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Duchenne muscular dystrophy (DMD), the most common lethal genetic disorder in chifdren, is an X-inked recessive
mauscle disease characterized by the absence of dystrophin at the sawolemma of muscle fibers. We examined a putative
endometrial progenitor oblained from endomefrial tissue zamples to determine whether these cells repalr muscular
degeneralion 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 culbured
noptransformed cells also repair dystrophied wmuscle. In vive transfer of menstrual blood—derived cells inlo dystrophis
muscles of immunodeficient mdx mice restored sarcolemmal expression of dystrophin. Labeling of implanted cells with
EGFP and differential staining of human and murine nuclel suggest that human dystrophin expression is due o cell
fusion between host myocyies and implanfed cells. In vifro analysis revealed that endometrial progenitor cells and
menstmual blood-derived cells can efficiently transdifferentiate into myoblasts/myncytes, fuse to C2C12 murine myoblasts
by in vitro covulturing, and start to express dystrophin after fusion. These results demonsitrafe that the endometrial
progenitor cells and menstoual bload-~derived cells can transfer dystrophin into dystrophied myocyles at a high frequency

through cell fusion and transdifferentiation in vitro and in vive

INTRODUCTION

Skeletal muscle consists predominantly o sym:}

with penphetal postmitelic myonuclei, and #s infrinsic re-
pair potential in adulthood relies on the persistence of a
resident reserve population of undifferentiated mononudear
cells, termed “satellite cells.” In mature sheletal ‘musele,
most satellite cells are quiescent and are activated in
sponse o environmental cues, such as m;urv. ta i
postnatal muscle regeneration, After division, satellite
progeny, termed myoblasts, underge ferminal differenti
tion. and become incorporated into muscle fibers (Bisch
1994). Myogenesis is regulated by a family of myogen

MRF4 {Sabourin and Rudnicki, 2000). During embryonic
development, MyoD and Myf5 are invelved in the establish-
ment of the skeletal muscle lineage {Rudnicki of al,, 1993),

whereas myogenin is reguired for terminal differentiation
{Hasty o al.,, 1993; Nabeshima #f gL, 1993). During muscle

This article was published online shead of print in MEC 41 Press
{http/ Fwww molbiolcollorg fogi/ doi/ 10,1091 / mbe. EOs -8 -0872)
on February 21, 2007,

B The online version of this article contains supplemental material
at MBC Ontine {http:/ /wwwanolbinlcellorg).
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’ repalr, satedlite cells recapitulate the expression program of

the myngamc genes manifested during embryonic develop-
ment,

i Diystrophin is assodiated with a large oligomeric complex
lycoproteins that provide linkage to the extracellular
embrane (Frvast and Campbell, 1991). In Duchenne mus-
wiar dystraphy (DMD), the absence of dystrophin results in
destabmzatmn of the extracellular membrane-sarcolemma-
cytoskeleton architecture, making muscle fibers susceptible
to contrachion-associated mechanical stress and degenera-
ton, 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-
franscription factors including MyeD, Myf5, myogenin, and B v and oot o e B o o

sively and irveversibly and are replaced by fibrotic tissue
{Cossu and Mavilio, 2000}, Like DMD patients, the mdx
mouse facks dystrophin in skeletal mnuscle fibers (Hoffman of
t., 1987; Sicinski € al, 1989} However, the mdx mouse
dufeiopb only a mild dys{mp]uc phenotypc., probably be-
cause muscle regeneration by satellite cells is efficient for
most of the animal’s life spen {Cossu and Mavilio, 2000,
Myoblasts represent the natural first choice in cellular
therapentics for skeletal muscle bevause of thelr indrinsic
myongenic comunitment {Grounds #f 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 fssues, and these celly readily

1
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farm skeletal muscle in calture (Gerhart of of,, 2001). We
report here that human dystrophin expression in the madx
model of DMD is attributed to cell fusion of mudx myccytes
with human menstraal blood—derived stromal cells.

MATERIALS AND METHODS

Isolation of Human Eadometrial Cells from Menstroal
Bivad

Menstraal Blood samples {no= 213 were collected i DVEM with antibiotios
{firml concentrations: 100 L/ mi peniciliin/streptomyciny and 2% fetal bovire
seram {FBS), and processed within 24 h. Ethical approval Tor tissue coliection
was granted by the Institutional Review Bomrd of the hlational Research
Institute for Child Health. and Development, fapax. The ceotrifuged pellens
wontaining sademetrhun-derived cdlls weore swuspended. o highogheoss
DMEM medium (10% FBS, penicillin/streptomycin}, maintained at 37°C ina
hamidified stmosphere containing 3% (Y, and aflowed fo attach for 48 h.
Nonadherent cells were removed by changing the medium. Whan the caltuze
repcherd subomfuence, thecalls ware barvested with(825% wrypsinand 1 M.
BIDVEA aned platec o sew dishes, After 2-% passages, the attached endometial
stronyal cells were devoid of blood cells, Humar BA-BA/E7/RTERT-2 cells,
endometriam-derived progenitors, were oblained from surgiral endometriat
dssue samples and weore immortalived by B5, B7, and RTERT-Z {Kyo of 4l
20031, C2CI2 oyoblast oells were suppliod by JEKEN Coll Bank (The Instinge
of Physical and Chemical Research, japarg.

