Biol. Cell (2008) 100, 231-241 (Printed in Great Britain) doi:10.1042/BC20070102

Human multipotent adipose-derived
stem cells restore dystrophin
expression of Duchenne
skeletal-muscle cells in vitro

Natassia M. Vieira*, Vanessa Brandalise*, Eder Zucconi*, Tatiana Jazedje*, Mariane Secco*, Viviane A. Nunes*,
Bryan E. Strausst, Mariz Vainzof* and Mayana Zatz*'

*Human Genome Research Center, Biosciences Institute, University of Sdo Paulo, Rua do Matao, CEP 05508-090, n.106 Cidade
Universitaria, Sao Paulo, SP, Brazil, and tViral Vector Group, Heart Institute, InCor, University of Sao Paulo, S&o Paulo, SP, Brazil

Background information. DMD (Duchenne muscular dystrophy) is a devastating X-linked disorder characterized by
progressive muscle degeneration and weakness. The use of cell therapy for the repair of defective muscle is being
pursued as a possible treatment for DMD. Mesenchymal stem cells have the potential to differentiate and display
a myogenic phenotype in vitro. Since liposuctioned human fat is available in large quantities, it may be an ideal
source of stem cells for therapeutic applications. ASCs (adipose-derived stem cells) are able to restore dystrophin
expression in the muscles of mdx (X-linked muscular dystrophy) mice. However, the outcome when these cells
interact with human dystrophic muscle is still unknown.

Results. We show here that ASCs participate in myotube formation when cultured together with differentiating
human DMD myoblasts, resulting in the restoration of dystrophin expression. Similarly, dystrophin was induced
when ASCs were co-cultivated with DMD myotubes. Experiments with GFP (green fluorescent protein)-positive
ASCs and DAPI (4 ,6-diamidino-2-phenylindole)-stained DMD myoblasts indicated that ASCs participate in human
myogenesis through cellular fusion.

Conclusions. These results show that ASCs have the potential to interact with dystrophic muscle cells, restoring
dystrophin expression of DMD cells in vitro. The possibility of using adipose tissue as a source of stem cell therapies
for muscular diseases is extremely exciting.

Introduction
Muscular dystrophies are a clinically and genetically

fibres by activating a population of mononucleated
precursors, which otherwise remain in a quiescent

heterogeneous group of disorders characterized by
progressive degeneration and loss of skeletal muscle
(reviewed by Zatz et al.,, 2003). Adult skeletal
muscle has the potential to regenerate new muscle
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and non-proliferative state (Schultz and McCormick,
1994). However, the continuous and gradual muscle
degeneration in progressive muscular dystrophies
leads to a depletion of satellite cells and, consequently,
the capacity to restore the skeletal muscle is lost
(Laguens, 1963; Heslop et al., 2000).

DMD (Duchenne muscular dystrophy), an X-
linked lethal disorder that affects 1 in 3-4000
male births, is the most prevalent form of muscular
dystrophy (Leturcq and Kaplan, 2005). DMD is
caused by genetic mutations in the dystrophin
gene at Xp2l, resulting in the absence of this
protein in muscle. Dystrophin is a component of
the dystrophin-associated glycoprotein complex and
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links the muscle fibre cytoskeleton to the extracellu-
lar matrix (Burghes et al., 1987).

A promising approach to the treatment of DMD
is to restore dystrophin expression by repairing the
defective muscle through cell therapy. Previous stud-
ies have suggested that haematopoietic stem cells can
contribute to skeletal-muscle regeneration (Gussoni
et al.,, 1999; McKinney-Freeman et al., 2002;
Camargo et al., 2003; Corbel et al., 2003; Bachrach
et al., 2004). In normal and mdx (X-linked muscular
dystrophy) mice, BM (bone marrow)-derived stem
cells were shown to participate in skeletal-muscle
repair after induced damage (Ferrari et al., 1998;
Fukada et al., 2002; LaBarge and Blau, 2002). How-
ever, the clinical usefulness of haematopoietic cell
transplantation in muscular dystrophies, including
DMD, has been a subject of great controversy (Lak-
shmipathy and Verfaillie, 2005; Sampaolesi et al.,
2006).

