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Abstract
Stem cells hold a great potential for the regeneration of damaged
tissues in cardiovascular or musculoskeletal diseases. Unfortu-
nately, problems such as limited availability, control of cell fate,
and allograft rejection need to be addressed before therapeutic
applications may become feasible. Generation of multipotent
progenitors from adult differentiated cells could be a very
attractive alternative to the limited in vitro self-renewal of several
types of stem cells. In this direction, a recently synthesized
unnatural purine, named reversine, has been proposed to induce
reversion of adult cells to a multipotent state, which could be
then converted into other cell types under appropriate stimuli.
Our study suggests that reversine treatment transforms primary
murine and human dermal fibroblasts into myogenic-competent
cells both in vitro and in vivo. Moreover, this is the first study to
demonstrate that plasticity changes arise in primary mouse and
human cells following reversine exposure.
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Introduction

Stem cells1,2 attract an ever-increasing interest for their
potential therapeutic use for many diseases, such as type I
diabetes, muscular dystrophies, cancer, neurodegenerative,
and cardiovascular disorders.3–5 In contrast with embryonic
stem cells (ESCs), that nonetheless raise ethic controversy,
themajority of human adult stem cells are difficult to expand in
culture to the scale required for possible therapeutic applica-
tions without loss of pluripotency. In the past few years,
several types of adult stem cells have been isolated from
different sources and tested for their capability of rescuing the
phenotype of several diseases, including muscular dystrophy.
Among these, bone marrow-derived multipotent adult pro-
genitors,6 vessel-associated mesoangioblasts,7 and side
population (SP) bone marrow-isolated stem cells8 could be
differentiated into myocytes both in vitro and in vivo with
moderate efficiency. Unfortunately, some adult stem cells,
such as hematopoietic stem cells, have a limited self-renewal
ex vivo,9 whereas others, such as neural stem cells, are
isolated with difficulty from human tissues. Moreover, cell
rejection in heterologous cell therapy has been shown as a
primary issue to be solved before stem cell therapy may
become feasible. In this context, the possibility of re-
programming readily available adult cells into multipotent
progenitors10 appears a promising alternative, although
technically challenging. Within this scenario, Ding and co-
workers, after some preliminary attempts by Schultz
group,11,12 have recently synthesized13 an unnatural 2,6-
disubstituted purine, named reversine, that has been specu-
lated to induce mouse myogenic cells C2C12 to regress to
multipotent progenitor cells, able to differentiate into osteo-
blasts and adipocytes under proper stimulation. The potential
for applications of these challenging results faces the
limitation that C2C12 are an immortal, aneuploid, and
tumorigenic cell line. Moreover, C2C12 cells have been
shown to spontaneously differentiate into osteoblasts14 and
adipocytes15 upon proper hormonal stimulation.16 Prompted
by the possible new therapeutic perspective generated by
these results, we decided to test reversine on readily
accessible primary cells, that is, dermal fibroblasts. These
cells are easily expandable in vitro and maintain normal
phenotype and, more importantly, genetic stability. This
model, if workable, would appear to be more robust and
offers higher predictive ability towards in vivo counterparts
and their response to compound effects.
Our study was initially directed to evaluate the effect of

different doses of reversine on fibroblasts proliferation and
expression of their tissue-specific markers. In a successive
approach, we cocultured reversine-treated fibroblasts with
myogenic C2C12 cells, as a stimulus for differentiation, and
evaluated their ability to differentiate into skeletal muscle
cells. Then, we analyzed the ability of reversine-treated
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murine fibroblasts to differentiate in vivo after cell transplanta-
tion in mice tibialis anterior (TA) muscle, 24 h after a single
injection of cardiotoxin that induces muscle regeneration.17