Flow Cytometric Analysis

Flow cytometric analyys was performed as previously described {Teral et ad,,
2005 Cells were incubaled with primary antibodies or sotype-matched
contvol satibodies, followad by addifional teatment with the immuseioce
resoent seonpdary astibedies. Cells were analyzed on an BRI ALTRA
aralyzer (Beckman Coulter, Fullerten, CAj. Antibodles against human CD13,
CDi4, D28, COBL, CDA4, Chd, TD45, CDRY, T4, L35, CD5Y, CO7,
CDOU. CBH05, COMY {ckit), ©D133, HLA-ARC, and HELA-DR were pur-
chased from Beckroan Coulter, Iinmurmtorh IMarseile, Fraooe), Cytoth
{Hellebork, Cenmmarky, and BIX Biosciences PharMingen (San Diogo, $A

In Vitro Lentivirns-wwediated Gepe (EGEP) Transfer into
EM-EGIETINTERT-2 Cells

Infection of BENCES/EZZRTERT-Z cells with haativires having a UMV pre-
moter wnd BGFP re{mta resulted in high levels of EGFP expression in all
cells. Colls wereana

at., TI97, 1958,

b Vitro Myogenesis dan T

Menstrual blood-degved colls or BM-ESZE7 7R TERT- 2 vedls were séeded unts
colhagen 1 contedd el cuttrare disbes: {Bovoat, BU Biossientes, Baliord, MA}
at a density of 1 » 10%/mi tn growth medium (DMEM, supplemented with
0% FBS), Forty-eight hours after seading onto collagen -coated dishes, vells
were tweated withB-azacytidine for 24 . Cell cultures were then washed twice

with PBS and maissained in differentiotivn medivem (DMEM, supplesseoied.

with either 2% horse sernmy (HS) of 1% insulin-transferrin-selenium supple-
meent TT8]). The differentiation medium was changed twike 2 week umﬁ fico
roriment was terminated St
RT-PCR Analysis of EM-ERIETIHNTERT-2 Cells and k-
Megstrual Blood-derived Cells S
Total BN A was prepared using Iogen {(Nippon Gene, Tokyo, fapan). Human

skeletal puascle RNA was purchased from TOYOBO {Osaka, Japan}. RT-PCR.

of Biyi5, KMeotd, desnin, suogeoio, st vy dhafo-dix /4 (3ayHC T/

3, anad dyshrophio veas perrormed wish. 2 pg of tokad BNA. RNA R RE-FCR

was converied to CDNA with o frsi-stand ¢DNA synthesis kit fAmermsham
Fhasmacla Bistechnology, Piscataway, N} according to the manufscturer’s
recommendations. The sequences of FCR primers that amplify human but not
monse genes are Hetod in Supplomendary Takle 3. PUR was porkemed with
TakaRa recombioant Tag {Takaxa Shure, Kyoto, Japan) For 3 oycles, with
eath oycle consisting of 847 for 30 5, 627C oy 65°C for 305, and 72°Cfor s,
with an additional 10-min incubatios at 72°C after completion of the last
cycle,

Inompnobistochemical auid Invmaocytochemical Analysis

Inenuovhistochemical anabysds was parformesd as proviously desribed (Mod
¢ 1, 2005}, Briefly, the sections were incubated for 1 h at coonviemperature
with piouse mab agsinst vimentine {Cone V9, DakoCytomation, Fort Collins,
0. After washing in FBS, sections ware incobated with horseradish perox-
idasexonjugated rabbit ang-mose immunoglobiiio, diluted, and washid in
wokd FES. Saining was deselopad by usiag a solution containirg Hemine
benzidine and 6015 HAO, in 805% M Tris-HU buffer, pH 8.7, Slides were

yzed for BGFP expression by fiow cytometry (Miyoshi ¢

souxtastaiond with beoamnytia, In the tses of Boorescence, frodes srctions
fixed with 4% PFA were usad. The antibedies against human dysirophin
INICLADWSR; Novecastra, Meweastle upon Tyne, United Kingdom) or anti-
‘human nuctel pouse mAD {clone 2351, Chemicon, Temaculs, CAY was used
a5 a first antibody, and goat andi-mouse 1g0 cenjugated with Adexa Fluor 488
o goat ant-mouse g6 antibedy confugated with Alixa Biuor 526 {Mutecular
Probes, Pugene, OR) was used a5 a second antibody.

