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Fig. 4. CSP dissolves CHCs. (A) A
Gas chromatograms for the orig-

inal CHC profiles from colonies 1 CHCs
to 3. (B) (a, b, and ¢) CHC pro-
files dissolved in the buffer with
0, 10, and 100 uM CjapCSP, re-
spectively; (d) CHC profiles dis-
solved in the buffer with 100 uM B
BSA as control. n = 10 for each
assay using colony-specific CHC ~ @ Buffer
blend; the chromatograms are an
average drawing of them. b 10uM
csp
¢ 100uM
csp
d 100uM
BSA

sensory information from nestmate CHCs
through other types of sensilla.
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Bone marrow stromal cells (MSCs) have great potential as therapeutic agents.
We report a method for inducing skeletal muscle lineage cells from human and
rat general adherent MSCs with an efficiency of 89%. Induced cells differ-
entiated into muscle fibers upon transplantation into degenerated muscles of
rats and mdx-nude mice. The induced population contained Pax7-positive cells
that contributed to subsequent regeneration of muscle upon repetitive damage
without additional transplantation of cells. These MSCs represent a more ready
supply of myogenic cells than do the rare myogenic stem cells normally found

in muscle and bone marrow.

Cell transplantation therapy offers hope for
the treatment of intractable muscle degenera-
tive disorders. Embryonic stem {ES) cells and
stem cells derived from muscle have been
considered as candidates for transplantation
therapy (/7). Although they have great po-
tential. they face limitations inherent in pro-
curement from fetal tissue. mcluding problems
relaiing to histocompatibility and ethical con-
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cerns. Although muscle stem cells and sat-
ellite cells can be isolated from adult and
prenatal tissues (2, 4-6). the number of cells
that can be harvested may be limited. Bone
marrow is another source of myogenic stem
cells (3, 8): however. because the stem cell
population s very small. the problem of in-
adequate tissue supply for therapeutic scale
again arises.
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Because bone marow stromal cells (MSCs)
are easy to isolate and expand rapidly from pa-
tients without leading to major ethical and tech-
nical problems, they have great potential as
therapeutic agents. However, despite their poten-
tial for use in cell trangplantation therapy, prac-
tical application to human muscle degenerative
diseases depends on the ability to control their
differentiation into functional skeletal muscle
cells with high efficiency and purity. Recently
we reported that efficient induction of neurons,
without glial differentiation, from human and
rat MSCs could be achieved by Notchl intra-
cellular domam (NICD) gene transfer and admin-
istration of certain trophic factors (9). Further
addition of glial cell line-derived newrotrophic
factor (GDNF) eftectively induced dopamine-
producing cells and resulted in functional re-
covery when those cells were grafled into the
brains of Parkinson’s disease model rats (9).
Here we report a method to systematically and
efficiently induce skeletal muscle lineage cells
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with high purity (rom o large populaton ol
adherent MSCs, rather than from a rare sub-
population of myogenic stem cells contained
in the bone marrow. The induced population
clfectively differentiated into mature niyolubes
with some cells persisting as Pax7-positive
salellite cells that continued to function in host
muscle to restore degenerating muscles in the
absence of repeated transplantations. Because
our induction syslem uses a large population
ol adherent MSCs, which can be casily iso-
lated and expanded. functional skeletal muscle
cells inchuding satellite cells can be obtained
on a therapeutic scale in a short ime perjod.

Gieneral adherent MSCs were established
as deseribed |(10), Notel] After three pas-
sages, induction was initiated. The induction
procedure and corresponding phasc contrast
images taken at each step are shown (Fig, 1, A
and B). Human and rat MSCs plated at a set
cell density ([(/0), Notel] were preated with
hasic {ibroblast growth tactor (bIFGE). forskolin
(FSK: known to up-regulate intracellular cyclic
adenosine 3.5 -monophosphate), plhitelet<lerived
arowlh factor-AA (PDGEF). and neuregulin
for 3 days (cells at this stage are referred to as
C-MSCs) The C-MSCs were then transfected
with an NICTY expression plasmid by lipofec-
tion followed by G418 sclection and allowed to
recover o 100% confluency (referved to as CN-
MSCs) Although MyoD expression was de-
tected i ON-MSCs (g, 20, the frequency off
spontancous ol fusion (the fusion index) was
very low [percentage nuclei incorporated in
myotubes (/)7 was =0.1%] in both rat and
human CN-MSCs 5 days afler cells reached

