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Figure 1. Surface marker expression of endometrium- £ eren i "
derived cells. (A and B) Morphology of menstrual £ ebigs AR K
blood~derived cells, regarded as being PD 1 or 2. Scale ] berpepers - '
bars, 200 um (A), 100 um (B). (C and D) Flow cytometric e
analysis of cell surface markers of EM-E6/E7/hTERT-2 E & R T TE BT rrvten
cells (C) and menstrual blood-derived cells (D). (E) s NTERT3ceis  biecdeahs |mader.  NTERTScens  bloodssle
Further phenotypic analysis in EM-E6/E7/hTERT-2 Co13 3 T Spss ER o
cells and menstrual blood-derived cells are summa- cois . . ChsY Y e
rized. Peak intemity was estimated in comparison with Ty P . cors FOT .
isotype controls. + -+ +, strongly positive (>100 times CDat . - CDsn 4 i
the isotype contro)), +-+, moderately positive (<100 2> ~ - COWs - e
times but more than 10 times the isotype control), CD4s [ e okt A .
weakly positive (<10 times but more than twice the P45 - « D123 . -
isotype control), -, negative (less than twice the isotype cose - HLA-ABG e e
control). §cm . *x 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 blogd-
derived cells expressed neither hematopoietic lineage mark:
ers, such as CD34, nor monocyte-macrophage zmhgens uch
as CD14 (a marker for macrophage and dendritic cell
CD45 (leukocyte common antigen). The lack of expression of
CD14, CD34, or CD45 suggests that EM-E6/E7/hTER
cells and the menstrual blood—derived cell culture in
present study is depleted of hematopoietic cells. The cell
were also negatlve for expression of CD31 (PECAM-Ij;

CDR0, e-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
Muyogenesis in Immunodeficient NOG Mice
EM-E6/¥7/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 (I\vo 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
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muscle of immunodeficient NOG mice. PBS without cells
was injected into the left thigh muscles as a control. We
failed to detect any endometrial structure in the cell-injected
te. Immunohistochemical analysis using an antibody spe-
cific to human vimentin, an intermediate filament associated
rith 2 mesenchymal cell, revealed that the injected EM-E6/
FHTERT-2 cells (Figure 2, A-F) or menstrual blood-de-
rived cells (Figure 2, G-L) extensively migrated or infiltrated

‘between 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 prebed 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 ef al., 2005) and synovial membrane cells
{De Bari et al., 2003).
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Figure 2. Implantation of endometrium-derived cells-derived cells
or

into the muscle of NOG mice. EM-E6/E7/hTERT-2 cells {A<Fy
menstrual blood-derived cells (G-J) cultured in absence of any

stimuli were directly injected into the right thigh muscle of NOG

mice. Immunchistochemical analysis was performed using anti~

body that reacts to human vimentin but not to murine vimentin. 1A

C, E G, 1 and K) hematoxylin and eosin stain (HE; B, D, F, H, ], and .
L) irnmunohistochemistry. Note that vimentin-positive EM-E6/ E77 &
hTERT-2 cells and menstrual blood-derived cells with a spindle

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

Dnduction 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 3-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-]) 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, Myfb, desmin,
myogenin, MyHC-1ix/d, and dystrophin by RT-PCR. The
MyoD, desmin, myogenin, and dystrophin genes were con-
stitutively expressed, but MyHC-1Ix/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 uM 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-
quenﬂy 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

analy7ed 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
treated with 2% HS or serum-free ITS, the mRNA level of
desmin and myogenin significantly increased after 3 d, and
esmin steadily increased until day 21 (Figure 4, C and D).