Immunocytochemical apatysts was performed as previously described
iMari 22 of,, 2(05), with antibodies to skeletal myosin {Sigma, S Lowds, MO,
product oo, M 4276}, BP0 {which weacts with all sarcomer myesin s
striated muscles, Devalopmental Studies Hybeidoma Bank, University of
Towa, TA), e-sarconyaric actin {Sigrma, product no. A 7811}, and desmin (Blo-
Srionce Peodects, Bern, Switzerland; no G1D31, cdone: IR in PBS containing
1% bavine serum albursdn. As a methodelogical control, the primary antibody
was omittesk. Tn thiz vases of Buoresconce, stides were invubated with Alexa
Fluor 546~conjugated geat anti-mouse IgG antibody.

Western Blotting

Western blob analysis was performed as previously described {Most ot i,
2005). Blols were incubated with primary antibodios (desmin, myogerin
{Clone ¥5D, Santa Cruz Bliotechnology], and dysirophin [INCL-DYSA, Nove-
astral} for 12 h at voom tempenatire. Afty washing threr Hmes in g
Blocking buffer, blots were incubuted for 36 min with a horseradish peroxd-
dase-conjugated secondary antbody (.04 pg/ml) directed against the pri-
mary antibody. The blots were developad with enhanced chemiluminescence
subystrats avcordiog to e mwnafactoo’s instnuctons.

Fuston Assay

EM-BE/EF/REERT-R colls 25007 cn®y or BOEP-abeled BM-ES/B7/BTERT-2
cells {2500 /em?y were corultured with C2C12 mycblasts 2508/ e for 28 in
DMEM supplemented with 10% FBS and then cultured for 7 additional days
i DMEM with 2% HS to promiote myotsbe formation. The cultures were
finnd i 3% parakenaldebyde amd stained with 3 mouse anti-husan nedel
IgGlmaAk aod thenxise andi-homan dystrophin igl2s mAb fox ssti-myosio
heavy chain IgGIb mAb ME-20 The colls were visualized with appropriate
Alexa-fluor—corgugated yoat anti-pouse IgGl and 1gG2a {or 1pC2h) sevond-
ary antbodies {Molecudar Probes). Total cell nuclel were stalned with DAY
{4 S-diaonkling-T-phenylirdede).

In Vivo Cell Implantation

Six- o Kwk-obd RO Shi-scid /L2 remaptor —/ — {B0C, CBBA, Bhimoka,
Japan mice and 6- to S-wk-old midx-scid mice wers implanted with BM-D8/
¥7 ARTERT-2 calls and merstrual blood—derived cells in soven independent

- experdments, The cells (2 X 1075 were suspended in PBS in o tolal velume of
Y0 pl and were dioetly njected into the right thigh musche of NG smice or

mfa-scid e, The mice were examiond 5wk atter coll isphtagon, sod the

right thigh musdle was analyzed for human vimentin and dystrophin by

immunshistochemistry, The antibodies to vimentin and dystrophin (NCh-
EIY 53 react with human vimentin and dystrophineequivatent protein, butnot
it protoin,

RESULTS
. Szxafaﬂ Marker Expression of Endometrivm-terived Cells

. We investigated myogenic differentiation of primary cells
*: without gene intreduction from menstrual blood, because

mensirual blood on the first day of the period is considerad
6 include endometrial tissue. We successfully cudhured a

large munber of primary cells from menstroal blood. Men-
' strual blood-derived cells showed at least two morpholog-
“jeally different cell groups: small spindle-ltke cells and large

stick-like cells, regarded as being passage day (PD) 1 or 2
{Figure 1, A and B, respectively). Susfave markers of the
menstrual blood~derived cells were evaluated by flow cy-
tomefric analysis. Surfoce markers of EM-F§/E7/RTERT-2
celis {Figure 1C) and menstrual bload-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/RTERT-2 cells were
positive for CD13, CD29 {integrin 1), CDU Pgp-1/1y24),
CD54, CD55, CDRY, CD73, and CDOG (Thy-1}, implying that
EM-E6/E7/ATERT-2 cells expressed mesenchymal cell-re-
lated antigens inn vur experimental setting, Munstrual bload—~
derived cells were positive for £D13, CD29, CD44, D54,
CO55, CD5%, CD7R, €W, and CDIS, implying that prolif-
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Figure 1. Surface marker expression of sndomatrivm-

Colt mmbar

a
o wl wE

derived oolls, {A and B) Morphaology of menstrual et Tovsk
bleod-derived vells, regarded as beingg PD 1 or 2. Seale oomve

b&r?, 200 pm {1 ;;31 , 100 jeen (Bk {@ az;d D) Flw x}%‘t{omtmt‘ '

