by replacing
the neomycin resistance gene with a puromycin resistance gene
(pPUR; CLONTECH). pCLHCX was constructed from pCLNCX by
replacing the neomycin resistance gene with a hygromycin
resistance gene (pcDNA3.1/Hygro(+); Invitrogen). Fragments
containing the EGFP, Csx/Nkx2.5, and GATA4 genes were cloned
into pCLNCX, pCLPCX, or pCLHCX. Each of these DNAs and
pCMV-Eco (kindly provided by Nikunj Somia) were transfected
into the producer cells (293 gag pol; kindly provided by Nikunj
Somia) using TransFast (Promega). Two days after the transfec-
tion, the culture supernatant was filtered through a 0.45-pm
filter. 9-15c cells were treated with viruses and hexadimethine
bromide (polybrene) (Sigma) (8 pg/ml) for 46 h. To generate
stably expressing cells, 9-15c cells were cultured in the presence
of 300 pg/ml G418, 300 ng/ml puromycin or 300 pg/ml
hygromycin. The mixtures of drug-resistant clones were used
to average the clonal variation of the transfected gene
expression.

Cardiomyogenic induction

To induce differentiation, cells were initially plated at a
density of 2x10* cells/ml. The cells were treated with 3 uM
5-azacytidine (Sigma) for 24 h the next day. In some experi-
ments, PDGF-BB (Peprotech) and retinoic acid (Sigma) were
added to the culture dish coated with fibronectin (BD
Biosciences) to give a final concentration of 10 ng/ml and
1 nM, respectively, for 6 days. Total number of beating cells
was estimated under phase contrast microscopy.

RT-PCR

Total RNA was extracted from adult mouse hearts, skeletal
muscles and cultured cells with an RNeasy kit (QIAGEN), and
cDNA was made using the SuperScript First-strand Synthesis
System (Invitrogen) from 1 pg of total RNA. First-strand
cDNA was diluted 20 fold and 1 pl of cDNA was used for
each PCR reaction. The following primer sets for cardiomyo-
cyte-associated genes were used: atrial natriuretic peptide
(ANP), sense: 5'-TTCCTCGTCTTGGCCTTTTGG-3’, antisense:
5'-GCTGGATCTTCGTAGGCTCCG-3/; cardiac troponin 1 (cTnl),
sense: 5'-GATCCTGTTCTCTGCCTCTGGA-3’, antisense: 5'-
TCATCCACTTTGTCCACCCGAG-3’; fast troponin I (fTnl),
sense: 5'-GAAGCGCAACAGGGCCATCACG-3’, antisense: 5’'-
CCACGTCACGCAGGTCCCGTTC-3’; Csx/Nkx2.5, sense: 5'-
TGGCGTCTGGGGACCTGTCTG-3', antisense: 5'-
GAGTCTGGTCCTGCCGCTGTC-3’'; GATA4, sense: 5'-
TACATGGCCGACGTGGGAGCA-3’, antisense: 5'-TGGAGT-
TACCGCTGGAGGCAC-3'; exogeneous GATA4, sense: 5'-CCA-
GAAAACGGAAGCCCAAGAA-3' (the sequence derived from
mouse GATA4 gene), antisense: 5-GCTTGCCAAACCTA-
CAGGTGGG-3' (the sequence derived from pCLPCX vector);
adiponectin, sense: 5'-CTGAAGAGCTAGCTCCTGCTTTG-3/, an-
tisense: 5'-GAAGAGAACGGCCTTGTCCTTC-3; glyceraldehyde-
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3-phosphate dehydrogenase {G3PDH), sense: 5’-CCCATCAC-
CATCTTCCAGGAGC-3', antisense: 5'-TTCACCACCTTCTT-
GATGTCATCATA-3'. G3PDH was used as an internal control.
PCR was performed with TaKaRa Ex-Taq (TAKARA SHUZO
CO., LTD) for 30-35 cycles, with each cycle consisting of 94°C
for 1 min, 61-68°C for 1 min, and 72°C for 2 min, with an
additonal 7 min incubation at 72°C after completion of the
final cycle.

RT-PCR samples were electrophoresed through agarose
gels and stained with ethidium bromide and visualized
through a UV light digital imaging system. Densities of
electrophoresis bands were analyzed using Scnimage software
(Scion Corporation).