Results

Effect of reversine on primary fibroblasts

Dermal fibroblasts, isolated from transgenic mice expressing
green fluorescent protein (GFP), were grown for 4 days in the
presence of 5 mM reversine in growth medium as reported by
Ding’s group for C2C12 cells.13 This concentration appeared
to be optimal in the range studied (0.1–10 mM). Control cells
were treated with the same volume of dimethylsulfoxide
(DMSO) in which reversine was dissolved. After 4 days of
reversine treatment, fibroblasts acquired a drastically different
morphology (Figure 1b) compared to control cells (Figure 1a),
appearing considerably larger in size (up to nine times
compared to control cells), flatter, less contrasted, and more
adhesive to the culture plate. Unexpectedly, GFP appeared to
be localized in the peri-nuclear area (Figure 1b). After minor
cell loss during the first day of reversine treatment (30%), no
significant cell death was observed, although growth inhibition
was noticed, as confirmed by cell count (Figure 2a), XTT
(tetrazolium salt) test18 (58%proliferation reduction compared
to control cells, data not shown) decrease of cyclin B
expression, observed by reverse transcriptase-polymerase
chain reaction (RT-PCR) analysis (Figure 2b). Moreover, cell
cycle analysis by flow cytofluorimetry indicated the formation
of a tetraploid cell population already after 3 h of treatment,
reaching about 90% at the end of the treatment (Figure 2c).
Treated fibroblasts shifted from a diploid/mononuclear (2n) to
a tetraploid/binuclear (2� 2n) population, possibly through an
aborted cytokinesis (Figure 2d), as previously observed by
Schultz’s group with reversine analogs,19,20 and as it occurs in
normal rat hepatocytes.21 Nevertheless, no significant cell
death was observed, even beyond 8–10 days of treatment,
showing that reversine treatment does not cause irreversible
damage to cells. No significant changes in the mRNA levels of

cyclins A, D, andE, nor of p16, p21, and p27 could be detected
by RT-PCR in both control and reversine-treated fibroblasts
(data not shown). To assess whether reversine treatment
alters the plasticity of fibroblasts, we evaluated the expression
of fibroblast-specific marker HSP47.22 Reversine treatment
caused a decrease of HSP47, which almost disappeared after
8 days (Figure 2b). Interestingly, upon reversine removal,
fibroblasts gradually returned to their original phenotype and
proliferation rate after 3 weeks in normal culture medium
(Figure 2a), and both cyclin B and HSP47 mRNAs were
restored (Figure 2b).
Despite evidence of alteration of differentiation status, that

is, loss of HSP47 transcripts and altered phenotype, stem cell
markers were not detected following exposure to reversine.
Hematopoietic stem cell markers such as CD3423 and
CD45,24 satellite cell markers such as PAX3 and PAX7,25 or
mesenchymal markers such as CD7326 and CD10526 could
not be detected by RT-PCR in treated cells (data not shown).

Figure 1 Effects of reversine on dermal fibroblasts. Phase-contrast and
fluorescence microphotographs of GFP fibroblasts after (a) 4-day treatment with
DMSO (control). (b) 4-day treatment with 5 mM reversine

Figure 2 Effects of reversine treatment on murine fibroblast. (a) Cell count was
plotted versus days of culture. Control fibroblasts (treated with DMSO) and 5 mM
reversine-treated fibroblasts proliferation curves are shown, as well as 4-day-
treated fibroblasts, after reversine removal from growth medium on day 4 of
culture. (b) RT-PCR analysis of cyclin B and HSP47 expression from total mRNA
extracted from control (C) and reversine-treated (R) GFP fibroblasts, normalized
to b-actin levels. (c) Effects of reversine treatment on fibroblasts cell cycle. Flow
cytometry analysis performed after 72 h of DMSO (C) or 5mM reversine (R)
treatment. After reversine treatment for 72 h, the tetraploid/diploid population
ratio is 80 : 20. (d) Phase-contrast microphotographs of binucleated fibroblast
after reversine treatment
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Coculture experiments with C2C12 cells