znalysis of cell surface markers of EM-ES/E7/HTERT-2 s e O P
cells (C) and mensteual blood-derived celis ). (7 [ Suriee  EMRSER, Moo [teee  cMoaen,  feien
Burther phenotypic analysis in BEM-F6/E7/HTERT-2 cB1a * 4 055 o+ r+
colls and menstrial blood-derived cells are sumwma- Cote . . fois =28 > pres
rized. Peak intonsity was estimiated in comparison with 029 44 Ak [ef2 22 o +
isotype centrols. +++, strongly positive 108 thnes apat - . coR > -t
the isutype wntrol); ++, moderately positive {<TH0 cogs G108 : re
vmes bul mom than 1§ times the isotype control), CnA4 rer e ool . -
weakly positive (<10 tmes but more than twice the coss - - O3S :
fsptype contro), —, negative {fess than twice the isolype Cuss - . HLA-ASL ** *
control). CD5Y » ko HLA-DR . -

erated and propagated cells express mesenchymal cell-re-
tatedd cell surface markers. Unlike EM-ES/E7 /RTERT-2 cells,
the menstrual blood—derived adherent cells were positive
for CD105. EM-EA/E7/hTERT-2 cells and menstrual blood-
derived cells expressed neither bematopoietic lineage mark-
ers, such as CD34, nor monocyte-macraphage antigens such
ax CDH4 {a marker for macrophage and dendritic cells), or
DR { leukc:z:’v te conumon andgen). The lack of expression of
D14, CD34, or CD45 suggests that EM-E&/E7/RTERT-Z
cells anl the menstrual blood—derived call culture in the
present study is depleted of ]&matopmﬁtm eells, The cells
were also ne;ﬁahve for exprassion of D31 {FECAM-1},
CD50, o-kit, and CD133. The cell population was positive for
HLA- ABC but not for HEA-DR. These results demwonstrate
that almost all cells derived from endomettiom are of mes-
enwhymal origin or stromal origin.

Imphuted Endometriton-derived Cells Induce De Novo
Myogeuesis tn Inporaodificient NOG Mice

EM-E6/E7 /hTERT-2 vells originate from the endometrial
gland and are considered as endometrial progenitor vells or
bipotential cells capable of differentiating into both glandu-
lar epithelial cells and endometrial stromal colls (Kyo of 4.,
20031 To determing whethar EM-E6/E7 /hTERT-2 vells arvd
menstrual blosd—derived cells generate complete endome-
trial shructurs in vivo, ke endometriosis, the cells without
any freatnent or induction were injected into the right thigh

Vol 18, May 2007

muscle of immunoedelicient NGOG mice. PBS without cells
was injected into the left thigh muscles as a control. We
failed fo detect any endometrial structure in the cell-injected
site. Immunohistochemical analysis using an antibody spe-
cific to human vimendin, an intermediate fament assoctated
with a mesenchymal cell, revealed that the injected EM-E6/
F7/RTERT-2 wells (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 museadar fibers oceur as a
result of cell migration, we performed a time-course analysis
of implanted cells, as probed by human-specific antibndy to
vimentin {Supplementary Figure 13. Donor cells at 2 b after

implantation are observed at the injection site, which is
considered o 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 bebween myo-
tubes result from cell migration. Interestingly, some of tha
vimentin-positive implanted cells exhibited round-shaped
structure (Figare 2, D, F, and ], arrows), suggesting that
endometrium-derived cells are capable of differentiating
into myoblasts/myotubes, and can coniribute to skeletal
muscla repair in patients suffering from genetic disorders
such as DMD, similar to previous reports for marrow stro-
mal cells {Dezawa ¢f al, 2005) and synovial membrane cells

{Be Bari ot ol 2003}
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Figure 2, Implantation of endmxemum-den ved cells-derived wafls
inte the muscle of NOG mice. EM-E6/E7/NTERT-2 cplis {A-Fr or
menstrual bleod-derived cells (G-) cui'mrfzﬂ in abserwe of any
stimali were directly injected into the right thigh muscle of NOG
mice. Immunohisiochemical analysis was perfonmed using anti-
body that reacts t0 buman vimentin bot not 1o syrine vimentin, {4,
, B, 1%, §, and K hematonylin and sosin stain 315, B, D, F, 1, L and
L} immunchistochemistry, Mote that vimentin-positive BEM-E6/E7/
WTERT-2 cells and menstrual blood-derived cells with a spindle
morpholsgy (€], arrowheads) extensively migrated into muscular
bundles at 3 wk after mjection, and some of the jected colls
axhibited round structure {1, B, and §, asrows). Isotype mouse igGl
sorved as a negative tontrol (L), Scale bars, 100 )m (A, B, K, and L),
53 g {C-F, §, and 1), 90 gom {0 and H

badhection of Myagenic Differentintion in Eadometrial
Progepitor Celfs In Virso

Ed- Eé JE7/RWTERT-2 cells at 2wk {cudtured in the DMEM
suppl emented with 20% FBS) after exposwre to different
concentrations {5, 10, and 100 M) of S-azacyiidine were
analyzed by immunostaining using anti-desmin antibody
{(Figure 3, A-F). The nmunber of desmin-puositive cells was