100% confluency. To confirm the potential of

CN-MSCs Lo differentiate into multinucleated
myotibes. we supplied cells with either 2%
hotse serum or ITS Gnsubin-transferrin-selenite)
serum-fiee medium, both of which promote dif-
{erentiation of myoblasts to myotubes (11, 1.2)
The fusion index was - 24% at 5 days aller
administration of 2% horse serum or 12% by
ITS serunm-free medium (Iig. TA). A much
lngher production ol differemtiated myotubes was
obgerved based on the appearance of a muscle
phenotype that mainly arose from the sponta-
neows differentiation of original MSCs (73).
Becamse horse serum s not appropriate {ur
clinical usage, and ccll survival and myotube
formation were wnsatistactory in TS serum-
free medium, we searched for alternative con
ditions. We Tound that the supernatant ol the
original MSCs was also an eftective inducer
with a fusion indes of about 2000 at 5 days afier
adminstraton and plateaumg at - 40% 14 days
alier induction (Fig. 1) I the ollowing exper
ments. we used MSC supernatants for the
fusion mduction and refer 1o CNSMSCs treated
with supernatant of NSCs s N-MSCs tnusele
MSCR Rat ONCMBCS wnd M-MSCs displayaed
the same featires as human MS¢
Sone mnftinactented cells in both v and
man MENSCs evhibited spontancons contri

dertved colls
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Fig. 1. Induction of skeletal muscle lineage cells. (A) Schematic diagram of the induction process.
When human CN-MSCs reached 100% confluency, fusion induction was initiated. Fusion indexes
were estimated after 5 days in human M-MSCs, For the cytokine treatment, omission of bFGF
resulted in a major reduction of the fusion index in human M-MSCs (5 days; 0.5 + 0.1%). Singular
orission of Neuregulin, PDGF, or FSK singly resulted in fusion indexes of 1.8 + 0.6%, 2.1 t 0.4%,
and 2.5 1 0.7%, respectively. (B) Phase contrast microscopy of rat and human cells at each step
and of clonal-M-MSCs (14 days). (C) Fusion indexes of human M-MSCs upon administration of

human MSC supernatant.

Lion in vitro, Purthermore, these muliinueleated
cells expressed MyoD, myogenin (Fig. 2. A and
13). skeletal myosin (Fig. 217y, myosin heavy
cham (MHCO) (Thg. 2, AL B. and D), and troponin
(Iig. 217). exhibiting skeletal myvotube charac-
teristics (/7). The multinucleated cells appeared
postmitotic as determined by p21 imnunostaining
(Fig. 2C, arvows) and 5~lm»mn—f—(‘]C()x}lﬂ'i(liﬂ&
(Brdl))y incorporation (Fig. 213y (/2). In addi
tion to multinucleated cells and MyoD-positive
mononucleated cells, cells immunopositive for
Pax7 (Fig. 210 arrows) and c-MetR (Fig. 2F.
arrows), both markers for muscle satellite
cells (74, 15), weare detected. These data sug-
gest that M-MSCs consist ol skeletal muscle
fineage cells.

Although niost M-MSCs seemed o consist
of skeletal musele lineage cells. the possible
existence of nonmuscle elements could not be
neglected. We therefore subjected human and
rat M-MSCs (o single-cell clonal culturing
(elomal-M-MSCs) and showed that -~ 89% of
viable clones formed nwltinucleated cells at 14
days i vitro (Fig. 1B3). Our results indicated
that @ large majority of proliferation-competent
cells i M-MSCs possess myogenic polential
Clonal-M-MSCs were also shown o develop
it MHC skeletal mvosin and MyolD.
ing nultinueleated cells. Myol> posiive
mononecleated cells and Pax7-positive mono

cNpre:

nucleated colls as observed m then parental
MAMSC papulation ilig. 20 Goand Hy The
fios of MyaD- nvogenine, and Pax7 posilive
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cells to e total clonal-M-MSC cell nuniber
are shown in Fig. 21