Initial attempts to induce myogenic differentiation of primary
fibroblasts by serum starvation were unsuccessful (data not
shown). Moreover, treatment of fibroblasts with a known
epigenetic modulator of plasticity 5-aza-C27–29 (5–30 mM)
after 4-day reversine treatment or simultaneously with
reversine did not induce myogenesis (data not shown).
However, when reversine-treated fibroblasts were cocultured
with murine C2C12 myoblasts in differentiation medium for
8 days, they differentiated into multinucleated myotubes
expressing both GFP and myosin heavy chain (MHC)
(Figure 3b) with remarkably high efficiency. In fact, starting
from an initial ratio of 5 : 1 between C2C12 and treated
fibroblasts, we observed the formation of about 35% GFP-
positive myotubes (Figure 3b). Under the same coculture
conditions, but with untreated fibroblasts, we observed the
formation of 0.5–2% GFP-positive myotubes (Figure 3a).
Moreover, reversine-treated GFP fibroblasts started to
express both MHC and MyoD before fusing with C2C12 into
myotubes (Figure 3c–d). To exclude that reversine-treated
fibroblasts die after removal of reversine and release GFP
which is then taken up by C2C12 cells, we added an
homogenate of reversine-treated GFP-murine fibroblasts to
differentiating C2C12. As we anticipated, at the end of the
differentiation process, we did not observe any GFP-positive
myotube (data not shown). Finally, we verified that the
phenomenon also occurs at clonal level by subjecting both

murine and human fibroblasts at cloning by limiting dilution. In
all clones tested, we obtained similar results to those
described above (Figure 4a).

Reversine-treated fibroblasts undergo myogenic
differentiation independently of cell fusion with
myoblasts

To test whether human fibroblasts would also be susceptible
to the effect of reversine, we treated them with 5mM reversine
and observed analogous morphology changes to the ones
seen with murine fibroblasts (Figure 5a–b). Then, we
cocultured reversine-treated human fibroblasts with C2C12
cells. Skeletal muscle differentiation in treated human
fibroblasts was revealed by double immunofluorescence with
antibodies that recognize MHC and human lamin A/C and by
RT-PCR with human-specific oligonucleotides that amplify
myogenic gene products. Figure 5d shows two human nuclei
(white arrows) incorporated in murine myotubes (from C2C12
cells) expressing sarcomeric myosin in the cytoplasm. Over-
all, we observed the incorporation of human nuclei inside
myotubes with a frequency of 25%. Similar results were
observed at clonal level (Figure 4b). RT-PCR analysis,
performed with human-specific primers, clearly showed the
appearance of the human muscle determination gene MyoD
in these cocultures (Figure 5c). To discriminate between cell
fusion and myotube-induced myogenic determination, we

Figure 3 Cocultures of C2C12 and reversine-treated GFP-positive fibroblasts. Immunofluorescence analysis of differentiated C2C12 cocultured with reversine treated
(b) and untreated (a) GFP-positive fibroblasts. Double staining with antibody against GFP (green) or MHC (red); nuclei were stained blue with DAPI dye. The merged
images (third panels) showed the codifferentiation only in reversine-treated fibroblast cocultures. Arrows show double staining of reversine-treated murine fibroblasts
with GFP (green) and MHC (red, c) or MyoD (red, d) antibodies before cells fuse into myotubes with C2C12. Bar¼ 50 mm
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performed a transwell assay with reversine-treated human
fibroblasts and differentiating C2C12 cells. Figure 5e shows
that untreated human fibroblasts do not undergo myogenesis
(Figure 5e0 and e00) when exposed to the medium derived from
differentiated C2C12 myotubes (Figure 5e000) cultured in the
upper chamber. In contrast, reversine-treated human fibro-
blasts underwent frequent muscle differentiation (35% of total
cells in the lower chamber) as revealed by double staining with
antibodies against human lamin and MHCs (Figure 5f0 and f00)
when exposed to medium derived from C2C12 myotubes
(Figure 5f000) cultured in the upper chamber. Moreover,
reversine did not induce cell fusion per se, as human and
mouse fibroblasts did not form hybrid cells in coculture, as
revealed by mutual exclusion of human lamin and GFP
(Figure 5g).