- MyHC-Tix/d started to be expressed at a low level at day 21

of induction (Figure 4C). We then analyzed desmin expres-

. sion by 1m:n11nmvtod1em;stry Menstrual blood—derived
. cells were exposed to 5 uM 5-azacytidine for 24 h and then
subsequently cultured in DMEM ‘supplemented with 20%
- FBS for up to 2 wk. Desmin was readily detected in colonies
- of 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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B6/E7 /hTERT-2 cells, and 5B, menstrual blood-derived celis).
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.
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§ Detection of Human Endowmetrial Cell Contribution to

20 Myotubes in an In Vitro Myogenesis Model

¥ To simulate in vivo phenomena, human endomeitrial cells
£ were cocultured in vitro with murine C2C12 myoblasts for
4 2.d- under proliferative conditions and then switched to

ol

“di

] erennahon conditions for an additional 7 d. Figure 6A

malysxs nf B E6/ E7/hTERT-2 cells using an antibody to desmin.
¥ Oniission of only the primary :mﬁbod\, to desmin serves as a
. megative ¢ontrol. (C) Higher xmwnjlcahon of inset in B. (F) Myo-
. vexugdﬂferenhahon of EM 1:6/}:/ /hTERT-2 cells with exposure to

ifferent concentrations (B, 5 uM; C, 5 uM; D, 10 pM, E, 100 uM) of
vtidine. To estimate myogenic differentiation, the number of
3 desmm-poqm\ e cells was counted for each dish (n = 3). Data
were analyzed for statistical significance using ANOVA. EM-E6/
7hTERT-2 cells were cultured in the DMEM supplemented with
2% HS (G-J; homse serum), and serum-free ITS (K). (G 2nd K}
RT-PCR analysis with PCR primers allows amphfmmon 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 fromt human musde
and H,0 served as positive (P) and negative (N) controls. Only the

'f( 188 PCR primer used as a positive control reacted with the human
Hyeh and murine ¢DNA. (H) Time course of MyoD), desinin, myogenin,
syt MyHC-Ix/d, and dystrophin expression in the cells incubated with

oy Ya HS for up to 21 d after 5-azacytidine treatment. Relative mRNA
Deamm levels were determined using Multi Gauge Ver 2.0 (Fuji Film). The
Hyogenin signal intensities of MyoD, desmin, and dystrophin mRNA at day 0,
MgHC-fixid—{ myogenin mRNA at day 2, and MyHC-l/d mRNA at day 21 were
Uystraphin~—f regarded as equal to 100%. {I and [} The cells were exposed to 5 uM

S-azacytidine for 24 h and then sub%equently cultured in DMEM
supplemented with 2% HS for 21 d. a-Sarcomeric actin (I) and
skeletal myosin heavy chain (J) was detected by immunacytochem-
Figure 3. Expression of myogenic-specific genes during myogenic dif- ical analysis. Scale baxs, 2 mm (A and B), 300 pre (C-E), 900 um {la
ferentiation of EM-E6/E7/WIERT-2 cells. (A-F) Immunocytochemical and Ja), 425 jun (Ib and Jb).

ws-§
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provides an example of how human and mouse nuclei in th
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

)

st el R0
Contisl HS ITS

Figure 4. Expression of myogenic-specific genes in dif-
ferentiated menstrual blood-derived cells. Menstrual
blond-derived cells were cultured in DMEM supple-
mented with 20% FBS, 2% HS, or serum-free ITS me-
dium. (&) RT-FCR analysis with PCR primers that al-
lows amplification of the human MyoD, Myf5, desmin,
myogenin, MyHC-IIx/d, and dystrophin ¢<DNA (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 188 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 uM 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 . The images were
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.