An abundant and accessible source of stem cells is
adipose tissue. Several groups have demonstrated that
mesenchymal cells within the SVF (stromal-vascular
fraction) of subcutaneous adipose tissue {PLA (pro-
cessed lipoaspirate) cells} are capable of differenti-
ation along multiple lineages, including myocytes,
in the presence of lineage-specific inductive medium
(Halvorsen et al., 2001a, 2001b; Zuk et al., 2001,
2002; Erickson et al., 2002; Mizuno et al., 2002;
Safford et al., 2002, 2004; Justesen et al., 2004;
Miranville et al., 2004; Planat-Benard et al.,
2004; Rehman et al., 2004; Brzoska et al., 2005;
Seo et al., 2005; Rodriguez et al., 2000).

Recently, the ability of hASCs [human ASCs
(adipose-derived stem cells)} to differentiate into
muscle was demonstrated iz vitro (Lee and Kemp,
2006; Rogriguez et al., 2006). Iz vivo studies showed
that implantation of ASCs in mdx mice restored
dystrophin expression in the dystrophic mouse cells
(Rodriguez et al., 2005).

In the present study, we explore the concept of
using ASCs to restore dystrophin expression, but in
the context of human DMD muscle cells. We also
demonstrate that the participation of ASCs in human
myogenesis occurs through cellular fusion.

Results

Characterization of ASCs

ASCs from six unrelated donors were characterized
by flow cytometry for the expression of 12 cell sur-
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face proteins [HLA-DR (human leucocyte antigens,
MHC class 1I), HLA-ABC (human leucocyte anti-
gens, MHC class I), CD13, CD29, CD31, CD34,
CD44, CD45, CD73, CD90, CD105 and CD117}.
Cell viability was above 96% by Guava ViaCount
reagent (Guava Technologies).

At passage 4, hASCs did not express either en-
dothelial markers (CD31-PECAM]1) or haematopoi-
etic markers (CD34, CD45 and CD117-c-kit). Most
of the ASCs expressed high levels of CD13, CD44,
adhesion markers (CD29-integrin [31 and CD90-
Thy-1) and mesenchymal stem cell marker CD73
[SH3 domain (Src homology 3 domain)}. Expression
of some markers, such as CD105 (SH2), was variable
among the donors. ASCs were negative for HLA-class
II (HLA-DR), but positive for HLA-class I (HLA-
ABC) (Figure 1).

The plasticity of ASCs was assessed 3 weeks after
lineage induction. Myogenic, adipogenic, chondro-
genic and osteogenic differentiations were demon-
strated by the expressions of myogenic markers
(myosin and desmin), lipid vacuoles, mucopolysac-
charide-rich extracellular matrix and calcium depos-
its respectively (Figure 2). These results confirmed
the mesenchymal nature of the isolated cells as well
as their multipotent potential.

Spontaneous myogenic differentiation of ASCs
The undifferentiated control ASC cultures were
maintained in GM (growth medium) to preserve
their multipotent capacity (Zuk et al., 2001). Sur-
prisingly, we observed spontaneous fusion between
ASCs and the formation of myotube-like cells
(Figures 3B and 3E) in the control culture plates
from two of the donors (fresh or at passages 1 and 2).
However, differentiation was not observed in cultures
maintained in a low cell density (Figure 3A).
Immunofluorescence confirmed the expression of
myosin in the differentiated ASC culture (Figure 3D).
RT (reverse transcription)—PCR revealed the ex-
pression of MyoD, telethonin and dystrophin in
first passage/high density culture but not at first
passage/low density nor in passage 4/high density
cultures (Figure 3F). Western blot confirmed the
presence of dystrophin in the differentiated cells
(Figure 3G). Since uncultured ASCs do not show ex-
pression of these markers (Figures 3F and 3G), these
results suggest that ASCs when submitted to culture
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Figure 1| Immunophenotyping of ASCs at passage 4

Values represent the mean percentage of positively stained cells as analysed by flow cytometry. Graphs of forward scatter
against fluorescence intensity of the indicated antigen are shown.
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conditions in earlier passages and in high density
show autonomous myogenic potential and can spon-
taneously differentiate into skeletal muscle. On the
other hand, since we observed such a spontaneous
differentiation only in the initial passages and not in
later stages, even at a high cell density (Figure 3C),
we decided to use ASCs at passages 4 or later in the
co-culture experiments.