Reversine-treated fibroblasts plasticity:
differentiation to osteoblasts and smooth muscle
cells

To test the extent of plasticity of reversine-treated fibroblasts,
we induced their differentiation to other cell types. After a

4-day reversine treatment, fibroblasts were cultured in
osteogenic medium containing 0.1 mM dexamethasone,
50 mg/ml ascorbate-2-phosphate, and 10mM b-glyceropho-
sphate. After 7 days, alkaline phosphatase (ALP) staining
revealed the presence of osteoblasts (purple) in the reversine-
treated fibroblasts culture (about 45% stained positive,
Figure 6c), whereas untreated fibroblasts were negative to
ALP staining (Figure 6a). Moreover, when reversine-treated
fibroblasts were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) containing 1% fetal bovine serum (FBS)
and transforming growth factor-beta 1 (10 ng/ml) for 5 days,
cells differentiated into smooth muscle cells (about 20% of
treated cells, Figure 6c), as revealed by immunofluorescence
with smooth muscle a-actin (a-SMA) antibody (Figure 6b).

In vivo muscle regeneration

The in vivo myogenic ability of reversine-treated murine
fibroblasts was tested by direct injection into cardiotoxin-
injured TA muscle of wild-type syngeneic mice. Four weeks
after fibroblast injection, control and treated animals were
killed and immunofluorescence analysis of TA muscle
sections was performed. Remarkably, GFP-positive myo-
fibers were observed in all sections of muscles injected with
reversine-treated fibroblasts, at a frequency ranging from 5 to
12% at the injection side (Figure 7b, c and e). Interestingly,
GFP accumulated in the center of the fiber, similar to its
localization in treated fibroblasts in vitro; the basis of this
phenomenon remains to be investigated. On the contrary, no
GFP-positive fibers were observed in the contralateral leg first
treated with cardiotoxin and then with control fibroblasts
(Figure 7a). GFP- and MHC- positive fibers are shown in
Figure 7e; a higher magnification of regenerating, GFP-
positive, centrally nucleated fibers are shown in Figure 7c.
Reversine-treated fibroblasts did not cause any apparent
adverse effect in vivo. Moreover, GFP-positive, untreated
fibroblasts were exclusively located in the interstitium of
muscle fibers and did not contribute to muscle fiber formation
(Figure 7a).

Discussion

Ding and Schultz10 pioneered studies aimed at designing and
developing a series of synthetic molecules capable of
selectively controlling stem cell fate. Very recently, a synthetic
2,6-disubstituted purine, which they named reversine, was
identified from a pool of several thousand molecules of a
combinatorial library, and proposed to induce de-differentia-
tion in mouse muscle cells.13 Stimulated by the new
perspective generated by this discovery, we tested reversine
on an accessible and easily expandable primary cell culture,
such as dermal fibroblasts. This approach offers a robust
source of cells that could be induced to differentiate into
myotubes by coculture with C2C12 myoblasts in differentia-
tion medium. Additionally, this is the first study to evaluate
reversine-mediated plasticity changes in primary cells, which
confers further support to a potential therapeutic application.
Despite the fact that reversine exerts effects on C2C12
myoblasts, this is an immortalized line established in vitro, and

Figure 4 Cocultures of C2C12 and reversine-treated clones of murine (a) or
human (b) fibroblasts. The percentage of GFP-positive myotubes for murine
fibroblast clones (a) or the incorporation of human nuclei (b) is reported in
histograms
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Figure 5 C2C12 have been cocultured with reversine-treated (b) and untreated (a) human fibroblasts; double immunofluorescence with antibody against human-
specific lamin A/C (d00, green) or MHC (d0, red); merge is shown in d000. Nuclei were stained blue with DAPI dye; arrows show human nuclei incorporated in murine
myotubes. RT-PCR analysis has been performed with human-specific oligos, Myf5, MyoD and non-species-specific GAPDH (c): M, marker; RF, reversine-treated human
fibroblasts; C, human fibroblasts-C2C12 cocultures; RC, reversine-treated human fibroblasts-C2C12 cocultures; þ , human myoblasts as positive controls; �, �RT of
human myoblasts as negative control. (e–f) Transwell culture assay of reversine-treated (f) and untreated (e) human fibroblasts and differentiating C2C12. All nuclei are
stained with both DAPI (blue, e0 and f0) and human-specific lamin A/C (green, e00 and f00) and human MHC (red, f0,f00). Enlargements (20� ) of MHC-positive reversine
treated human fibroblasts are shown in inserts in f0 and f00. Differentiating C2C12 present in the lower wells of the transwell system are shown in e000 and f000 panels and
stained with both DAPI (blue) and MHC (red). (g) Coculture of murine and human fibroblasts treated for 4 days with 5 mM reversine. All nuclei are stained with both DAPI
(blue) and human-specific lamin A/C, green (g0). GFP-labeled murine fibroblasts (g00, red) do not fuse with human fibroblasts (human specific lamin A/C, green). Merge
reveals no fusion between human and murine fibroblasts (g000)
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therefore its response may not be faithfully predictive of the in
vitro and in vivo response of a primary cell.30