éble to reestablish a quiescent pool of myogenic progenitor
“cells after each discrete regenerative episode (Mauro, 1961;
“8chultz 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 Mavilie, 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 2., 1994; Terai ef al.,
2005), and this shorter cell life span may be atiributed to
shorter telomere length of adult cells (ie., 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 (FuNucl, red),
and DAFI 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 treatient or in:
duction were directly injected into the thigh
mdx-scid mice. Immunohistochemistry reveale
corporation of implanted cells into newly forme
positive myofibers, which expressed human dys
3 wk after implantation. (A and B) As a methodolo
control, the primary antibody to dystrophin was omiit:
ted (e and f). (D) Immunohistochemistry analysis using
an antibody against human dystrophin molecule (green,
arrowheads), human nuclei (HuNucl, red, arrow), and [ 20

DAFI staining (blue) on thigh muscle sections of mdx- g
scid mice after direct injection of human EM-E6/E7/ 5ig
hTERT-2 cells without any treatment or induction. (A g
and B) Merge of a-c is shown in d, and merge of e-g is b=
shown in h. (C and D) Merge of a~c is shown in d. Scale §_‘§f2

bars, 50 um (A and B), 20 pm {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- - s :
jection of PBS without cells into mdx-scid myofibers PaS b?;!::dstéggls %’%&?%ﬁ_ Z;‘j
was used as a control. ‘tells

o

% Qystrophie
-

(=]

mal cells) at the start of cell cultivation, as is the case with stromal cells (Mori ef al., 2005). In addition, the myogenic

hematopoietic stem cells (Suda et al., 1984). potential of menstrual blood—derived cells, ie., a high fre-
Menstrual blood-derived cells had a high replicative abil-  quency of desmin-positive cells after induction, is much
ity similar to progenitors or stem cells that display a long-  greater than expected. The higher myogenic differentiation

term self-renewal capacity and had a much higher growth  ratio can be explained just by alteration of cell characteristics
rate in our experimental conditions than marrow-derived  from epithelial and mesenchymal bipotential cells or heter-

Vol. 18, May 2007 7

— 161 —




[ valta/zmk-mho/zmk-moc/zmk00507/2mkB034-072 | xppws | S=1 | 2/26/07 | 6:51 | 4/Color Figure(s): F1-6 | Ark: 3198875 | Input-cip |

C. Cui et al.

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, cne of the basic helix-loop-

helix transcription factors that directly.regulate myocytecell -

specification and differentiation (Edmigndson -and: Olsor
1993), occurs at the early stage of myogt
whereas myogenin is expressed later, relate
and differentiation (Aurade et al., 1994).
Acquisition or recovery of dystrophin expressi dys-
trophic muscle is atiributed to two different mechanisms; 1)
myogenic differentiation of implanted or transplanted cefls
and 2) cell fusion of implanted or transplanted cells
host muscle cells. Recovery of dystrophin-positive_cells
explained by muscular differentiation of implanted marrov
stromal cells and adipocytes (Dezawa ef al., 2005; Rodtigie
et al., 2005). In contrast, implantation of normal myoblast

into dystrophin-deficient muscle can create a reservoif of
normal myoblasts that are capable of fusing with dystrophic .
muscle fibers and restoring dystrophin (Mendell et al., 1995;
Terada et al., 2002; Wang ¢t al., 2003; Dezawa ef 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

.pha

Figure 6. Detection of human endometrial cell contxi-

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/RTERT-2 cells (B) or menstrual blood-
derived cells (C and D) were cocultured with C2C32
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 (HuNucl, green, arrows). Total cell nuclei
in the culture were stained with DAPT (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 pm (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, 1solation 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-
ize that human menstrual blood—derived cells possess
highi self-renewal capacity, whereas biopsied myoblasts ca-
pablée of differentiating intc muscular cells are poorly ex-

. pandable in vitro and rapidly undergo senescence (Cossu

and Mavilio, 2000).
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The concept of regenerative medicinerefersto

the cell-mediated restoration of damaged or

populatlons for cell therapy or tissue engineer-

diseased tissue, and practically, regeneration of
bone and cartilage may be one of the most
accessible approaches. Candidate cell sources
for regeneration of tissue include embryonic
stem cells, fetal cells, or adult cells such as
marrow stromal cells [Bianco and Rok
each of which has both benefi
Multipotent mesenchymal

ate extensively, and alntam the ability to

1erate cardiomyocytes and endo-

[Makino et al., 1999], neuronal’