ASCs co-cultured with primary DMD myoblasts

differentiate into dystrophin-positive myotubes

To test whether the ASCs were able to interact with
DMD myoblasts and acquire a myogenic phenotype,
we co-cultured equal amounts of ASCs expressing
GFP (green fluorescent protein) along with prim-
ary, GFP-negative  DMD myoblasts previously
stained with DAPI (4',6-diamidino-2-phenylindole;
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Figure 2| Differentiation potential of ASCs at passage 4

(A) The adipogenic differentiation was detected by the formation of intracytoplasmic lipid droplets stained with Oil Red O.
Scale bar, 200 um. (A’) Undifferentiated ASCs stained with Oil Red O. Scale bar, 200 um. (B) Osteogenic differentiation was
demonstrated by calcium deposition, which was shown by von Kossa stain. Scale bar, 200 um. (B’) Undifferentiated ASCs
stained with von Kossa. Scale bar, 200 um. (C) Chondrogenic differentiation in monolayer culture was demonstrated by staining
with Toluidine Blue. Scale bar, 200 um. (C’) Undifferentiated ASCs stained with Toluidine Blue. Scale bar, 200 um. (E, F) Myogenic
differentiation was assessed by immunofluorescence. Induced cells were labelled with anti-human myosin monoclonal antibody
(E) or with anti-human; desmin monoclonal antibody (F). (E’) Undifferentiated ASCs labelled with anti-human myosin monoclonal
antibody. (F’) Undifferentiated ASCs labelled with anti-human desmin monoclonal antibody. Scale bar, 50 um.

Figure 4A). The ASCs (passage 4) were stably trans-
fected with GFP in order to distinguish them from
DMD myoblasts in the co-cultures. After establish-
ment of the mixed cultures, the cells were exposed to
FM (fusion medium) that induces myoblasts
to coalesce and form multinucleated structures. After
10 days, multinucleated myotubes were observed
with areas of GFP-positive syncytia in the result-
ing cultures (Figure 4B). Controls containing ex-
clusively GFP-positive ASCs subjected to the same
experimental conditions did not contain any multi-
nucleated structures, whereas syncytium formation
in cultures of DMD myoblasts occurred to the same
extent as in the mixed cultures.
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To evaluate whether ASCs contributed to the pool
of human myotubes by differentiation, fusion, or
both, the co-culture was kept under myogenic dif-
ferentiation conditions and visualized through dir-
ect fluorescence microscopy analysis (Figure 4C). We
concluded that ASCs participate in the generation of
human myotubes through cellular fusion, because all
GFP-positive syncytia presented at least one DAPI-
stained nucleus.

To confirm that the fluorescently labelled multi-
nucleated structures were expressing the heretofore
absent dystrophin, an immunofluorescence assay was
performed for this protein after 45 days (Figure 4D).
The specificity of this assay was corroborated by the



Stem cells restore dystrophin expression in hDMD cells

Figure 3| Spontaneous differentiation

(A) Typical morphology of ASCs at passage 1/low-density cul-
ture. Scale bar, 200 um. (B) ASCs at passage 1/high-density
culture show the characteristic pattern of muscle fibres. Scale
bar, 200 um. (C) Spontaneous differentiation was not ob-
served in passage 4/high-density culture. Scale bar, 200 pum.
(D) Expression of myosin in passage 1/high-density cul-
ture. Scale bar, 50 um. (E) Phase-contrast microscopy image
showing that at passage 1/high-density culture, ASCs fuse,
forming myotube-like structures (arrows). Scale bar, 200 um.
(F) Gene expression of skeletal-muscle markers at passage
1/high-density (P1), passage 1/low-density (P1L), passage 4
(P4) and uncultured ASCs (U) determined by RT-PCR using
-actin as a control gene. (G) Dystrophin expression con-
firmed by Western-blot analysis.

absence of staining ASCs and DMD myotubes. No
revertant fibres that spontaneously expressed dys-
trophin were found in the DMD myotube cultures.
Merging the DAPI, GFP and Dysl-specific signals
revealed that the GFP-positive myotubes, contain-
ing DAPI-stained nuclei, were expressing dystrophin

Figure 4 | ASCs co-cultured with primary DMD myoblasts
(A) DMD myoblasts stained with DAPI and GFP-positive ASCs
on the first day in culture. Scale bar, 200 um. (B) GFP-positive
fibres observed after 10 days in culture. Scale bar, 50 um.
(C) GFP-positive myotubes. Scale bar, 50 um. (D) Expres-
sion of dystrophin in myotubes containing blue DMD nuclei
by immunofluorescence. Scale bar, 50 um. (E) Merged image
confirming the fusion between the two cell types. Scale bar,
50 pum.