Western blot analyses

Western blots were performed using whole-cell extracts
according to the standard protocol {27]. Aliquots (30 ug) of
whole-cell extracts were electrophoresed in SDS-polyacryl-
amide gels and transferred onto Immobilon-P polyvinylidene
difluoride membrane (Millipore) by electroblotting. After
treatment in blocking buffer, membranes were sequentially
probed with the antibodies against Nkx2.5 (sc-8697,/Santa
Cruz) or Gata4 (sc-9053, Santa Cruz), and then with HRP-
conjugated anti-goat or rabbit IgG. The bands were revealed
using the ECL Plus standard protocol (Amersham Pharmacia
Biotechnology).

Cellular transplantation
Following priming by 5-azacytidine for 24 h, the cells were

cultured for an additional 3 days. Then the cells were
harvested with 0.05% trypsin and 0.25 mM EDTA, and

suspended as single cells at a concentration of 1x10° cells/
ul with PBS. The cell viability in suspension, determined by
0.05% erythrosine dye exclusion, was 90% to 95%. After
general anesthesia of the recipient mice by an intraperitoneal
injection of 0.05 mg/g body weight pentobarbitone, cell
transplantation was performed into the quadrant muscles
of syngeneic adult recipient C3H/HeJ mice (CLEA Japan, Inc.,
Tokyo, Japan), aged 8 to 10 weeks old at a dose of 1x10° and
1x10® cells per mouse. All animals received humane care in
compliance with the “Principles of Laboratory Animal Care”
formulated by Keio University School of Medicine and the
National Research Institute for Child Health and Develop-
ment, and the experimental procedures were approved by
the Laboratory Animal Care and Use Committee of Keio
University School of Medicine.

Histological analyses

Tissues were fixed in 10% neutral buffered formalin and
embedded in paraffin. Tissue sections (6 xm) were mounted
on poly-1-lysine-coated slides. After deparaffinization with
xylene, tissues were rinsed in acetone or ethanol. Slides were
incubated in 0.3% H,0, for 30 min. After washing in PBS,
tissues were preblocked for 30 min with 5% normal swine
serum. They were incubated overnight at 4°C with mouse
monoclonal antibody against recombinant GFP (CLONTECH
Laboratories, Inc.) diluted 1:500. After rinsing in PBS, the slides
were incubated with horseradish peroxidase-conjugated
swine anti-mouse immunoglobulin diluted 1:100 with 1%
BSA in PBS, and washed in cold PBS. Staining was developed
using a solution containing DAB and 0.01% H,0, in 0.05 M Tris~
HCI buffer, pH 6.7. Slides were counterstained with hematox-
ylin. Slices with positive signals for EGFP were further stained

Fig. 1 - Single cell marking by infection of retrovirus carrying EGFP. Phase contrast photomicrograph (A, C) and fluorescent
photomicrograph (B, D) of 9-15¢ cells 1 day (A, B} or 7 days (C, D) after infection with retroviruses carrying EGFP. EGFP-positive

single cell-derived cells were clustered.
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with anti-CD31 (PECAM-1) antibody (M-20, Santa Cruz Bio-
technology, Inc, California, USA).

Frozen sections (6 um) of the samples were used to detect
the donor cells and the differentiation status by examination
under a fluorescence microscope. After fixation with acetone
and blocking with PBS containing 5% rabbit serum, anti-
CD31 or anti-desmin (Bio-Science Products AG, Switzerland)
antibodies was used as the first antibody, and rat anti-
mouse IgG antibody conjugated with tetramethylrhodamine
isothiocyanate (T4280, Sigma, Missouri, USA) and goat anti-
mouse IgG antibody conjugated with rhodamine (M116,
Leinco Technology, Inc., MO, USA) were used as the second
antibody, respectively.

" C

Results

Single-cell marking of 9-15c cells

9-15¢ cells are mesenchymal stem cells {23,24] capable of
differentiating into cardiomyocytes in vitro with the use of
5-azacytidine. To determine if cardiomyocytes were generated
from committed cardiac precursor cells or uncommitted stem
cells during the differentiation of 9-15c cells, we carried out a
single-cell marking experiment. Following retrovirus-mediat-
ed EGFP gene infection, a single EGFP-labeled cell could be
detected at Day 1 after infection (Figs. 1A, B). The fate of