4

significantly higher in experimental groups with & or 10 uM
Razacytidinc than in untreated control groups {p < 0.05). To

investigate whether EM-E6/E7 /hTERT-2 celis are capable of
differentiating inte skeletal muscle cells in vitro, the cells
were exposed 0 5 pM BS-azacytidine for 24 h and fhen
subsequently cultured in the DMEM supplemented with 2%
HS {Figure 3, G~}) or serum-free [TS for up to 21 d (Figure
3K}. Skeletal myoblastic differentiation of the cells was ana-
Iyzed by evaluating expression of MyoD), My, desmin,
myogerun, MyHC-Hx/d, and dvstmphm b» RT-PCR The
Myel), desmin, myogenin, and {‘vst‘mphm £ONes were Lon-
stitutively expressed, but MyHC-Ix/d and Myf5 genes were
not. The decline of MyoD) was observed in both the 2% HE
{Pigure 3, G and H} and the serame-free TS (Figure 3K). The
expression of MyHC, as determined by RT-PCH and immu-
nocyiot.hemlstry, mgmﬁcanﬂy increased with 2% HS { Figure
3, Gy and sevumi-free ITS {Bigure 3K}, Immunecytochemi-
cal analysix indicated that e-sarcomeric actin (Figure 31} and
MyHC (Figure 3]} were detected in the cells incubated with
2% HS for 21 d.

In Vitro Myogevic Differentiation of Meastrual Blood-
dertved Cells
Menstrual blood-detived cells at 3 wk {cultured in DMEM
:uppiemented with 20% ¥FBB) after exposure to different
concentrations {5, 10, and 100 ;LM) of G-azacytidine were
analyzed by Immunostaining using anti-desmin antibody
{data not shown}. The number of desmin-pusitive cells was
significantly higher in experimental groups with 5 or 10 M
S-azacytidine than with 100 pM 3-azacytidine; for further in
vitro experiments, the mensirual blood-derived cells were
exposed to 5 pM S-azacytidine for 24 h and then subse-
quentiv culfured in DMEM supplemenied with low serum
2% HS) or serum-free {TS for up to 21 d {Figure 4). Myo-

henz( potenﬁai of human menstrual blood-derived cells was -~

analyzed by evaluating the expression of Myf5, MyoDs,
desmin, myogenin, MyHC-Hx/d, and dystrophin by RT-
PCR. Myald, desmin, and dystrophin genes wers constitu-
tively expres‘;ed in menstrual blood-derived wells, but
.’v}yH(_ -lix/d and MyfS were not {Figure 4A). For cells

treated with 2% HS or serum-free 115, the mRNA level of

destain art myogenin significantly increased after 34, and
desmin steadily increased unti} day 21 (Figure 4, C and D).
MyBCIix/d started to be expressed at a low level at day 21
of induction {(Figure 40} We then analyzed desmin expres-
sion by immunocytochemistry. Menstrual blood-derived
vells were exposed to 5 pM S-avacytidine for 24 h and then
subsequently cultured in DMEM supplemented with 20%
185 for up to 2wk Desmin was readily detected in colonies
of the menstrual blood—derived cells (Figure 4B}, Wastern
blot analysis ulicated that desnrin, myogenin, and dystro-
rhin were highly expressed in the cells incubated for 3 wk
{Pigure 4, E-G). These results suggest that menstrual blood—
derived cells are, like the EM-ER/E7 /hTERT-2 culls, able to
differsntiate into skeletal mascle.

Regeneration of Dystrophin by Cell Tmplantation in the
DAID Model sida-scid Mouse

Te mvestxgaie whether humnan EM-ES/E7 /WTERT-2 cells
and menstrual blood—derived cells van generate muscle ts-
sy in vive, cells without any treatment or induction were
implanted directly into the right thigh muscles of mdx-soid
mice {Supplementary Figure 23 The left thigh muscles were
injected with FBS as an internal contrel. After 3 wk, myo-
tubes in the muscle tissues injected with human EM-E6/ E7/
HTERT-2 cells and menstrual blacd—derived vells expre%ed
haman dystrophin as a custer (Figure 5, A, C, and D, EM-
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Figure 3, Bopression of ryvogemic-specific genes during myrgenic dif-
ferentiation of EM-EG/E7/RTERT-Z cells. {A-F) mmunecytochemical
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FA/E7/RTERT-2 calls, and 5B, menstrual blond—derived rells).
Quantification analysis revealed that the percentage of dys-
trephin-positive myofibers after implantation of menstrual
blood-derived cells was high, compared with that after
implantation of EM-E6/E? /hTERT-2 cells (Figure 5E}. Do-
nor cells with EGFP fluvrescence participated in myogenesis
3 wk after implantation {Supplementary Figure 3). EGFP-
labiled EM-E6/E7/WTERT-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 cgdl
implantation because the antibody to dystrophin used in
this study is huaman-specific, tnplying 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, immunchistochemistry
with an antibody agairst human nuclet (Ab-HulNud) and
DAPI stain was performed. I dystrophin expression is ex-
plained by fusion, dystrophin-positive myocytes must be
demenstrated to have both humvan and murine muclel, We
examined almost all the 7-pm-thick serial histological see-
tions parallel to the muscular bundle Jongitudinal section)
of the muscular tissues by confoeal microscopy and found
that dystrophin-positive myocvtes have nuclet derived from
both human and murine cells in the longitudinal section of
the myocytes (Figure 5D), implying that dystrophin expres-
sion is attributed o fusion between murine host myocytes
and human donor cells, rather than myogenic differentiation
of EM-E6/E7 /WTERT-2 cells and menstrual bleod-derived
cells per se.