To understand the induction cvents leading
from MSCs to M-MSCs, we investigaled the
expression of genes related (o myogenesis in
these cells by means of reverse transeription
polymerase cham reaction {RT-PCR)Y (Fig. 2.0
[ MSCs. Pax 3, Sixl, and Sixd were detected.
whereds Pax7. MyoD. and myogenin were not.
In C-MSCs. Pax3 was dovwn-regulated, whereas
Pax7 expression was detected [(10). Note 2]
which persisted in CON-MSCs and M-MSCs,
Fapression of Myob and myogemn was {ound
mn CN-MSCs and M-MSCs. These resulls were
confirmed by Western blot analyses (Fig. 2K)
My (6/MRE. a marker for mature skeletal mus-
cle (16). was detectable only in M-MSCs (g
20 Whereas expression of Six] and Sixd per-
sisted i M-MSCs. another myogenic factor,
mylS, was ool detected inoany MSC-derived
cells g, 20y This mduction process mimicked
some aspeets of conventional skeletal muscle
development in that Pax3, Pax7. Myol). Myo-
senin. aud MyIoMRI-L all of which are related
Lo musele development (77, 72, 14, o). could
e detected ina sequentinl manner. However
becawse the characleristics of MSCs ased in
this induction svstem are different from those

of the conventional myogenic progenitor celbs.
it s possible tha some of the mechanisnes
might dilfer. especiallv e the mitial step i
which NMSCs are comarted o MyoD positive
CNNISCw Por s ininal step, eviokine pre

LAk
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Fig. 2. Characterization of induced cells. (A to H) Immunocytochemical
analysis of rat M-MSCs (10 days) (A to F} and human clonal-M-MSCs
(14 days) (G and H). in (D), arrows indicate BrdU-incorporated
monanucleated cells after 2 hours’ incubation. Bars, 50 um. (1) Ratios
of Pax7-, MyaD-, and Myogenin-positive cells in rat clonal-M-MSCs, )]
RT-PCR and {K) Western blot of rat M&Cs, C-MSCs, CN-MSCs and
M-MSCs (5 days), and Rev-MSCs (5 days after fusion induction). In
RT-PCR, the positive control (Control)

is C2C12 cells, except for

Pax3, which used ES cells. Notch extracellular region (NECR; corresponding Lo endogenous Notch) and intracellular region (NICR; corresponding to

endogenous plus exogenous Notch) were detected in MSCs, suggesting th

at MSCs are endogenously expressing a small amount of Notch. After

transfection with an NICD expression plasmid (CN-MSCs), NICR was up-regulated. The down-regulation of NECR in Rev-MSCs carresponds to the

neuronal induction data in our previous report; when MSCs

(9). B-tubulin was used as a loading control.

treatment and the subsequent NICD trans-
fection are critical for MSC-derived cells to
acquire competence for myogenic induction.
Indeed, when we reversed the order of cylo-
kine treatment and NICD transfection, muscle-
lincage markers were not detected (Fig. 21
Rev-MSCs). nor were multinucleated cells ob-
served (/7). The expression profiles of Notch
and Hes genes during myogenic induction pro-
cesses and eflects of Noteh/Hes signaling in
the muscle induction system are deseribed in
(70). Note 3. Furthermore, we induced re-
cxpression of NICD in CN-MSCs and esti-
mated its effeets on myogenic dilferentiation
by analyzing the expression of MyoD and the
tusion induction [(/0), Note 3].

Bone marrow containg a small population
of niyogenic stem cells known to express c-
Kit, (D45 and (D34 (2-7). However. the
major population of MSCs is negative to these
markers [(/0), Note 1]. To exclude the pos-
sibility that the production of muscle-lineage
cells was due to the vast profiferation of myo-
genic stem cells contained in MSCs, we
isolated human MSCs negative {or ¢-Kit,
D45 and CD34 by fluorescence-activated
cell sorting (FACS) and subjected them to the
induction process (Fig. 3A). We confirmed
that jsolated cells could also be driven to
become musele-lincage cells as efficienty as
the unsorted MSCs, The dala from rat MSCs
were essentially identical to those from human
MSCs. Thus, in owr system, 1Cappears that the
major popufation of MSCs. rather than a small
fraction of bone marow derived  myvogenic

stem cells, contributes o the production of

miscle hneage eells

We nest tested the differentiation of clonal
M-MSCs i vive by tiunsplantation into and
mals Huaman clonal-M-MSCs were fabeled by