(Figure 4E). These results demonstrated that ASCs
can contribute to the generation of human myotubes
in the presence of differentiating myoblasts.

ASCs plated on DMD myotubes restore
dystrophin expression

In order to investigate the behaviour of ASCs in the
presence of DMD myotubes, we differentiated DAPI-
stained DMD myoblasts into myotubes and added
undifferentiated GFP-positive ASCs to the myotube
cultures. The co-cultures were maintained only with
GM to exclude the possibility of myogenic induction
by the medium.

After 1 h of co-culture, the ASCs adhered to the
DMD myotubes (Figure 5SA). GFP-positive myotubes
were found after 10 days (Figure 5B). Immunofluor-
escence showed GFP-positive myotubes containing
DAPI-stained nuclei and expressed dystrophin on
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Figure 5| ASCs plated on DMD myotubes

(A) GFP-positive ASCs adhered to the DMD myotubes after
1h. Scale bar, 50 um. (B) GFP-positive fibres observed
within 10 days in culture. Scale bar, 50 um. (C) GFP-posit-
ive myotubes. Scale bar, 50 um. (D) Expression of dystrophin
in myotubes containing blue DMD nuclei by immunofluores-
cence. Scale bar, 50 um. (E). Merged image confirming fusion
between the two cell types. Scale bar, 50 um.

day 45 (Figure 5C), which was not limited to the
proximity of the normal nuclei (Figure 5D). This ob-
servation demonstrates that ASCs are able to fuse to
DMD myotubes and restore dystrophin expression.

Dystrophin expression through RT-PCR and
Western-blot analyses

Dystrophin expression was evaluated by RT-PCR. In
order to assess whether the expression of dystrophin
was proportional to the amount of ASCs present in
the co-culture, we plated equal proportions of DMD
myoblasts and ASCs. In this co-culture assay, we
observed a greater dystrophin expression than that
found when the ratio of ASCs to plated myoblasts
was 1:3 (Figure 6A).

In addition, the co-culture of ASCs with normal
myoblasts showed a dystrophin expression similar to
that found in normal myotubes (Figure 6A). This in-
dicates that ASCs, when differentiated into muscle

© The Authors Journal compilation © 2008 Portland Press Ltd

Figure 6 | Gene expression in the co-culture experiments
Samples shown are the following: (1) co-culture of DMD my-
oblasts/GFP-positive ASCs at a ratio of 1:1. (2) Co-culture of
DMD myotubes/GFP-positive ASCs at a ratio of 1:3. (3) Co-
culture of normal myoblasts/GFP-positive ASCs at a ratio of
1:1. (4) GFP-positive ASCs. (5) DMD myotubes. (6) Normal
myotubes. (A) Dystrophin and telethonin gene expressions
determined by RT-PCR by using -actin as a control gene.
(B) Dystrophin expression confirmed by Western-blot
analysis.
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cells, can express dystrophin at the same level of dif-
ferentiated myoblasts.

To determine whether ASCs express skeletal-
muscle proteins, we analysed the expression of
telethonin, which is expressed exclusively in skeletal-
muscle fibres (Moreira et al., 2000). We observed that
the telethonin expression in the co-cultures was com-
parable with that found in normal controls or DMD
myoblasts cultures. This result indicates that these
cells can differentiate into skeletal-muscle cells (Fig-
ure GA).

Finally, we analysed the dystrophin protein levels
in the two different co-cultivation assays. As seen in
Figure 6(B), the level of dystrophin protein was quite
similar as assessed by Western-blot analysis between
the co-cultivation assays and as compared with nor-
mal myotubes. This indicates that the vast majority of
co-cultivated cells, including ASCs, were expressing
this protein.