9-15¢ stem cells

T~ Adipocytes

4

Transient amplifying cells

|

Cardlac myoblasts

{

Cardlac myocytes

Fig. 2 - Bipotency, i.e., cardiomyogenic and adipogenic differentiation, of single cell-derived cells. Single-cell-derived 9-15c
cells marked by EGFP exhibited cardiomyogenic and adipogenic differentiation after exposure to 5-azacytidine. (A-B)
Cardiomyogenic and undifferentiated EGFP-marked, single-cell-derived 9-15c cells; (C-G) Cardiomyogenic differentiation of
EGFP-marked, single-cell-derived 9-15c cells; (H-]) Cardiomyogenic and adipogenic differentiation of EGFP-marked,
single-cell-derived 9-15c¢ cells. (A, C, E, H, J) Phase contrast photomicrographs; (B, D, F, G, I) fluorescent photomicrographs.
(K) Enlargement of the panel J. (L) RT-PCR analysis of the adiponectin and G3PDH genes in 9-15c cells at the growing phase
without any treatment (lane 1) and 4 weeks after exposure to 5-azacytidine (lane 2). (M) Scheme of 9-15c cell differentiation.
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retrovirally tagged 9-15c cells could be traced by monitoring
EGFP throughout the differentiation process after exposure to
5-azacytidine. Seven days later, the EGFP-positive, single-cell-
derived cells were clustered (Figs. 1C, D). Four weeks after
5-azacytidine treatment, the EGFP-positive cells were exam-
ined for differentiated phenotypes. We identified beating cells
as cardiomyocytes and oil-red-positive cells as adipocytes.
Three kinds of cell populations were observed: a) a cell
population in which cardiomyocytes and undifferentiated
stem cells were EGFP-positive {Figs. 2A, B); b) a cell popu-
lation in which all the EGFP-positive cells were cardiomyo-
cytes (Figs. 2C-G); c) a cell population in which cardiomyo-
cytes, adipocytes and undifferentiated stem cells were
EGFP-positive (Figs. 2H-K). RT-PCR analysis shows that
these cells express adiponectin (Fig. 2L), suggesting the
presence of adipocytes among the differentiated population.
These results imply that cardiomyocytes are generated from
uncommitted stem cells (Fig. 2M).

9-15c multipotent cells were preferentially destined to generate
cardiomyocytes by forced expression of transcription factors
Csx/Nkx2.5 and GATA4

In order to elucidate the roles of Csx/Nkx2.5 and GATA4 in
9-15c¢ cell differentiation, we infected 9-15¢ cells with retro-
virases carrying Csx/Nkx2.5 and GATA4. We detected Csx/
Nkx2.5 and GATA4 gene expression in the infected cell by RT-
PCR and Western blotting (Figs. 3A and B). GATA4 gene was
originally expressed in 9-15c; we detected the GATA4 trans-
gene with specific primers, but not the endogenous GATA4
gene (Fig. 3A).

Four weeks after the induction of differentiation by
5-azacytidine treatment, we examined the efficiency of
cardiomyogenic differentiation or the expression of cardio-
myogenic markers. The expression of the ANP and cTnl genes
was up-regulated in 9-15c cells overexpressing Csx/Nkx2.5
and GATA4 (9-15¢-CG cells) compared to the uninfected 9-15¢
cells (Fig. 3C, lanes S and 9). When 9-15¢-CG cells were treated
with PDGF and retinoic acid on dishes coated with fibronectin
in addition to 5-azacytidine, the expression of the ANP and
cTnl gene was further up-regulated (Fig. 3C, lane 10).

Cell implantation into immunodeficient mice

To investigate whether 9-15¢-CG cells differentiate in vivo, the
cells treated with 10 pM 5-azacytidine for 24 h were injected
into immunodeficient mice (Figs. 4A-F). The donor cells clearly
formed striated muscles without a branched structure as well
as undifferentiated cells 81 days after implantation. The
implanted 9-15c-CG cells clearly expressed desmin (Fig. 4G).
The grafted cells also generated neovascularization near the
injected site 1 month after injection; the EGFP-positive donor
cells could be identified as the endothelium of these vessels
(Fig. 4H). Immunohistochemistry with an antibody against
CD31, a marker for endothelium, confirmed that the donor
cells of the newly formed vessels had differentiated into
endothelium (Fig. 4Hb). Engrafted donor cells appeared to
maintain the characteristics of stem cells, that is, they
continued to produce progeny, i.e., differentiated endothelial
cells in this case.

A

cox (el o
GATA4
ExoGATA4| - ™|
G3PDH

¢ H s 8-15¢ 8-15¢-CG
T I T T e e
o [T e e

GIPDH Tl il "l s s s s S St
1 2 3 4 5 6 7 8 9 10

Fig. 3 - Expression of cardiomyocyte-specific or associated
genes in 9-15c cells. A: RT-PCR analysis of the Csx, GATA4,
exogeneous GATA4 and G3PDH genes (from top to bottom) in
adult mouse heart, 9-15c cells and 9-15c cells overexpressing
the Csx and GATA4 genes (9-15¢-CG cells). B: Westem
blotting analysis of the Csx and GATA4 proteins in 9-15c cells
and 9-15¢-CG cells. C: RT-PCR analysis of the ANP, cTnl, and
G3PDH genes (from top to bottom) in 9-15¢ cells (lanes 3-6)
and 9-15¢-CG cells (lanes 7-10). 9-15c¢ cells (lane 3) and
9-15¢-CG cells (lane 7) were cultured without any treatment
(lanes 4 and 8) or with exposure to 5-azacytidine alone (lanes
5 and 9), or 5-azacytidine, PDGF, retinoic acid, and fibronectin
coating on a dish (lanes 6 and 10) for 4 weeks. Heart (lane 1: H)
and skeletal muscle (lane 2: S) served as controls.