Detection of Human Endosetrial Cell Contrilrution to
Myatubes it gn It Vitro Myogesesis Model

To simulate in vive phenomena, buman endometrial cells
were cocultured in vitro with nwrine C2C12 myoblasts for
2 d under proliferative conditions and then switched to
differentiation conditions for an additional 7 d. Figurs 6A

apalysis of EM-E6/E7 /hTERT-Z rells using an antibody to desmin.
{4} Omission of only the primary antibedy to desmin serves 35 a
negative conteol. (C) Higher magnification of inset in B, (B} Myo-
genic differentiation of ENMEF6/E7/HTERT-2 cells with exposure to
diffarent concentrations (B, 5 g C, 5 ub; D, 10 gL E, 100 g M) of
B-azacytidine. To sstimate myogenic differentiation, the number of
&t the destnin-positive cells was conmted for each dish {a = 3} Data
were analyzed for statistival significance using ANOVA. EM-ES/
E7/WTERT-2 colls ware culiured in the DMEM supplemented with
2% HS (G-} horse serum), and serume-free ITS Kh G and X
RT-PCR analysis with PCR primers allows amplification of the
haman MyoD, MyiS, desmin, myngenin, myosin heavy chain type
Ix/d MyHC-IB/d), and dystrophin ¢DNA (from top 1o bottonr).
BMiAs were isofated from EM-E6/ E7 /RTERT-2 cells at the indicated
day after freatment with S-azacytidine. RNAs from human muscle
and H,O served as positive (7Y and negative {N) contrals. Only the
185 PCR primer used as 2 positive control reacted with. the human
and mutine <ONA, (H) Time course of MyoD, desoin, myogenin,
MyHC-Ix/d, and dystrophin expression in £he cells incubated with
2% H5 for up tr 21 d after S-azacytidine treatmaent. Relative mRMNA
fevels were determined using Multi Gange Ver 2.0 {Fujt Film). The
stgnal intensities of Myoll, desmin, and dystrophin mRNA atday 6,
myogenin mRNA at day 3, and MyHCIL/d mRNA st day 21 ware
regarded as equal 1o 100%. ( and J) The cells ware exposed 10 5 uM
Sazacytidine for 24 b and then subsequently cultured in DMEM
supplemented with 2% HS for 21 d. a-Sarcomeric actin {1} and
skeletal myosin hzavy chain {1} was detected by immumnacytochem-
ical analyyis. Scale hars, 2 mun {4 and BY, 360 o (C-E), 900 pm (I
and jal, 425 gm (b and bl
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Figure 4. Expression of myogenic-specttic genes in dif-
ferontiated menstrual blond-derived ells. Menstraal
bloed-derived rells were cultured In DMEM supple
mented with 20% FBS, 24 HS, or senn-free 115 me-
digm. {A) RT-PCR analysis with PCR primers that al-
lows amplification of the human MyoD, Myf5, desmin,
myogenin, MyHCIIx/d, and dystrophin ¢DNA {from
top o bottom). RMAs were isolated from menstrual

Day Doy blond-derived colls at the indicated day alter treatment

with 5 ¥ S-azacytidine for 24 h. BNAs from human

E L5 F S wmescle and HaO served as positive (1) and negative ()
H g contzofs. Only the 185 PCR prmer used 35 a postiive

L b control meacied with the human and murine cDMA(B)

H Z Immunocytochemical analysis using an antibody o

235 ias desmin {a-f) was parformed on the menstrual Dlood-

% g i derivad cells at 2 wk after sxposure fo 5 oM of 5-aza-

g a % b cytdine for 24 b The desmin-pusitive cells are shown at

wmenen 26 500

higher magnification {d-£), Merge of a and bis shownin
53 ¢, and merge of d and e iz shown in £, The images were

e 5% HTHC
Cordrot HS

o
ir

ol
o

Snrive apsRioss vt

2

e 473 VD4

Conwrol HS  ITS

provides an example of how human and mouse nudei in the
EGFP-positive myotubes were detected. Multinucleated
myutubes were revealed by the presence of specific buman
dystrophin {Figure £, B and C} and myesin heavy chain
{Figure 6D). Dystrophin was detected in cyfoplasm in cul-
ture condition {Figure 6, B and () despite evidenwe of ceil
surface localization in vive. Human dystrophin and haman
nuclet were unequivocally identified by staining with anb-
bodies to humnan dystrophin and human nudel, whereas the
numerous mouse nuclel presant in this field, as shown by
DAPI staining, are negative {Figure 6, B and C}.