8 JULY 2005

means of o green fluorescent protein (CGIP)
encoding retrovirus and then transplanted by
local injection (L.1L) into muscles or by in-
travenous injection (1.V ) into immunosup-
pressed rats whose gastrocnemius muscles
were damaged with cardiotoxin pretreatment
(18). Two weeks after transplantation, GIP-
labeled clonal-M-MSCs incorporated into
newly formed immature myofibers, and most
of the GEP-positive myolibers exhibited cen-
trally located nuclei in both L.E- ¢(/7) and LV -
(Fig. 3, B and D) treated animals. The incor-
poration ratios of human and rat GFP-positive
cells at 2 weeks are indicated in (70). Note 4.
Four weeks after transplantation, 60 10 70% of
the GEP-positive myofibers exhibited mature
characteristics with peripheral nuelei just be-
neath the plasma membrane (Lig. 3, F 1o G,
Functional differentiation of grafied human
clonal-M-MSCs was also contirmed by the de-
tection of human dystrophin in GEP- labeled
myolibers (Fig. 4A) I both L1~ and LV..
treated animals (4 weeks after injection),
GEP-labeled human derived cells were not
detected in the host brain, heart, liver. kid-
ney. and nondamaged muscles (717), suggest-
ing that transplanted cells incorporate only
into the damaged fissues However, in the
lung, a small number of rat and human GEP-
positive cells were detected in the LY -treated
animals (4 weeks), but not in the L] treated
animals. These findings indicate that clonal-M-
MSCs are able to incorporate into damaged
muscles and contribute o regencrating myo-
fiber Formation. regavdless of the wansplan.
tation method

I addition, some of the nansplanted cells
were observed belween the plasma membrane
and Tammnpesitive: basal Tamina 1hat sur
rowmud dishnet myolbers ilig 30

Becunse
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are first transfected with NICD, endogenous expression of Notch is down-regulated

these cells expressed the satellite cell marker
Pax7 (14) (lig. 3H), they might be retained as
satellite cells and/or developed into satellite
cells in the host muscle. The ratios of trans-
planted  Pax7/GlP-positive cells within total
Pax7-positive satellite cells (transplanted and
host satellite cells) are described in (/0). Note
4.1t s believed that muscle satellite cells
contribute to regenerating myofiber Formation
upon muscle damage (/9). We examined
whether the transplanted  satellite-like cclls
were able Lo function as satellite cells in vivo.
Fowr weeks afier tramsplantation of  human
clonal-M-MSCs (LV.). cardiotoxin was read-
ministered into the same museles without ad-
ditional transplantation just afler the muscles
were biopsied. The biopsies confirmed that 60
o 70% of GFP-positive myotubes displayed
peripheral nuelel (Fig. 4A). Two weeks alter
the second cardiotoxin teatment (6 sweeks
after initial transplantation). we observed many
regenerating GEP-pogitive myolibers with cen
trally located nuclei (Fig. 4B), and 16.5 1 4.7%,
(mean b SDo o= 4y of myolibers in the
damaged arca were GEP-positive. These results
suggest that the Pax7-positive cells retained in
the host muscle function as satellite cells.
contribuling to muscle repair. This implics that.
upon transplantation of clonal-M-MSCs (0
muscles of patients. cells vetained as satellite
cells in clonal M-MSCs should be able to
continue 1o contribute to future muscle
regeneration. Similar characteristics were ob-
served with rat clonal N-MSCs (17)
Teansplantation of musele lineage colls
offers a polential therapentic approach tor the
treatnwent of mwuscle degenerative disorders
suchas Duchenne museular dystophy - We
theretore focally injected GEP abeled human

clonal M MS

Sl cavdiotoxin pretreated

v EUIENCEMaEg org
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Fig. 3. Muscle induction of FACS-sorted cells and transplantation of GFP-
labeled human clonal-M-MSCs by LV. (A) Human MSCs negative for CD34,
(D45, and c-Kit (89.9%) were isolated by FACS {R1 region; red box) {(10),
Note 5] and subjected to the induction process. Multinucleated cells were
observed at 5 days. (B to D) GFP-labeled human clonal-M-MSCs from 2 weeks
and (E to G) from 4 weeks after transplantation. (F) Higher-magnification
view of the boxed area in (E). (H) Pax7 and (I} laminin staining at 2 weeks
after transplantation. in (H), the arrowhead indicates the transplanted GFp-
labeled cell staining positive for Pax7, and the arrow shows a Pax7-positive
host satellite cell that lacks GFP. In (1), the arrows indicate GFP-positive cells
located in close contact with laminin-positive basal lamina that ensheathe

each myofiber. Bars, 100 um.