Reversine treatment of primary cultures of dermal fibro-
blasts caused a dramatic change in both cell morphology and
proliferation. Cells not only enlarged in their size up to nine
times compared to control cells (Figure 1a–b), but they also
increased their adhesion to the culture plate, as noted during
trypsin detachment. The fibroblast marker HSP47 progres-
sively disappeared after treatment, supporting a possible
reversine-induced change in lineage commitment (Figure 2b).
However, expression of specific stem cell markers was not
observed in treated cells. Moreover, reversine treatment
reduced cell proliferation and led to the formation of a
tetraploid cell population (Figure 2c–d), which reverted to
normal ploidy upon drug withdrawal (Figure 2a). Along this
line, Schultz’s group already reported that some 2,6,9-
trisubstituited purines, analogs to reversine, are strong
cyclin-dependent kinase inhibitors and lead to the formation
of cells with two distinct nucleated microtubule arrays.20 The
biological significance of this effect on the cell cycle, observed
even at the lowest active concentrations of reversine, is still
unclear. Nevertheless, polyploidy is a normal developmental
process that occurs in several cellular systems including
plants, insects, andmammals, as in skeletal muscle fibers and
megakaryocytes, and is often beneficial to the cell, as it allows
an increase in metabolic output, cell mass, and cell size,
without the need to devote energy to carry on all aspects of
cellular division.31 As a result of the treatment, we observed
that reversine-treated fibroblasts remain in a quiescent state
until properly triggered. In fact, we could induce myogenic
differentiation of treated fibroblasts by coculture with C2C12 in
a differentiation medium. Strikingly, reversine-treated fibro-
blasts differentiated very efficiently into myotubes after 7–8
days of coculture (Figure 3b). This remarkable and unex-
pected fate change was at least one order of magnitude
greater than that observed in all previous reported data
even in comparison with different types of ‘bona fide’ stem

cells.32–34 Moreover, during coculturing, reversine-treated
fibroblasts expressed striated muscle-specific genes such as
those encoding MHC and MyoD, before fusion into multi-
nucleated myotubes (Figure 3c–d). Thus myogenesis can be
influenced in primary mononucleated fibroblasts by signals
emanating from neighboring cells. As a consequence of the
acquired myogenic phenotype, fusion with C2C12 cells
occurs. Moreover, transwell culture assays of reversine-
treated human fibroblasts and differentiating C2C12 caused
myogenic differentiation of fibroblasts (Figure 5f). This result
was unexpected as previous attempts to induce differentiation
of mouse fibroblasts with medium conditioned by myotubes
had proven to be ineffective. This may be due to the short half-
life of the active molecules; furthermore, the transwell
experiment induced myogenic differentiation in both mouse
and human fibroblasts, although the latter were far more
responsive than mouse cells. Although the basis of this
difference is still unclear, it is promising for future clinical
exploitation.
When we cocultured human and murine fibroblasts in the

presence of reversine, we did not observe any cell fusion
(Figure 5g), further supporting the notion that reversine is not
a fusogenic molecule. Importantly, the stimulation of myo-
genic differentiation of fibroblasts also occurred in vivo, in a
cardiotoxin model of skeletal muscle regeneration, indicating
that the effect on cellular plasticity is not limited to the tissue
culture environment (Figure 7). In fact, 4 weeks after injection
of reversine-treated fibroblasts in injured TA muscle, GFP-
and MHC-positive fibers were observed in all sections
analyzed (Figure 7b, c, and e). On the other hand, no GFP-
positive fibers were observed in the contralateral leg treated
with normal fibroblasts (Figure 7a), which demonstrates that
only reversine-treated fibroblasts acquire the capability of
regenerating muscle fibers. Our in vivo experiments showed
no noticeable toxicity of reversine-treated fibroblasts (up to
5 mM), although we cannot exclude toxicity at higher concen-
trations. Furthermore, we observed similar results with