DISCUSSION

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

obtained with a laser scanning confocal microscope.
Scale bars, 200 pm {a—) and 75 g (. {C and D)
RT-FCR analysis of menstrual Plood-derived cells on
DMEM supplemaented with 2% HS {C) or serum-free ITS
wedinm (D} after exposure 10 5 pM Sazacytidine for
24 b {E-CY Western Mot anabyvsis was performed on the
colls cultured In myogenic medium indicated for 21 4.
The blot was stained with desmin (E), myogenin (F),
and dystrophin {GY antibodies followed by an HRP-
conjugated secondary antibody,

able to reestablish 8 quiescent pool of myogenic progenitor
cells after each discrele 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 ulimately is
exhausted, as pbserved in senescent skeletal muscle or in
patients with muscular dystrophy {Gussont ¢t 4l 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 mwenstrual blood. Human men-
strual blood-derived rells proliferated vver at least 25 Fiis
{9 passages) for more than 60 d and stopped dividing before
30 PDs. This cassation of cell division is probably due to
replicative senescence or shortening of telomere lngth, Cell
life span of menstrual blood calls is relatively short when
compared with human fetal cells (Imai gt al, 1994; Terai gt al,,
200/, and this sharter cell life span may be attributed to
shorter telomere Jength of adult cells (Le., endometrial stro-

Moterolar Binlogy of the Cell
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Figure 3. Confarral of dystrophin to mdx myocytes by
human endemetrial cells. {A and BY Immunohistochem-
istey analysis using an antibody against human dysiro-
phin molecude {green), human nudet FHubucl, red),
and DADI staining {blue) on thigh muscle sections of
mdx-scid mice after direct injecton of EM-ES/EP/
ATERT-2 colls {A) or menstrus! blood—derived cells (8)
without any treatment or induction. (C) EGFP-labeled
BM-FA/E7/RTERT-Z walls without any trertmaat or in-
duction were directly injacted indo the thigh muscle of
mdx-soid ndes, Invnunohistochemistry mvealed the in-
earpiration of inwplantesd cells into newly formed EGFP-
positive myofbers, which expressed human dystrophin
3 wh after implantation. {A and BY As a methodological
cantrol, the primary antibody to dystrophin was omit-
ted fe and £). (D) Immunohistochamistey analysis using
an antibody against humanadystrophin malecule {grepn,
arrowheads), human nuciei {HuMwl, red, arrow), and
DAYPE staining {ble} on thigh muscle sections of mulx-
scid mice after direct injection of human EVMAEB/EDS
RIERT-2 cells without any treatment or dducdon. (&
zad B) Merge of a-¢ is shown ind, and merge of 0-g is
shown in h £C and D) Merge of a-¢ is shown in &, Scale
bars, 50 um {A and B, 20 gm £ and DY (B) Quantita-
Hve analysis of human dystrophin-positive myotubes.
Menstrual blood-derived cells or EM-B&/EZJRTERT-2
wells without any treatnent or induction were divectly
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-E&/
87 /WTERT-Z cells or menstrual bleod-derived cells. In-
jecton of PES without cells intn mdx-scid myoHbers
was used as a vontrol

m
3

ke Py
£ foo] N o

% Dysiraphin positive area

fw)

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

Menstrial blocd—derived cells had a high veplicative abil-
ity similar to progenitors or stem cells that display a long-
term self-renewal vapacity and had a much higher growth
rate in our experimental conditions than marrow-derived

Vol 18, May 2007
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PRS Menstris!
Bood ceils

ATERT-2
cilts

stromal cells (Mori #f 4., 2005). In addition, the myoegenic
putential of menstrual blood-derived cells, Le., a high fre-
quency of desmin-positive cells after induction, is much
greater than expected. The higher myogenic differentiation
ratic can be explained just by alteration of vell characteristics
from epithelial and mesenchymal bipotential cully or heter-

7
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ogeneous populations of cells to cells with the mesenchymal
phenotype inn our cultivation condition, as determined by
cell surface markers {Figure 1, C-E). MyoD-positive cells are
present in many fetal chick organs sach as brain, hung,
intestine, kidney, spleen, heart, and liver {Geshart o 9l
2001y, and these cells can differentiate into skeletal muscle in
culture. Constitutive expression of MyoD, desmin, and myo-
genin, all markers for sheletal myopenic differentiation in
hoth immortalized EM-E6/E7 /hTERT-2 cells and menstrual
blocd-derived cells, implies either that most of these cells
are myogenic progenitors or that these cells have myogenic
potential. Expression of MyeD, one of the basic helix-loop-
helix transcription factors that directly regulate myocyte cell
specification and differentiation {Edmondsen and Olson,

1593}, vecurs at the early stage of myogenic differentiation;

whereas myogenin is expressed later, refated to cell fusion
and differentiation (Aurade of af,, 1994).