Discussion

In response to muscle injury, muscle satellite cells are
activated to become myogenic precursor cells. These
cells divide and fuse to repair the damaged muscle.
However, the mature muscle satellite cells represent
only 1-5% of the total muscle cells and their poten-
tial for self-renewal decreases with age (Schultz and
Lipton, 1982). In DMD patients, the intense degener-
ation that occurs in muscle fibres exhaust the ability
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of satellite cells to proliferate and replace damaged
fibres (Heslop et al., 2000).

The possibility of stem cell-mediated myogenesis
is very exciting. It has been previously suggested
that hMSC (human mesenchymal stem cells) from
bone marrow and human circulating AC133™ stem
cells, when co-cultured with mouse skeletal myo-
blasts, form myotubes by fusion and commit func-
tionally in the myogenic environment (Torrente et al.,
2004; Schulze et al., 2005; Goncalves et al., 2006).
However, obtaining cells from bone marrow is a pain-
ful procedure and yields a low number of hMSC.

Zuk et al. (2001) have shown that human stem
cells derived from adipose tissue were able to
differentiate along the myogenic lineage when ex-
posed to inductive media. The cells expressed muscle-
specific proteins and fused to form multinucleated
myotubes when plated under promyogenic condi-
tions (Mizuno et al., 2002). More recently, the po-
tential of human PLA to differentiate into smooth-
muscle cells in addition to a trilineage differentiation
capacity was reported (Rodriguez et al., 2006).

It was also shown that mouse adipose tissue stem
cells were able to differentiate into skeletal muscle
and restore dystrophin expression in mdx mice (Di
Rocco et al., 2006). On the other hand, ASCs when
injected into mdx mice revealed dystrophin expression
just at the site of injection (Rodriguez et al., 2005).
The authors suggest two mechanisms to account
for the contribution of ASCs to muscle regeneration:
de novo generation of muscle-specific cells from ASCs
or modification in gene expression after direct fusion
of ASCs with host cells. The relative contribution of
transdifferentiation compared with nuclear fusion in
the long-term engraftment of ASCs into the host
muscle was not investigated by these authors.

However, to the best of our knowledge, the inter-
action between human adipose stem cells and human
skeletal-muscle cells 72 vitro has not yet been reported.
In the present study, we first co-cultured human ASCs
with human DMD myoblasts or DMD myotubes and
assessed whether dystrophin expression was restored
in vitro. We observed that ASCs were able to fuse
into myoblasts as well as myotubes and express dys-
trophin in both situations. Whether ASCs directly
fuse to DMD muscle cells or first acquire muscle
progenitor phenotype remains to be investigated.

We found that human ASCs show spontaneous
skeletal-muscle differentiation in early passages when

cultured in high cell density without any induction,
as observed for mouse ASCs (Di Rocco et al., 2006).
Therefore we decided to use ASCs in passage 4 or
later for co-culture experiments. Apparently, sequen-
tial passages favour hMSC expansion since we did not
find any spontaneous differentiation after passage 4.

Assessment of dystrophin and telethonin expres-
sion in co-cultures of DMD myoblast/ASCs as com-
pared with normal myoblast/ASCs suggests that most
of the ASCs, under the co-culture conditions used in
the present study, were involved in myotube forma-
tion.

Previous studies reported that ASCs are com-
posed of heterogeneous cell populations including
blood-derived cells, endothelial, pericytes and other
progenitors (Yoshimura et al., 2006). According to
Sampaolesi et al. (2006), transplantation of mesoan-
gioblasts, a class of vessel-associated stem cells, into
dystrophic dogs can achieve an extensive reconstit-
ution of the muscle with up to 70% of total fibres
expressing dystrophin. ASCs present similarities to
mesoangioblasts. Both types of cells show fibroblast-
like morphology, proliferate efficiently and display
a similar surface protein profile. However, while
mesoangioblasts were isolated from the outgrowth
of small, vessel-containing, tissue fragments from
muscle biopsies, which are not easily obtainable, hu-
man liposuctioned fat is available in large quantities.
If the in vivo potential of ASCs is similar to that found
with mesoangioblasts, it might be an ideal source of
stem cells for therapeutic applications.

Our in vitro results reinforce the observation that
ASCs are able to restore dystrophin expression in mdx
mice (Rodriguez et al., 2005) and support the idea
that ASCs could be an important source of muscle cell
therapy. In short, we demonstrated here that ASCs,
when co-cultured with primary DMD myoblasts, fuse
and generate dystrophin and skeletal myotubes. We
also show that ASCs plated on DMD myotubes fuse
into muscle cells and re-establish dystrophin expres-
sion. This suggests that cellular fusion of ASCs with
muscle cells takes place during the process of syn-
cytium formation.

