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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). EGEP-
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-pm-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

analysis of EM-E6/E7/hTERT-2 cells using an antibody to desmin.
(A) Omission of only the primary antibody to desmin serves as a
negative control. (C} Higher magnification of inset in B. (F) Myo-
genic differentiation of EM-E6/E7/hTERT-2 cells with exposure to
different concentrations (B, 5 uM; C, 5 uM; D, 10 uM, E, 100 M) of
S-azacytidine. To estimate myogenic differentiation, the number of
all the desmin-positive cells was counted for each dish (n = 3). Data
were 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
Ix/d (MyHC-1Ix/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
185 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-1I/d mRNA at day 21 were
regarded as equal to 100%. (I and ]) 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 um (Ib and Jb).
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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-IIx/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,O served as positive (P) and negative (N)
controls. Only the 185 PCR primer used as a positive
control 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 M of 5-aza-
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rovides 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
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obtained with a laser scanning confocal microscope.
Scale bars, 200 um (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.

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 ef 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 ef 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-

Molecular Biology of the Cell
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Figure 5. Conferral of dystrophin to mdx myocytes by
human endometrial cells. (A and B) Inmunohistochem-
istry analysis using an antibody against human dystro-
phin molecule (green), human nuclei (HuNudl, 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 (HuNud], 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—¢ 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.
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N

Menstrual blood—derived cells or EM-E6/E7/hTERT-2 8
cells without any treatment or induction were directly
injected into thigh muscle of mdx-scid mice. The per- 4

%o Dystrophin positive area

centage of human dystrophin-positive-myofiber areas
was calculated 3 wk after implantation of the EM-E6/
E7 /hTERT-2 cells or menstrual blood-defived cells. In- Y
jection of PBS without cells into mdx-scid myofibers

was used as a control.

mal cells) at the start of cell cultivation, as is the case with
hematopoietic stem cells (Suda ef 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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stromal cells (Mori et al.,, 2005). In addition, the myogenic
potential of menstrual blood-derived cells, ie., 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-
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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 et 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 ef al., 2005; Rodriguez
ef 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 e al., 1995;
Terada ef 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 ef 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 condifions 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 nudei
(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 (HulNucl, 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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