Fig. 4. Regeneration of human
clonal-M-MSC  transplanted rat

(A and B) and mdx-nude mouse

(€) gastrocnemius muscles after dw
cardiotoxin treatment. (A) Spec-  DiopsY{
imen obtained from biopsy at 4 ‘
weeks by LV. transplantation.
Human dystrophin (red} is ex-
pressed by GFP-labeled trans-
planted cells. (B} After biopsy,
cardiotoxin was administered and Gw §
2 weeks later (6 weeks after hu-
man  donal-M-MSC  transplanta-
tion), gastrocnemius muscles were
examined. Human dystrophin
could be detected in GFP-labeled
regenerating muscle fibers with
centrally located nuclei. {C) Ex- mx [
pression of human dystrophin in “nude
GFP-labeled cells in mdx-nude 2w
mouse gastrocnemius musde af-

ter 2 weeks. Bars, 100 um.

muscles of mds-nude mice. which genetically
lack dystrophin expression.  ITnumunohisto-
chenugtry revealed the ineorporation of trans
planted cells into newly formed myofibers,
which expressed human dystrophin 2 weeks
atfer transplantation (g, 3C).

Compired 1o the various stem cell systems
that have been reported (/. 20° 22y, our Ms(s
offer several important advantages. First
MSCs can casily be oblained from pationls ar
hone  marrow banks and can he expanded
elliciently n vitro, I the case of MSCs de
rived from inherited muscle dystrophy patients,
ecnctic manipulation is possible after the
wolation and expansion off MSCs Second
fransplantation. of MSC dertved colls should
encounter [ewer ethieal problems. beeaise the
wse of these colls aveids the embryome stom
m eory sl (o

cotl vomoversy and s

Maorged

ssCiencenag org

CD3ad, G045, oKt

' negative M-MSCs (5 2w iv

Laminin |

human dystrophin

bone marrow  transplantation, which is cur-
vently in wide use for patients with leukemia.
refractory anemia, cte. Third, autologous ans-
plantation of MSC-derived muscle cells or
transplantation of these cells with the same
HLA (human leukocyle antigen) subtype (rom

a healthy donor should minimize the risks of

rgjection. Because owr induction system does
not depend on a rare stem cell population. but
can use the general population of adherent
MSCs, which can be casily iselated  and
expanded, functional skeletal muscle cells can
be obtained within a reasonable time on a
therapentic scale. AU present. there are no
cllective therapeutic approaches (or muscle
dystrophy . Although the mechanizm of muscle
induciion by NMOD ntroduction vensins o be
clarificd, we behieve that our MSC differenii-
ation svstem miny condribute substantially o o
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magjor advance foward eventual cell-based
therapies {or muscle disease.
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Supporting Online Material

Materials and Methods

MSC culture, GFP labeling, FACS analysis/sorting, transfection, single-cell clonal
culture, immunostaining, BrdU-incorporation and Western blot were described
previously (I, 2). The NICD cDNA encodes a transmembrane region that includes a
small fragment of extracellular domain, followed by the entire intracellular domain of
mouse Notchl (initiating at amino acid 1703 and terminating at 3’ untranslated
sequence). This fragment was subcloned into a pCI-neo vector (Promega, WI)
containing a neomycin resistance gene, and was transfected with MSCs followed by
G418 selection as described (2). Measurement of fusion indexes were as reported(3),
and 2000 cells were counted per measurement for 5 samples. Antibodies used; MyoD,
myogenin, p21 (BD Bioscience), MHC, myf5, c-MetR (Santa Cruz), rat dystrophin,
phalloidin, troponin, sk myosin (Sigma), laminin (Chemicon), human dystrophin
(Vector) and Pax7 (University of Iowa, DSHB). RT-PCR primer sequences and
conditions for NICR, NECR, Hesl, Hes5, Hes6, Pax3, Pax7, MyoD, myogenin,
myf6/MRF4, myf5 are described elsewhere (2, 4-5). Primers for Six1: 5°-
CCGCCTGCGATCACCT-3’(forward) and 5’-TCTCTTTGCCTCCGGTTCTTA-
3’(reverse), and for Six4: 5°-ATGACTGTTGCCTGTCGTATT-3’(forward) and 5°-
CGCCTTCTTTCTGAAATCA-3’(reverse). C2C12 for positive control cells were
harvested for RT-PCR 5 days after incubation with differentiation media containing 2%
horse serum.