The in vitro expression of dystrophin supports the
hypothesis that ASC cells have the potential to be
used for DMD therapy. Adipose tissue is abundant
and liposuction procedures are relatively safe. There-
fore the possibility of using adipose tissue as a source
of stem cell therapies not only for DMD but also
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for different muscular diseases is extremely exciting.
However, further iz vivo studies, which are currently
under way, will be essential for identifying the factors
determining their definitive myogenic differentiation
and ‘homing’ as well as potential clinical effects in
animal models before any therapeutic trial in DMD
patients.

Materials and methods

All experiments were approved by the research ethics committee
of the Biosciences Institute, University of Sdo Paulo. All the
present studies were performed in the Human Genome Research
Center, at the Biosciences Institute, University of Sao Paulo.

Myoblasts cell culture and differentiation

The human DMD skeletal-muscle cells were obtained from
primary cultures of muscle biopsies taken for diagnostic pur-
poses, following informed consent. Normal skeletal muscle was
obtained from healthy DMD fathers. The biopsies were processed
according to protocol 11.4 described in Freshney (2000).

The myoblasts were cultured in DMEM-HG (Dulbecco’s
modified Eagle’s medium with high glucose; Gibco) supple-
mented with 20% (v/v) FBS (fetal bovine serum; Gibco),
100 units/ml of penicillin and 100 g/ml of streptomycin
(Gibco). Cells were maintained at 37°C and 5% CO,. To differ-
entiate human myoblasts into myotubes, the cells were rinsed
twice in PBS and cultured in FM {[DMEM-HG containing 3%
(v/v) HS (horse serum; Gibco)} for 1 week.

ASC isolation and expansion

Human adipose tissue was obtained from elective liposuction
procedures. Cells were isolated using methods previously de-
scribed (Gimble and Guilak, 2003). Briefly, the unprocessed
lipoaspirate was washed extensively with equal volumes of PBS
containing antibiotics (100 units/ml of penicillin and 100 g/ml
of streptomycin) and then dissociated with 0.075% collagenase
(Sigma). Enzyme activity was neutralized with DMEM-HG con-
taining 109% FBS. The infranatant was centrifuged at 1200 g for
5 min to pellet the cells. The cells from the pellet SVF were
filtered to remove debris and seeded on to tissue culture plates
(Nunc) at 1000-3500 cells/cm? in DMEM-HG containing 10%
FBS. Cultures were washed with PBS 24-48 h after plating to
remove unattached cells and fed with fresh medium.

The cultures were maintained at 37°C with 5% CO,, in
GM (DMEM-HG containing 10% FBS). When they achieved
approx. 70% confluence, the cells were trypsinized (0.025%;
Invitrogen) and plated at a density of 5000/cm?. Cultures were
passaged repeatedly after achieving a density of 70-80% until
passage 4. The remaining cells were cryopreserved in cryopreser-
vation medium (10% DMSO, 10% DMEM-HG and 80% FBS),
frozen at —80°C in a cryo 1°C freezing container (Nalgene) and
stored in liquid nitrogen the next day.

Multilineage differentiation

Cells were analysed for their capacity to differentiate towards
adipogenic, osteogenic, chondrogenic and myogenic lineages as
described by Zuk et al. (2001).
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Adipogenic differentiation

Subconfluent cells were cultured in GM supplemented with
1 uM dexamethasone (Sigma), 500 pM IBMX (isobutylmethyl-
xanthine; Sigma), 60 UM indomethacin (Sigma) and 5 pg/ml in-
sulin (Sigma). Adipogenic differentiation was confirmed on day
21 by intracellular accumulation of lipid-rich vacuoles stainable
with Oil Red O (Sigma). For the Oil Red O stain, cells were
fixed with 4% (w/v) paraformaldehyde for 30 min, washed and
stained with a working solution of 0.16% Oil Red O for 20 min.