Cartilage-derived cells in primary
be removed from the culture dish

ing of damaged cartilage. However, when
cultured three-dimensionally in a scaffold such
as agarose, collagen, or alginate, redifferentiat-
ed chondrocytes start to reexpress the chondro-
cytic dlﬁ‘erentlatlon phenotype.

tudy was undertaken to obtain bone
tived chondroblastic cell lines that
vivo cell functions. Previous

corbic acid-2-phosphate,

these cells ma
weeks or mont

their origin: the phenot
chondrocyte is character
deposition, and maintenan

the synthesis,

fic extracellular matrix molecules, mclu'ding'

type II collagen and aggrecan [Archer et al.,
1990; Hauselmann et al., 1994; Reginato et al.,
1994]. The phenotype of differentiated chon-
drocytes is unstable in culture and is rapidly
lost during serial monolayer subculturing
[Benya and Shaffer, 1982; Lefebvre et al,,
1990; Bonaventure et al., 1994]. This process
is referred to as “dedifferentiation” and is a

— 1656 —

25 png/ml bovine insulin,
rin 6.25 ug/ml selenous aci

| growth factors was added

-B3 10 ng/ml, BMP2 50 ng/ml,

BMP4 50 ng/ml BMP6 50 ng/ml, BMP7 50 ng/

ml, PDGF 50 ng/ml, hyaluronic acid 250 ng/ml.

The cells and the pellets were maintained at
37°C with 5% COs.

Scanning Electron Microscopy (SEM) and
Transmission Electron Microscopy (TEM)

The pelleted micromasses were examined by
SEM and TEM. The micromasses were coated
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with gold using a Sputter Coater (Sanyu Densh1
Co., Tokyo, Japan) for SEM. The gas pressure

paraffin sections were then deparaffinized,

was set at 50 mtorr, the current was 5 mA, and
the coating time was 180 s. The samples were
_ examined with a scanning electron microscope
(JSM-6400Fs; JEOL, Ltd., Tokyo, Japan) oper-
ated at a voltage of 3 kV. For TEM, the
micromasses and cell implants were_ initially

hydrated, and stained with hematoxylin and
eosin, alcian blue, or toluidine blue. Paraffin
sections were immunohistochemically stained
with anti-type II collagen antibodies (Daiichi
Fine Chemical Co., Ltd., Tokyo, Japan, Product

ﬁxedeBScontaJnng % gl

24 h, and were embedded in epoxy resin.
Ultrathin sections double stained with
uranyl acetate: ad citrate and were viewed

ere transfected with p7
and were cultured for

To determine
differentiate in vivo, {1

3 x 107 cells) were subcutaneoiis]
into Balb/c nu/nu mice (Sankyo Lal
Hamamatsu, Japan) as previously described
[Umezawa et al., 1992]. Animals were sacrificed
by cervical dislocation between 1 and 8 weeks
after inoculation. The subcutaneous specimens
were dissected at various times after implanta-
tion and fixed and decalcified for 1 week in 10%
EDTA (pH 8.0) solution. After dehydration in
ascending concentrations of ethanol and xylene,

nter program (Affymetrix). The expressmn
‘level of a single mRNA was determined as the
average fluorescence intensity among the inten-
sities obtained with 11 paired (perfect matched
and single nucleotide-mismatched) probes con-
sisting of 25-mer oligonuclectides. If the inten-
sities of mismatched probes was very high, gene
expression was judged to be absent (A), even if
high average fluorescence was obtained with
the GeneChip Analysis Suite 5.0 program. The
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level of gene expression was determined with
the GeneChip software as the average differ-
ence (AD): Specific AD levels were then calcu-
lated as percentages of the mean AD level of six
probe sets for housekeeping genes (B-actin and
GAPDH). Further data analysis was performed
with the Genespring software version 5 (Silicon