Acquisition ar recovery of dystrophin expression in dys-
trophic muscle is attribufed to two different mechanisims: D
myogenic differentiation of implanted or transplanted cells

and 2} cell fusion of implanted or transplanted cells with

host muscle cells. Recovery of dvstrophm-pmzme cells is
explained by muscular differentiation of implanted marrow
stromal cells and adipocytes {Dlezawa f al., 2005; Rodriguez

ot al., 2005} In cenirast, implantation of normal m}oblaxtﬁ .

inte dystrophin-deficient muscle can create a reservoir of
normal myoblasts that are capable of fusing with dystrophic
muscle fibers and restoring dystrophin (Mendell ¢! af., 1995;
Terada ¢t al., 2003; Wang ¢f al., 200%; Dezawa ¢ al., 2005;
Rodriguez ef RI 2005). In this stud.y using menstrual blood-
derived cells, our ﬁndings——that the implantation of imsmor-
tatized EM-E6/E7 /RTERT-2 cells and menstrual blond—de-
rived cells improved the efficiency of muscle regeneration
and dystrophin defivery to dystrophic muscle in mice—is
explained by both posszbdmu or the latter possibility alone,
because cells expressing human dystrophin had both mu-
rine and human nuclel, located in the center and perq}htry
of dystrophic muscalar fiber, respectively {Figures 5D, in
vivo, and 5, A-D, in vitro).

DMD is a devastating X-linked muscle disease character-
tzed by progressive muscle weakness attributable to a lack
of dystrophin expression at the sarcolemma of muscle fibers
Mendell ¢f nf., 1995; Rodriguez of al., 2005}, and there are no

prd

Figure 6. Datection of human endoametrial cell contri-
butinn o myotubes In an in vitro and in vivo myogen-
esis model. EGEP-Tabeled EM-E6/E7 /RTERT-2 colls {A)
or EMESSEF/RTERT-2 cells {B) or menstrual blood-
denived cells (C and D were vocultured with €2C12
myoblasts for 2 3 under conditions that favared prolif-
eration. The caltures were then changed to differentia-
tion media for 7 d to inducs mrvogenic fusion. (A} Myo-
tubes ware ravesled by EGPP {grmen); human nucle
were detected by antibody specific to human nucled
Hubiwel, red, arrows {B-D} Myotubes were revealed
by specific human dystrophin mAb NCL-DYS3 {8 and
C.red} or ant-myosin heavy chain mADb ME-20 (D, red),
{0} Human nucled were detected by antibedy specific to
hman ouckel (Hulucl, groen, arrows). Total cell nucled
in the culture weore stained with DAPI {blue, arrow-
heads), (B-D) Merge of a—c are shown in d. The cultures
were then changed fo differentiation media for 7 d w
induce myogenic fusion. Scale hars, 100 um {A-D).

effective thevapeutic approaches for muscular dystrophy at
prasent. 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. bfficient 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 tber,apxeq for muscle injury or
chronic muscular disease, Finally, we would like to reem-
phasize that human menstrual blood—derived cells possess
high self-renewal vapacity, 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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Hyaline Cartilage Formation and Enchondral Ossification
Modeled With KUM5 and OéP9 Chondroblasts
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Abstract  What is i that defines a bane marrowrderived chondrocyte? We attempted to identify marrow-derived
cells with choncrogenic nature and immaerality without ransformation, defining “lmmontality” simply a3 indefinite cell
division. KUMS mesenchymal cells, & marrow stromal cell line, generated hyaling cartifage in vivo and exhibited
enchondral ossification at a later stage after implantation, Selection of KUMS chondroblasts based on the activity of the
chondrocte-specific cisregulatory slerment of the collagen a2(Xl) gene resulied In enhancement of thely chondrogenic
nature, Gene chip analysis tevealed that OPS cells, another marrow sromal cell fine, derived from macrophage colony-
stimlating factor-deficient osteapetiatic roice and also known 1o be niche-constituting cells for hematopaietic stemcells
expressed chomfm{vte-apemﬁc or -associated genes such as type # colfapen 21, Sox9, and cantifage oligomeric matrix
protein atan exiremely high leved, as did KUMS cells, After cultured QP micromasses exposed 0 TGF-B3 and BMP 2 were
implanted in mice, they produced abundant metachmmatic matrix with the ohuidice blue stain and formed type §
collagen-positive hyaime cantitage within 2 weeks in vive, Hierarchical clustering and principal component analysis
based an microarray data of the expression of celf surface markers and ceii«t}pe-xpeﬁm genes resulted in grouping of
KUMS and (P9 cells intothe same subcategory of “chordroblast,” that s, & distinct cell type group. We here show that
these two vell Hines exhibit the unique characteristics of byaline cartifage formation and enchrmcfra% ossification invitro
and in vive, | Cell. Biochem. 99992: 115, 2006. © 2006 Wl Liss, Ine.
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