Chondrogenic differentiation

Subconfluent cells were cultured in chondrogenic differentiation
medium consisting of DMEM with low glucose supplemen-
ted with 100 nM dexamethasone, 50 UM ascorbic acid-2 phos-
phate (Sigma), 1 mM sodium pyruvate (Gibco), 10 ng/ml TGF-
31 (transforming growth factor-31; R&D Systems) and 1%
ITS-Premix (Becton Dickinson). Medium was changed every
3—4 days, and cells were fixed on day 21 with 4% paraform-
aldehyde. Chondrogenesis was demonstrated by staining with
Toluidine Blue.

Osteogenic differentiation

To promote osteogenic differentiation, subconfluent cells were
treated with GM supplemented with 50 uM ascorbate-2 phos-
phate, 10 mM [(-glycerophosphate (Sigma) and 0.1 uM dexa-
methasone for 21 days. Osteogenesis was demonstrated by the ac-
cumulation of mineralized calcium phosphate, which was shown
by von Kossa stain. Briefly, cells were stained with 1% silver ni-
trate (Sigma) for 45 min under UV light, followed by 3% sodium
thiosulfate (Sigma) for 5 min, and then counterstained with van
Gieson.

Myogenic differentiation

For myogenic differentiation, ASC cells passage 4 were cultured
in GM supplemented with 0.1 uM dexamethasone (Sigma),
50 UM cortisol (Sigma) and 5% HS (Gibco) for 45 days.

Flow cytometry

Early passages from six different donors (aged 19-40 years) were
evaluated for cell surface protein expression using flow cyto-
metry. The flow cytometry was performed on a Guava EasyCyte
system (Guava Technologies) using a blue laser (488 nm). Cells
were pelleted, resuspended in PBS at a concentration of 1 X
10’ cells/ml and stained with saturating concentration of anti-
bodies. Cells were incubated in the dark for 45 min at room
temperature (20°C). After incubation, cells were washed three
times with PBS and resuspended in 0.25 ml of cold PBS. Cell vi-
ability was assessed with Guava ViaCount reagent (Guava Tech-
nologies).

ASCs were incubated with the following primary anti-
bodies: HLA-DR-PE, HLA-ABC-FITC, CD13-PE, CD29-
PECy5, CD31-PE, CD34-PerCP, CD44-FITC, CD45-FITC,
CD73, CD90-PE, CD105 and CD117-PE (Becton Dickinson)
for 45 min. Unconjugated markers were reacted with anti-mouse
PE secondary antibody (Guava Technologies) for 15 min.

Flow cytometer gates were set using unstained cells. Cells
were gated by forward scatter to eliminate debris. To eliminate
the possible autofluorescence of ASCs, we removed the contribu-
tion of unstained cells in the measurement channel. A minimum
of 10000 events was counted for each analysis.
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ASCs transduction with lentivirus vector

Supernatant containing the FUGW lentiviral vector (Lois et al.,
2002) was produced as described previously (Strauss et al., 2006)
and concentrated by ultracentrifugation. Undifferentiated ASCs
at passage 2 were incubated at 37°C, in a 6-well plate (Nunc),
using a minimal volume of GM in the presence of vector particles
[20 pfu (plaque-forming units) per cell} and 8 pg/ml Polybrene
(Sigma). After 4 h, 2 ml of GM was added and the medium was
changed on the next day. At 72 h post-transduction, transgene
expression was examined by flow cytometry. Approx. 80% of
the cells were GFP-positive, and GFP expression did not decline
during culture passages. To evaluate whether GFP interfered
with the multipotent capacity of ASCs, both GFP-positive and
-negative cells at successive passages were analysed by flow cyto-
metry and multilineage differentiation.

Co-cultures

Two different types of co-culture were tested. In the first, we
mixed equal amounts of GFP-negative myoblasts stained with
DAPI and GFP-positive ASCs plated at a density of 5000 cell/
c¢m? on culture dishes in GM. After 90% confluence was reached,
the cultures were washed with PBS and fed with FM to pro-
mote myotube differentiation. Fresh medium was added every
2-3 days for 6 weeks.

In the second type of co-culture, DMD myotubes stained with
DAPI were cultured and the GFP-positive ASCs were added
to the myotube cultures at a ratio of 3:1 of plated myoblasts
and ASCs. The co-cultures were maintained in GM, and fresh
medium was added every 2—3 days for 6 weeks.