Figure 6 Differentiation of reversine-treated (left panels) and untreated (right panels) fibroblasts to osteoblasts and smooth muscle cells. (a) ALP staining (purple) of
day 7 osteogenic differentiation culture; bar¼ 100mm (b) immunofluorescence analysis of 5 days culture to induce smooth alpha actin (green). Nuclei are stained with
DAPI (blue). The percentage of differentiation are reported in the histograms in (c)
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reversine-treated human dermal fibroblasts, showing that
reversine effects are not restricted to rodent cells and may
indeed have a potential clinical application.
In conclusion, our data show that primary murine and

human fibroblasts treated with reversine can be induced to
differentiate into skeletal muscle at high frequency both in vitro
and in vivo. It had been previously shown that fibroblasts from
different sources have the ability to differentiate into skeletal
muscle, but with a very low frequency, below that of possible
therapeutic efficacy. Indeed, even SP cells and mesenchymal
stem cells differentiate into skeletal muscle at frequency that
are below 1%. Moreover, although some recent negative
results have been recently reported using reversine-treated
C2C12,35 we confirmed and extended previous findings,13

showing that a substantial fraction of treated fibroblasts could
be converted into osteoblasts and smooth muscle cells under
appropriate conditions. The mechanism by which reversine
exerts its effects on fibroblasts is still unknown. Reversine
itself does not activate MyoD or Myf5 in fibroblasts and in fact
spontaneousmyogenic differentiation of treated cells does not
occur. Therefore, we can only speculate that reversine
reprograms somatic cells to a state of increased plasticity so
that further stimuli, such as cell–cell interactions may activate
differentiation at high frequency. Further work is necessary to
elucidate the mechanism of action of this molecule and to
further exploit its potential for cell therapy approaches. In
addition, genes subject to reversine treatment in fibroblasts
may be identified and become an important tool to activate

Figure 7 Intramuscular injection of reversine-treated fibroblasts in a crushed-induced regeneration model. Immunofluorescence analysis of TA of C57 mice
transplanted with reversine-treated (b, c, and e) and untreated (a) GFP-positive fibroblasts. Staining with antibodies against laminin (red) in (a, b, and c), or GFP (green)
in (a, b, c, and e), or MHC (red) in (e); sections were also stained with DAPI (blue). In (b), the GFP signal is clearly detected inside the fibers and delimited by the laminin
membrane signal. (c) High magnification of central nucleated fibers expressing GFP. In (d), percentage of GFP-positive and MHC-positive fibers per section analyzed. In
(e), arrows show three MHC-positive fibers expressing GFP and the arrowhead shows undifferentiated cells; bar¼ 100mm

Reversine increases fibroblasts plasticity
L Anastasia et al

2048

Cell Death and Differentiation



myogenic competence in these cells, independently of
exposure to the molecule itself. The reversible changes on
fibroblast-specific transcripts and morphology are similar to
those reported following treatment with epigenetic modulators
of plasticity, such as 5-aza-C and trichostatin-A.27–29 Epige-
netic mechanisms exert a prominent role during differentiation
and cell fate decisions.36 However, we observed that
exposure to 5-aza-C along with reversine failed to enhance
reversine-related plasticity changes. Therefore, whether
reversine effects involve epigenetic changes, as demon-
strated in other critical cellular reprogramming events,37 is a
topic deserving a deeper and more accurate investigation.