Genetics, San Carlos, CA). To normahze ther

staining intensity varlat'
the AD values for all ge

used only if the raw data values Were less than

v the Affymetrlx data a.nalys1s

ity. Hierarchical
rformed to group’

issociated genes (Supplementary
ted onto the gene chip > used

KUMS cells, one o cloned lines of cells
were found to exhibit ¢ ondregenesi
within 4 weeks after direct injectio »
possible chondrogenic cell line was subcloned
by the limiting dilution method to obtain a cell
line capable of forming elastic, fibrous or hya-
line cartilage. When cultured in monolayer,
KUMS5 cells had a fibroblast-like morphology,
and their doubling time was approximately
29.7 h. After reaching confluence, the cells had
larger nucleus and cytoplasm, and generated
so-called “chondrogenic nodules.” We per-
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k.determme‘the effect of other c_ytokmes on the

‘flattened shape (Fig. 3A,B)

‘formed the micromass culture of KUM5 cells 3

in the GM or the CM, and continued the pelleted

micromass culture-for-upto-10-weeks (Fig:-1A):
The cells were equally embedded in the extra-
cellular matrix, and the extracellular matrix of
the KUMS5 pellet culture-did not-show meta=
chromasia with toluidine blue staining in the

. GM and the CM. Since transforming growth
~ factor (TGF) B and bone morphogeneic protein

(BMP) are involved in chodrogenesis and osteo-
genesis [Fujii et al.; 1999; Maeda et al., 20041,
we used TGF-B3 and BMPs on KUM5 culture

o Exposure of the cells to TGF-ﬁ3 augmented the
metachromatic toluidine blue staining in the
. KUM5-micromass (Fig. 1A,B). BMP2 dramati-
100 AD and _gene expression was judged to be ~  cally enhanced this TGF-B3- -induced differen-

~ tiation, that is, caused stronger metachromatic

staining and enlarged metachromatic area. To

artilaginous micromasses.
atrix was abundantly deposited
IIs, or the surface of the generated micromass.
he cells covering the micromass showed a
he KUMS5 chon-
§s showed an oval
cellular processes, and
hypertrophic chondro-

drocytes inside the micr
or round structure, had:
were embedded in

_ cytes. Abundant rough endoplasmic reticulum

small number of mitochondria were

observed in the KUMS5 chondrocytes (Fig. 30).

Gene Chip Analysis of the KUM5 and OP9
Chondroblasts

To clarify the specific gene expression profile
of marrow stromal cells, we compared the
expression levels of approximately 23,000 genes
in the KUMB5, 9-15¢, KUSA-O, KUSA-A1, H-1/
A, and OP9 cells [Umezawa et al., 1992; Nakano
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A G
1w 2w 3w 4w Bw 8w 16w
SRR

fw 2w 3w 4w Gw Bw 10w

TGF-8
alone

TGF-8
'}\ .
BMPZ

CO!_J e analys;s of growth factors induced matrix productxon in
K_ MS cells. Macroscopic wew of KUMS5 chondrogemc nodul

z: a/chlp/sugﬂu) by usmg the Affymetrlx gene:
chip oligonucleotide arrays (Table I). RNAs
were isolated from cell lines cultured in the

GM without any induction of differentiation to -

perform the gene chip analysis. Of the 23,00
genes represented on the gene chip, chondr

cyte-specific- or associated-genes such as type: o

collagen al; Sox9, and cartilage oligomeric
matrix protein were more strongly expressed
in KUMS5 cells than in other marrow-derived
mesenchymal cells. Surprisingly, OP9 cells

[Nakano, 1996] also expressed these chondro: =

cyte-specific or -associated genes at higher
levels: the type II collagen aol, and cartilage
oligomeric matrix protein genes were expressed
in OP9 cells at more than tenfold higher levels
than in 9-15¢ mesenchymal stem cells, KUSA-
O osteo-adipogenic progenitor cells, H-1/A pre-
adipocytes, or even KUMS5 chondroblasts. These
results implied that KUMS5 and OP9 cells have
increased chondrogenic potential.