Administration of bFGF (10 ng/ml), FSK (5 uM), neuregulin (200 ng/ml) and PDGF

(5 ng/ml) was as described (/, 2). Supernatants from confluent rat and human MSCs
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were collected and filtered (0.22 wm). For the horse serum administration, 2% horse
serum in DMEM was used. For single-cell clonal culture, 192 clones were prepared and
subjected to the analysis.

Gastrocnemius muscles of adult Wistar rat and mdx-nude mouse were injected with
cardiotoxin as described (6). Rat and human M-MSCs were trypsinized and 10° cells
(for rat) and 10’ cells (for mdx-nude mouse) were transplanted by local injection (L.I.)
or intravenous injection (I.V.) (tail vein) under anesthesia 2 days after cardiotoxin
treatment. Immunosuppression for human cell transplantation was described previously
(2). In brief, FK506 (1 mg/kg, Fujisawa Pharmaceutical Co. Ltd., Osaka, Japan) was

injected subcutaneously every day.

Notel: The procedure for skeletal muscle lineage cell induction.

1. MSCs: Human MSCs obtained from healthy donors (informed consent obtained
according to Guidelines of the Ethics Committee of the Kyoto University Graduate
School and Faculty of Medicine) and adherent MSCs were established as described
W, 2, 7). Four human samples were used in this study.

In FACS ana]ysis, human MSCs expressed CD29 (betal-integrin), CD90 (Thy-1),
CD54 (ICAM-1), CD44 (H-CAM) and CD71 (transferrin receptor), but not CD34 (a
hematopoietic stem cell marker), CD11 (macrophages), CD45 (Leukocytes), CD117
(c-Kit), vWF (human endothelial cells) or CD3 (T cells) as shown in Fig.S1, in
consistent with previous reports (2, 7, §). Numbers in panels represent the mean

fluorescent intensity of the cells expressing each marker.

29



CD29 . CD90 CD54 CD44 CD71
[ o (=3
[ L 982% © 08y © 08.1%] . 988%| © 70.3%
~ ~ 7
[=
o ¢° 3 8 2
= g 8 8 &
g 8 g o] 2
g ] 8 8 -
w
o] g & @] ]
- e 2
=3 Fprveer x o Tgmay oAy = .oﬂ.f TS O It 2‘"“ « T T
109107 102 107 10%  10% 10" 107 10% 10* 100 107 102 10510 109 107 162 105 10° 108 10T 108 108 et
Fluorescence intensity
_ CD34 CD11 CD45 CD117 vWF CD3
Q 13 o
® 26%] % 67% & 3% ] a2%) B Tiw 2 57%
o : E : ; :
2
@) 2 & - @
T 8 o 8 8 8 3
8 e 2 g g g s
s " o o o 2
E » 3 3 19 8
g 8 o - 1 ]
g o ™ =4 o L’J
. | oy
o ) o X T i v s b,
109507102 167 10' 160107 12 16510 100 107 102 108 10¢ SO e e 10 i TR0 100 TaT 16T TeE e

Fluorescence intensity

Figure S1. FACS analysis of human MSCs

All animal experiments were approved by the Animal Care and Experimentation
Committee of Kyoto University Graduate School of Medicine. Adult rat (Wistar
strain) MSCs were isolated and cultured as described in our previous report (/). In
brief, tibias and femurs were prepared from adult male rats. The marrow was extruded
with 10 ml of alpha-MEM (Sigma, St Louis, MO) and cultured in alpha-MEM
containing 10% FBS, 2 mM L-glutamine and 100 mg/mL kanamycin, incubated at
37°C, humidity 95% and CO, 5%. After 48hrs, the nonadherent cells were removed
by replacing the medium. Adherent MSCs were subcultured and subjected to
induction.

For characterization of rat MSCs, cell surface markers were assessed using F ACS as
shown in Fig.S2. Rat MSCs were positive for CD29, CD90, CD54, CD44 and CD71,

and were negative for CD34, CD11b/c, CD45, CD117, CD31 (endothelial marker) and
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Figure S2. FACS analysis of rat MSCs.