For co-culture experiments, we used DMD muscle cells from
patients with known deletions, which allowed the use of primers
containing the mutation and quantify the mRNA of the dys-
trophin gene by RT-PCR.

Co-culture control experiments were: GFP-positive ASCs
maintained undifferentiated; normal control myoblasts co-
cultured with GFP-positive ASCs; normal control myoblasts;
and DMD myoblasts. The myoblast controls were exposed to
FM as the co-culture experiments.

The visualization of ASC cell differentiation and their identi-
fication in the myoblasts co-cultures were performed with GFP
transduction since it has been shown that GFP did not influence
the multilineage potential of human ASCs (Lin et al., 2006)
although it had been reported that GFP might impair actin—
myosin interaction in muscle cells (Agbulut et al., 2006).

RNA isolation and RT-PCR

Total RN'A was harvested from cultured cells using TRIzol® (In-
vitrogen) following the manufacturer’s instructions. The RNA
was treated with DNase (Invitrogen). A total of 5 pg of total
RNA was reverse-transcribed with a SuperScript™ III First-
strand Synthesis System (Invitrogen). All amplifications were
performed in an MJ Research PTC-200 thermocycler (M]J Re-
search) for 24 cycles after the initial 2 min denaturation at 94°C.
The PCR primers are listed in Table 1. The PCR products were
analysed by electrophoresis of 5 pl aliquots in 2% agarose gel,
and the amplicons were visualized by ethidium bromide stain-

ing.

Immunofluorescence
Cells grown in a one-chamber slide (Nalgene; Nunc) were fixed
in 4% paraformaldehyde in PBS for 20 min at 4°C and per-

Table 1 | Oligonucleotide primer sequences and expected
PCR product sizes

Product
Gene Oligonucleotide primers size (bp)
Dystrophin 196
Sense 5'-ttgtcggtctectgetggtcagtg-3’
Antisense 5'-caaagccctcactcaaacatcaage-3/
MyoD 430
Sense 5’-cgatataccaggtgctctgaggg-3’
Antisense  5’-gggtgggttacggttacacctgc-3’
Telethonin 150
Sense 5’-ggctgctecctgeatga-3’
Antisense  5'-ctggtagggcagctggta-3’
B-Actin 242
Sense 5’-gtggggcgcecccaggceacca-3’
Antisense 5’-cccecctgaaccccaaggecaa-3/

meabilized in 0.05% Triton X-100 in PBS for 5 min. Non-
specific binding was blocked with 10% FBS in PBS for 1 h at
room temperature. Cells were incubated with primary antibody
overnight at 4°C and with secondary antibody for 1 h at room
temperature. The following primary antibodies were used: anti-
desmin (1:100; Sigma), anti-myosin, skeletal (1:100; Sigma),
NCL-Dys1 (1:20; Novocastra), NCL-Dys2 (1:20; Novocastra)
combined with a rabbit anti-mouse IgG secondary antibody,
Cy3-conjugated (1:100; Chemicon). The fluorescence signal was
examined in Axiovert 200 (Carl Zeiss) and in an ApoTome ima-
ging system (Carl Zeiss).

Western-blot analysis

Cells were harvested from culture samples and proteins were ex-
tracted by treatment with a buffer containing 10 mM Tris/HCI
(pH 8.0), 150 mM NaCl, 5 mM EDTA, 1% Triton X-100 and
60 mM octyl glucoside. Samples were centrifuged at 13000 g
for 10 min to remove insoluble debris. Soluble proteins were
resolved by SDS/PAGE (6 or 13% gel) and transferred on
to nitrocellulose membranes (Hybond; Amersham). All mem-
branes were stained with Ponceau (Sigma) to confirm equal
loading and transfer of protein. Blots were blocked for 1 h in
TBST (Tris-buffered saline+Tween) containing 5% (w/v) non-
fat dried skimmed milk powder and reacted overnight with the
following primary antibodies against dystrophin: NCL-Dysl
(1:100; Novocastra), NCL-Dys2 (1:25; Novocastra) and anti-
f3-actin (1:10000; Sigma) kindly provided by Dr Patricia Gama
(Instituto Ciéncias Biomédicas, Sao Paulo, SP, Brazil). Blots were
incubated for 1 h at room temperature with secondary antibodies
and immunoreactive bands were detected with an ECL® chemi-
luminescence detection system (GE Healthcare).
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