Materials and Methods

Cell culture

Primary mouse dermal fibroblasts expressing GFP were obtained from
transgenic mice. Primary human dermal fibroblasts were prepared from a
pool of healthy donors. Murine fibroblasts, human fibroblasts, and the
mouse myogenic cell line C2C12 in growth were maintained in DMEM high
glucose supplemented with 4 mM glutamine, 100 IU/ml penicillin, 100 mg/
ml streptomycin, and 10% (v/v) FBS. C2C12 were induced to differentiate
into myotubes by replacing 10% FBS with 2% horse serum (HS) in the
culture medium. Differentiation was completed in 7–8 days. All cultures
were performed at 371C in a humidified incubator with 5% CO2 and 95%
air.

Treatment of fibroblasts with reversine

Reversine was prepared according to the published procedure13 and
purity (X98%) was checked by HPLC and LC–MS analysis. Mouse or
human fibroblasts (8� 104) were plated in 60 mm dishes in DMEM
supplemented with 10% FBS. Fibroblasts were treated with reversine,
dissolved in DMSO, at concentrations 0.1–10 mM in 10% FBS DMEM, 18–
24 h after seeding. Control cells were incubated with 0.05% DMSO.
Treatment was carried out for 4 days without growth medium changes. In
some experiments, fibroblasts were treated with reversine or DMSO for 4
days and then shifted to DMEM containing 10–20% (v/v) FBS and grown
for 25 days. Cell morphology and proliferation were evaluated with phase-
contrast microscope and cells were counted on a hemocytometer.

Cell morphology and growth curve

Mouse fibroblasts (8� 104) were plated in 60 mm dishes and treated with
reversine or DMSO. Cell morphology was examined daily with a phase-
contrast microscope (IX50 Olympus) connected with an image analyzer.
At each passage, cells were counted on a hemocytometer. Cell viability
was determined by trypan blue dye exclusion assay.

Cytotoxicity assay

Four days after incubation with reversine or DMSO, cytotoxicity was
measured using in vitro toxicology assay kit, XTT based,18 (Sigma)
according to the manufacturer’s protocol. Incubation medium was
collected after 3 h and read spectrophotometrically at a wavelength of
450 nm.

Flow cytofluorimetry

Control and treated cells were harvested and fixed in 70% ethanol and
kept at 41C before staining. Fixed cells were resuspended in 1 ml of a
solution containing 5 mg/ml propidium iodide (Sigma) in phosphate-
buffered saline (PBS) (Gibco Brl), 25ml RNAse (Sigma) 1 mg/ml, 25ml of
Nonidet P40 (Sigma) 0.15% in water, and stained overnight at 41C in the
dark. Cell analysis was performed on at least 20.000 events for each
sample by FACSCalibur System (BD) and DNA profile was analyzed by
MODFit 3.0 (Verity Software House).

Gene expression

Total RNA from control or treated fibroblast were extracted (Trizol,38

Invitrogen) and analyzed by RT-PCR, using b-actin as internal standard
(see Table 1 for primer sequences).

Fibroblast coculture with C2C12 and myogenic
conversion

Murine or human fibroblasts (4� 104 cells/60 mm dish) were cultured in
the presence of 5 mM reversine or DMSO for 4 days, then cells were
washed twice with PBS and twice with DMEM containing 10% FBS.
C2C12 myoblasts (2� 105 cells/60 mm dish) were then added to
fibroblasts-containing plates. The following day cocultures were shifted in
DMEM supplemented with 2% HS. Differentiation was carried out for 8