Hematopoietic cells are generally non-adherent. Even though adherent MSCs after
passages were brought to FACS analysis, small but discrete populations of cells are
positive to hematopoietic lineage markers such as CD45, CD3 and CD11. Therefore, it
is possible that MSCs are contaminated with hematopoietic cells. We performed
immunocytochemical analysis of both human and rat MSCs. Immunopositive cells to
CD45, CD3 or CD11 were mostly small-sized adherent cells. Accordingly, it appears
unlikely that MSCs were contaminated with hematopoietic cells.

Adipogenic, chondrogenic and osteogenic differentiations of both human and rat
MSCs were confirmed according to the method described by Pittenger et al. (7).

Human and rat MSCs were passaged three times, and then plated on plastic dishes at
1,700~1,900 cells/cn?’.

2. C-MSCs: 24 hrs later, MSCs were treated with bFGF (10ng/ml; Peprotech), FSK
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(5uM; (Calbiochem,), neuregulin (200ng/ml; R&D Systems,) and PDGF (5ng/ml;
R&D Systems) in alpha-MEM (Sigma) containing 10% FBS. After 3-days incubation,
cells reached to 7,000~10,000 cells/cm?.

In addition, we analyzed the minimum concentrations of four factors, and found that
muscle lineage cells could not be induced when their concentrations were decreased to
one tenth, suggesting that cytokine concentration should at least be above the certain
level.

3. CN-MSCs: Cells were then transfected with NICD by using lipofectamine 2000 and
selected by G418 for 11 days according to the manufacturer’s protocols (Invitrogen,
Carlsbad, CA, USA) (2). The efficiency of NICD transfection was assessed by
lipofection of pNICD-IRES2-EGFP, a GFP-containing plasmid, showing that
99.0£0.8% of the cells were transfected with NICD after G418 selection. Cells were
allowed to recover to 100% confluency (approximately 20,000~40,000 cells/cm?) for
5~T days after G418 selection.

4. M-MSCs: Cells were supplied with filtered supernatant of MSC culture media. For
preparation of the supernatant, both rat and human MSCs were subcultured at 20,000
cells/cm?, and the conditioned medium sample were collected when they reached
100% confluency and then filtered. For rat cells, 100% confluent rat MSC culture
medium of 10% FBS in alpha-MEM was used for the rat MSC supernatant, and for
human cells, human MSCs cultured with 10% human serum in alpha-MEM was used.

Cells reached up to over 50,000 cells/cm®at 5 days.

Note2: Pax7 expression in C-MSCs.

As Pax7 was initially detectable in C-MSCs in RT-PCR, we analyzed its expression by
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immunocytochemistry. A small fraction of C-MSCs (approximately 4%) showed
positive immunostaining both in human and rat. However, Pax7 was undetectable in

majority of cells (Fig.S3).

Figure S3. Pax7 immunocytochemistry in rat C-MSCs. An arrow indicates a Pax7

positive cell (green). Scale bar = 50 pm.

Note3: Effects of Notch/Hes signaling in muscle induction.

It is well established that Notch signaling inhibits myogenic differentiation;
Deltal/Jaggedl inhibits MyoD expression, blocks the differentiation of myoblasts, and
prevents the formation of myotubes (9, 10). Hes 1/5, downstream effectors of Notch, are
reported unrelated to the inhibition of the myogenic pathway in C2C12 myoblasts (11),
while others report that Hes1 up-regulation results in the prevention of myogenesis (I2).

We examined the expression of Hes family members to judge whether conventional
Notch pathway was activated in our induction process (I3-17). The expression of Hes
1/5 was not significantly upregulated by NICD transfection (Fig.S4). The forced
expression of Hes 1/5 in place of NICD failed to induce skeletal muscle lineage cells,
suggesting that Hes 1/5 signaling is not involved in the muscle induction event in
MSCs. Hes 6, another Hes family member, is known to induce the myogenic
differentiation program (13). While Hes 6 was somewhat upregulated in our induction
system (Fig.S4), muscle induction by the forced expression of Hes6 in place of NICD

could barely elicit muscle lineage cells.
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Figure S4. RT-PCR of rat MSCs, C-MSCs, CN-MSCs and M-MSCs (5 days), Rev-

MSCs (reversed the order of cytokine treatment and NICD transfection; see main text)

(5 days after fusion induction) and C2C12 cells.