:ndlcated (see ““Cell culture” Section in Materials and Methods),
(&) and Toluidine blue stained ksectlon (B) BMPZ “drastically :

C,D: Toluidine blue stained section of KUMS hondrogemc
nodules in the pellet culture
mdlcated for 1 week (Ch o

We performed the pellet culture of OP9 cells
in the GM and continued the culture for up
to 10 weeks (Fig. 24). The cells were equally
lar matrix and the
extracellular matrix of the OP9 pellet cul-
ture did not show metachromas1e with the
toluidine blue stain in the GM (data not shown).
With exposure to TGF-p3, the cells in the
peripheral zone generated cartilage and exhib-
ited adipocyte-like morphology in the center

(Fig. 2Bg,Cg). Next, we investigated the effect

of BMP2 in the pellet culture of OP9 cells.
The CM with TGF-p3 and BMP2 dramatically
induced the chondrogenic differentiation
(Fig. 2A Ba,Ca), that is, the pellet cells produced
abundant extracellular matrix (Fig. 2D) and
caused deeper metachromatic staining and an
enlarged metachromatic area (Fig. 2Db). Addi-
tionally, we examined the effect of other
cytokines on the differentiation of OP9 cells
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G

” dlﬁ'erentlatlon hlstologlcally, we exarmned the

ultrastructural analysis of the cartilaginous

CHl + TGF-33

CM+ TEF
+ BIP2 b

n vitro chondrogenesis of OP9 cells. A
of growth factors-induced matrix pfoductnon in O

(B) or 3 weeks (C). D
B3 and BMP2 for 3 w
b: Toluidine bluesstain; ¢: Alc
200 pm (B,C), 100 pm (D).

with procedures analogous to those used
for KUM5 cells. BMP4, BMP6, and BMP7
enhanced the TGF-B3-induced differentiation
in a manner similar to BMP2 (Fig. 2B,C). Unlike
its effect in KUMS5 cells, PDGF did not
inhibit TGF-B3- and BMP4-induced differentia-
tion, as determined by toluidine blue staining
(Fig. 2Be,Ce). To confirm the chondrogenetic

_CD14, Ly-6G, an

micromasses. Extracellular matrix was abun-
dantly deposited over OP9 cells, or the surface of
the generated micromass (Fig. 3D). The cells

‘covering the micromass showed a flattened

shape (Fig. 3E). The OP9 chondrocytes inside
the micromass showed an oval or round struc-
iad cellular processes, and were embed-

H

CD49d (integrin

surface marker genes are us
KUMS5 and OP9 formed one clus

£p://1954 jukuin.-
). We then per-

Supplementary Table I,
keio.ac jp/umezawa/sugiki/y
formed PCA to determiny
to discriminate OP9
in three- dnnensmn

5;pression space. Using

smulanty of the in vitro phenotype of KUM5
and OP9 cells was supported by the results of
grouping the marrow stromal cells into sub-
categories in terms of cell surface markers.

Global Outlook by Hierarchical Clustering and
PCA by Fat- and Cartilage-Associated Genes

We also performed hierarchical clustering
and PCA on the expression pattern of fat- and
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ere not grouped into the same
Both cells showed “P: positive”

imply that OP9 cells are dlff entlat,
drocytes as a default state while KUMS5 cellsare
oligopotent mesenchymal cells that have a
tendency to differentiate into chondrocytes.