Enhancement of cardiomyogenic differentiation by the
co-cultivation with cardiomyocytes

We co-cultured EGFP-labeled 9-15¢-CG cells with cardiomyo-
cytes of fetal mice in vitro. Four weeks after 5-azacytidine
treatment, EGFP-positive beating cardiomyocytes were in-
creased (Figs. 5A, B). To determine whether factors secreted
from the cultured cardiomyocytes promoted cardiomyocytic
differentiation, 9-15c¢ cells and 9-15¢-CG cells were cultured in
growth medium supplemented with conditioned medium
from cardiomyocyte cultures. The expression of the ANP and
cTnl genes was up-regulated in both 9-15c cells and 9-15¢c-CG
cells with exposure to the conditioned medium of cardiomyo-
cyte cultures (Fig. 5C, lanes 3 and 7). Furthermore, treatment
with PDGF and retinoic acid, and fibronectin coating on a dish
enhanced cardiomyogenic marker expression in both 9-15¢
cells and 9-15¢c-CG cells (Fig. 5C, lanes 4 and 8).

Discussion

Different models arise from different conceptions of the MSCs
as in hematopoietic stem cells' differentiation [28,29]. A
hierarchical model of MSCs has been proposed based on the
in vitro differentiation potential of human MSCs as observed
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Fig. 4 - Myogenic differentiation of the EGFP-labeled 9-15¢-CG cells into the quadriceps femoris muscle. EGFP-labeled

9-15¢-CG cells could be recognized morphologically as the skeletal myocytes in the quadriceps femoris muscle 3 months after
transplantation (A, C, E: HE staining; B, D, F: immunohistochemistry using anti-GFP antibody). The EGFP-positive donor cells
exhibited skeletal myocyte-specific features such as multiple nuclei in the periphery of the cells and striation. Generation of
myocytes (G) and endothelial cells (H) by the EGFP-labeled 9-15c cells. The injected donor 9-15c¢ cells labeled with EGFP were
detected by green fluorescence. (Ga, Ha) Green fluorescence of EGFP-labeled donor cells. (Gb, Hb) Immunohistochemistry for
desmin (Gb, red) or CD31 (Hb, red). (Gc, Hc) The merged images of green fluorescence of injected 9-15c¢ cells and rhodamine of
desmin or CD31 clearly demonstrated that 9-15c cells differentiated into myocytes or endothelium. A-F: Longitudinal section;

G, H: Cross section.

by clonal analysis [30]. In the present study using single-cell
marking, we found that 9-15c cells in culture consisted of a
mixture of at least three types of cells, i.e., cardiac myoblasts,
cardiac progenitors and multipotent stem cells. Cardiac myo-
blasts are defined as cells which can differentiate into only
cardiac myocytes and have low proliferative potential; cardiac
progenitors have proliferative capability and the ability to
become cardiomyocytes; multipotent stem cells have both
proliferative capability and multipotency. The results ob-
tained in the present study suggest that 9-15c cells are
stochastically committed toward the cardiac lineage, and
that following this commitment they proliferate as transient
amplifying cells and differentiate into cardiac myocytes
through the differentiation process, and the hierarchical
model applies in the case of 9-15¢c multipotent cells.

In the present study, we used 5-azacytidine to induce
differentiation. 5-azacytidine is a cytosine analog that causes
extensive demethylation. The demethylation is attributable to
covalent binding of DNA methyltransferase to 5-azacytidine in
the DNA [31], with the subsequent reduction of enzyme
activity in cells resulting in random loss of methylation at
many sites in the genome. Previously, it has been thought that
5-azacytidine activates cardiomyogenic master genes, such as
Nkx2.5/Csx, GATA4, and MEF-2C, leading to stochastic trans-

differentiation of MSCs into cardiomyocytes [32,33]. This
concept is difficult to account for the existence of cardiac
progenitors and multipotent stem cells we identified, and we
propose two possibilities how 5-azacytidine works. First,
treatment of 5-azacytidine modulates heterochromatin remo-
deling and leads to dedifferentiation of 9-15c cells. Second, 9-
15c cells are stochastically committed toward the cardiac
lineage, being independent of treatment of 5-azacytidine. At
this time we cannot conclude which is feasible, but it is certain
cardiomyocytes are not only transdifferentiated by treatment
of 5-azacytidine.