In our induction system, NICD transfection lead to up-regulation of MyoD while it has
been shown to inhibit myogenic differentiation in cultured muscle cells and in the
embryo (9, 10). We re-expressed NICD in rat CN-MSCs and analyzed MyoD
expression. CN-MSCs were transfected with pCI-neo-NICD by lipofection, followed by
(G418 selection as described in Materials and Method, and were brought to RT-PCR.
NICD re-expression was confirmed by the up-regulation of NICR (Notch intracellular
region) signals. The down-regulation of MyoD was recognized after re-expression of

NICD in CN-MSCs (NICD-CN-MSCs) as well as in C2C12 cells (NICD-C2C12) (Fig.

S5).
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Figure S5. RT-PCR of rat CN-MSCs and C2C12 cells after NICD transfection

After the re-expression of NICD followed by G418 selection, cells were recovered to
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100% confluency and myotube formation upon administration of differentiation
medium containing 2% horse serum was analyzed. Usually, fusion index was
approximately 20% five days after fusion induction (see, main text Fig. 1C). In contrast,
the differentiation into multinucliated myotubes was significantly suppressed by re-
expression of NICD both in rat and human CN-MSCs (less than 1%) as well as C2C12
cells. These results suggest that cellular response to NICD in MSCs is different from
that of conventional myogenic progenitor cells, but once they differentiate into
myogenic lineage cells, namely CN-MSCs, their response to NICD is similar to C2C12
cells (9, 10).

Our results showing that NICD introduction accelerates the induction of skeletal
muscle cells from MSCs are surprising from the viewpoint of conventional Notch
signaling in myogenesis. Although our results appear inconsistent with previous work,
they do not refute the known role of Notch-Hes signals in myogenesis. Rather, our
results may illuminate the distinct cellular responses to Notch signals; for example, the
repertoire of proteins, second messengers and other active factors may well be quite
different between conventional myogenic progenitor cells and MSCs. Notably, in our
previous report, we observed the induction of neuronal cells from MSCs by NICD
introduction (2). A yet unknown signaling pathway downstréam of Notch may be
involved in these events. Further studies are nevertheless needed to identify the factor
involved in this phenomenon.

Expression of NICR was very faint by RT-PCR in clonal-M-MSCs probably (Fig. S6)
due to the diluting out of the transfected NICD plasmid, suggesting that NICD activity
is required for C-MSCs to acquire myogenic potential to differentiate into muscle-

lineage cells, but not for clonal-M-MSCs to maintain their characteristics.
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Figure S6. RT-PCR of NICR in rat M-MSCs and clonal-M-MSCs.
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Note4: Incorporation of transplanted cells two weeks after transplantation.

Table S1: The ratio (%) of GFP(+) fibers in total fibers (1500 fibers with centrally

located nuclei were counted for each sample)

Sample# #1  #2 #3  #4  #5  #6  #7 #8  total (mean £ SD)
Rat L. 36.5 388 435 395 544 27.6 48.0 49.8 | 424485
Rat LV, 294 435 313 393 359 402 228 277 | 33.7+7.1
Human L.I. |45.8 29.8 468 27.7 440 428 19.8 397 | 37.1%9.9
HumanLV. | 163 199 9.2 225 231 255 355 29.0 | 22.6+79

Table S2: The ratio (%) of Pax7/GFP(+) cells in total Pax7-positive cells (100 Pax7

positive cells in the damaged area were counted for each sample)

Sample# #1  #2 #3  #4  #5 #6  #1 #8 total (mean + SD)
Rat LI 142 134 208 173 269 129 246 230 | 19.1x54
Rat LV, 64 136 94 102 56 120 49 58 | 84132
HumanLIL |20.6 125 21.0 13.6 228 183 113 180 | 17.2¢42
HumanlV, | 32 61 27 41 70 53 111 83 | 509:28

Note5:. Human MSCs negative for CD34, CD45 and c-Kit.

Cells negative for all three CD34, CD45 and c-Kit (R1 region, red box) was isolated by

FACS. Immediately after isolation, cells were resorted to confirm their negativity to

these markers (Fig. S7).
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Figure S7. FACS sorting and resorting of human MSCs by CD34, CD45 and c-Kit
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