In Vivo Chondrogenesis

To examine the chondrogenic activity of
KUMS5 cells, we injected KUMS5 cells at con-
fluence without any treatment (i.e., without
TGF-$3 and BMP2 treatment) into mice sub-
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post-mitotic daughter cells in the

fhypertrophlc chondrocytes,

showed that KUMS5 carti age stained positive
for chondrocyte—specﬁc type II collagen
(Fig. 6C), while'only a shght amount of type IT
lagen was detected in the in vitro pelleted
micromass culture. Ultrastructural analysis
revealed that KUMS5 chondrocytes implanted
into the subcutaneous tissue of nude mice were
embedded in the lacunae cavities and had
abundant endoplasmic reticulum and a small
number of mitochondria (Fig. 6D), and collagen
fibers were produced around the lacunae cavity
of the KUMS5 chondrocytes, as is the case of the
in vitro conditions (Fig. 6E).
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Fig. 4. Expression profiling, hi
pal component analysis (PCA) of
stromal cells. AB: Flow cytometric analy
markers in KUMS cells (A) and OP9 cells (B). Red and pink colors
indicate positive and marginal expression, respectively, and blue
color indicates negative expression. C: Dendrogram revealing
clustering profile of nine marrow stromal cells using 244 surface
marker genes (Supplementary Table I). D: The rotated and
dimensionally reduced gene expression data. Nine marrow
stromal cells are plotted onto the 1st, 2nd, and 3rd principal
component using 244 surface marker genes. These results
indicate that KUM5 and OP9 cells were grouped into the same
subcategory.
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profile of 9 marrow stromal cells using 36 cartilage-associated
genes (Supplementary Table I1I).

Fig. 5. Hierarchical clustering and P
associated gene expression in mar
gram revealing clustering profile of
34 fat-associated genes (Supp
expression levels of 34 fa
data from 9 marrow
stromal cells are

To determine the chondrogenic activity of
OP9 cells in vivo, we directly injected them
into the subcutaneous tissue. The OP9 cells
without any induction did not generate carti-
lage. We then implanted the OP9 chondrogenic
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7 days in the CM sy
e implanted just beneath

Cis-Regulatory Element of th
a2(Xl) Gene

Although the KUMS5 cells used in this study
were derived from a single-cell origin or clone, it
could be argued that both cells responsive and
non-responsive to chondrogenic induction were
present [Ko et al., 1990]. In this sense, KUM5
cells might have been a largely heterogeneous
cell population. Even cells derived from a single
clone have been shown to be heterogeneous in

— 173 —
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’chondrogenesm (Fig. 9G-—I) The cells again

showed metachromatic chondrogenic micro-
masses with toluidine blue staining in vitro
(Fig. 9B). Direct injection of the cells resulted in
the cartilage formation within 1 week and
obvious enchondral ossification at the periphery
of the cartilage at 4 weeks (Fig. 9G). Again,
ultrastructural analysis revealed that KUMS5
chondrocytes implanted into the subcutaneous

COLOR



Fig. 7. In vivo chondrogenesis of OP9 cells. In vivo chondro-
genesis was examined by implantation of OP9 chondrogenic
nodules. OP9 chondrogenic nodules, which were generated
after pellet culture for 7 days in the CM supplemented with TGF-
B3 and BMP2, were implanted just beneath the cutaneous
muscle in the subcutaneous tissue and were cultivated in vivo for
the number of weeks indicated. A: Macroscopic view of OP9
cartilage after 2 (a), 4 (b), and 8 (c)-week-in vivo cultivation.

B: Histological analysis of OP9 cartilage after 2 (a,d,gj), 4
(b,e,h k), and 8 (c,f,i,D)-week-in vivo cultivation. (a,b,c,g h,i), HE
stain; (d,e f,j k1), TB stain. Panels g-1 are higher magnifications
of a-f, respectively. C: Immunohistochemical analysis of the in
vivo OP9 chondrogenic nodules. The OP9 chondrogenic
nodules after 2-week-in vivo cultivation stained positive for
collagen type Il. Scale bars: 2 mm (A), 500 pm (Ba—f), 100 pm
(Bg-I.
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id tontaining the fluorescent Venus gene driven by the cis-