Csx/Nkx2.5 and GATA4 are two cardiac-enriched transcrip-
tion factors that are expressed in precardiac mesoderm from
the very early developmental stage [34,35]. In the present
study, increased frequency of cardiomyogenic differentiation
of 9-15c cells was successfully achieved in vitro by forced
expression of Csx/Nkx2.5 and GATA4. These results are
consistent with a report showing that both Csx/Nkx2.5 and
GATA4 are required for the cardiac differentiation of P19CL6
cells derived from embryonic teratocarcinoma cells [36].
Cardiomyogenic differentiation, however, could proceed only
after treatment with 5-azacytidine in our experimental
setting, implying that Csx/Nkx2.5 and GATA4 are required
but not sufficient for cardiac differentiation. Unknown factors
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Fig. 5 - Enhancement of cardiomyogenic differentiation of 9-15c cells by co-cultivation with murine fetal cardiomyocytes.

A: Frequencies of cardiomyogenic differentiation in 9-15¢ cells, 9-15¢ cells overexpressing the Csx and GATA4 genes (9-15¢-CG
cells), and 9-15¢-CG cells co-cultured with murine fetal cardiomyocytes. B: Cardiomyogenic differentiation of EGFP-positive
9-15¢-CG cells co-cultured with murine fetal cardiomyocytes. Left: Green fluorescence of EGFP-positive 9-15¢-CG cells. Right:
Same field visualized by phase-contrast microscopy merged with fluorescence image. C: RT-PCR analysis of the Csx, GATA4,
ANP, cTnl and G3PDH genes in 9-15¢ cells (lanes 1-4) and 9-15¢-CG cells (lanes 5-8). 9-15c cells (lane 1) and 9-15¢-CG cells (lane 5)
" were cultured with exposure to 5-azacytidine alone (lanes 2 and 6) or 5-azacytidine and conditioned medium of cardiomyocyte
cultures {fanes 3 and 7), or 5-azacytidine, conditioned medium of cardiomyocyte cultures, PDGF, retinoic acid, and fibronectin
coating on a dish (lanes 4 and 8) for 4 weeks. D: Ratio mRNA expression level of ANP and cTnl to G3PDH in C. The mRNA level of

9-15c cells (lane 4) was regarded as equal to 100%.

induced by 5-azacytidine or microRNAs, whose key roles in
stem cell biology are just emerging [37], also seem to be
needed.

Adipogenic 3T3-L1 [38], osteogenic MC3T3-E1 [39], and
chondrogenic ATDCS cells [40] have been isolated from stem
. cells with a mesenchymal nature. In addition, cardiomyogenic
precursors may be obtained from stem cells such as cardiac
stem cells, embryonic stem cells, and mesenchymal stem
cells. Fetal cardiomyocytes are differentiated cardiomyocytes,
but not stem cells that can proliferate in vitro. Recently,
cardiac stem cells capable of clonogenically self-renewing
have been isolated from the adult heart [41-43). Some cardiac
stem cells also retain plasticity. The retention of plasticity, i.e.,
the ability to transdifferentiate into skeletal myocytes and
endothelium, of 9-15c¢ cells overexpressing Csx/Nkx2.5 and
GATA4 supports the idea that these cells may be considered
cardiac stem or amplifying cells in terms of differentiation and

self-renewal. On the other hand, Csx/Nkx2.5 inhibits the
myogenic differentiation of C2C12 cells and promotes neuro-
nal differentiation [44]. This unexpected effect of Csx/Nkx2.5
may be due to differential effects of the gene in different cell
types, or of transient versus constitutive expression of the
infected gene; dependency of the differentiated phenotypes
on the gene expression period is observed for the Notch gene
[45,46] and noggin gene [47].

Cell transplantation has been attempted to improve cardiac
function in severe heart failure; MSCs have been transplanted
to functionally restore damaged or diseased tissue in animal
models, and mononuclear cells or myoblasts have been
injected into ischemic hearts clinically. MSCs are capable of
differentiating into many types of cells, and ‘cardiomyogenic
master genes’ are able to enhance the commitment or deter-
mine the path to cardiomyogenic differentiation of these
MSCs. The stemness of MSCs determined by single-cell

—125—