lements ofthe 22(X1) collagen gene.B: Thenumv

sion of matrix com onent, and the differential
response of different - cells to the growth
factors may be attributed to the differentiating
stages that depend ontheexpr
the gene set as is the case for hematopmetlc
cells. The process of the chondrogenic differ-
entiation is influenced by a number of growth
factors including TGF-p and/or BMPs. Three
isoforms of TGF-B have been known to have the
ability to induce the chondrogenic differentia-
tion. Both TGF-B2 and -B3 are more effective
than TGF-B1 in promoting chondrogenesis,
and TGF-p3 accelerates production of cartilagi-
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n of KUMS5 chondroblasts using the chondro- »

bar in thg upper and middle panels.
* became positive after the final sorting. D: Phase contrast
mtcrog,raph (upper) and fluorescent photomlcrograph {lower) of

f'pobentlal that retain critical in vivo cell funec-
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Intensity

‘jplasmld (top); The fluorescence-positive cells were sorted,
~propagated, and analyzed (middle). Again, the: propagated
»ﬂuorescence-posmve cells were soned propagated; and ana-

s_hown by thé horizontal
e than 80% of cells

nei of ).

ary gland epithelial cells,

marrow-denved cells W1th chondrogenic nature
d immortality without transformation among
the cells obtained by the limifing-dilution
ethod [Umezawa et al., 1992], defining
immortality” simply as indeﬁmte cell division.
OP9 cells are known to serve as a niche or a
specific microenviron ‘ent for the regulation of
self-renewal and differentiation of stem cells
996}; ‘and the question is raised of
ther ‘marrow stromal cells or marrow-
derived mesenchymal cells with chondrogenic
potential are capable of constituting a micro-
environment for stem cells. It is inconceivable
that cartilage can form a niche for cells in the
living body based on structural and morpholo-
gical considerations; however, a cell with chon-
drogenic or adipo-chondrogenic potential may
serve as a niche not only in the case of OP9 cells
but also as a general concept, at least in vitro.




Hyaline Cartilage Formation;,by_Marrbw, Stromal Cells

oss:ﬁcatlon by KUMS5 and OP9 cells was. a
follow deposition of homogeneous matrix

collagen and exhibited metachromasia with
toluidine blue staining, trapping them'in the
secreted homogeneous matrix, and the appear-

ance of small nests of isogenous chondrocytes

that probably resulted from repeated cell divi=

sion. At a later stage, that is, 4—8 weeks after
injection, the peripheral region of the generated
cartilage became ossified. Importantly, the
chondrogenesis by KUM5 and OP9 cells was
irreversible and reproducible, and the
implanted cells never transformed into malig-
nant cells, formed any abnormal extracellular
matrices, or induced any significant inflamma-
tory reactions. It is again noteworthy that the

ig the small nests of the injected cells
that subsequently became positive for type II. '

injection of the finally soﬁed UMS cells. From p to bottom:
Macroscopic view, scalg bars: 2 mm; histological analysis, scale
bar: 600 pm, HE stain ar: 120 pm,
HE stain; histologic B stain. H,{

osteogenesis by these two different lines of cells
was mediated by chondrogenesis, and it was
therefore considered to be chondral ossification.
Thus, the unique characteristics of these two
cell lines provide an opportunity to analyze the
process of enchondral oi perichondral ossifica-
tion in an experimental system in detail.

In fetal life, primary ossification centers form
by one of twa processes: enchondral ossification

~or membranous ossification. Enchondral ossifi-

cation refers to bony replacement of cartilage
and is the mode of formation of the long bones.
During membranous ossification mesenchymal
cells form membranes within which ossification
occurs and this is the mode of formation of the
scapula and skull and, in part, of the clavicle
and pelvis. After birth, bone growth continues
by both enchondral and membranous ossifica-
tion. Further enchondral ossification occurs in
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