Table 1 Primers used for gene expression

Gene Left primer Right primer

b-actin 50-GCTCGTCGTCGACAACGGCTC-30 50-CAAACATGATCTGGGTCATCTTCTC-30

HSP47 50-CCTGAGGTCACCAAGGATGT-30 50-CTGCAGCTTCTCCTTCTCGT-30

Cyclin A 50-GATCTGACCGTTCCAACCAC-30 50-CAGCAACCAAGGAAGGAAGA-30

Cyclin B 50-GTTGTGTGCCCAAGAAGATG-30 50-CTACGGAGGAAGTGCAGAGG-30

Cyclin D1 50-TTGACTGCCGAGAAGTTGTG-30 50-CTGGCATTTTGGAGAGGAAG-30

Cyclin E1 50-TGGCTGCTTCAGATTTCCTT-30 50-GTGTGGGTCTGGATGTTGTG-30

p16 50-ACTGCGAGGACCCCACTAC-30 50-CAGCGGTACACAAAGACCAC-30

p21 50-GACCTGGGAGGGGACAAG-30 50-TGCGCTTGGAGTGATAGAAA-30

p27 50-ATTGGGTCTCAGGCAAACTC-30 50-TCTGTTCTGTTGGCCCTTTT-30

CD34 50-GGGTAGCTCTCTGCCTGATG-30 50-TCTCTGAGATGGCTGGTGTG-30

CD45 50-CTGAAGACCCTCACCTGCTC-30 50-CACTTGCACCATCAGACACC-30

CD73 50-TCCCCCATTGATGAGAAGAA-30 50-TCGACACTTGGTGCAGAGAA-30

CD105 50-CTTCCAAGGACAGCCAAGAG-30 50-AGGACCATGCAGGATGAGAA-30

Pax3 50-GGAAGCAGAAGAAAGCGAGA-30 50-GCTCCTCCCTGGTGTAAATG-30

Pax7 50-GGTCCCCAGGATGATGAGA-30 50-TTGATGAAGACCCCACCAAG-30
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days. Cells were then fixed with 4% (w/v) paraformaldehyde at room
temperature (RT) for 10 min and then permeabilized with 0.1% (w/v) Triton
X-100 in PBS for 5 min. Cells were incubated overnight at 41C with the
following primary antibodies: anti-GFP polyclonal antibody (Molecular
Probes) at 1 : 200 dilution, anti-MHC (MF20) monoclonal antibody at 1 : 5
dilution, anti-human specific lamin A/C monoclonal antibody (GeneTex) at
1 : 100 dilution. After incubation, cells were washed three times in PBS and
incubated with the appropriate FITC- or TRIC-conjugated secondary
antibodies 1 h at RT. After washing in PBS, cells were analyzed under a
fluorescent microscope (Nikon Eclipse TE 200 microscope equipped with
a d�m 1200 Nikon camera). For the coculture experiments of murine
fibroblasts with C2C12 cells, the percentages reported of GFP myotubes
were calculated by counting the number of GFP-positive myotubes
compared to the total myotubes per field. In the case of cocultures with
human fibroblasts, we counted the ratio of human nuclei inside or outside
the myotubes. The numbers reported are the average of 10 random fields
for each experiment. Cell nuclei were counterstained with 40,6-diamidino-
2-phenyindole (DAPI, Sigma). Cocultures of human fibroblasts with
C2C12 were also analyzed by RT-PCR with human-specific oligos for
Myf5 and MyoD using non-species specific GAPDH as internal standard.

Transwell culture assay with reversine-treated
fibroblasts and C2C12 cells

The fibroblast/C2C12 cell transwell culture studies were conducted
similarly to the coculture experiments except that fibroblasts treated with
reversine (4 days), or untreated, were placed on the bottom of the six-well
plate in a thin layer of media and left in the incubator overnight; then
a transwell cell culture insert (3.0 mm pore size, Costar, Cambridge, MA,
USA) containing differentiating C2C12 was added to the well, and
maintained for 5 days, changing the common culture medium every 48 h.
After 5 days, the cells were washed with PBS, fixed with 2% PFA and
processed for immunofluorescence analysis. Immunostaining was carried
out after membrane permeabilization with anti-MHC polyclonal antibody
(Sigma) and anti-human nuclei monoclonal antibody (Chemicon, USA).
After incubation, cells were washed three times in PBS and incubated with
the appropriate FITC- or TRIC-conjugated secondary antibodies 1 h at RT.
Cell nuclei were counterstained with DAPI (Sigma). After washing in PBS,
cells were analyzed under a fluorescent microscope (Nikon Eclipse TE
200 microscope equipped with a d�m 1200 Nikon camera).

Transdifferentiation to osteoblasts and smooth
muscle cells

To induce osteogenic transdifferentiation, reversine or DMSO-treated
fibroblasts were cultured in 10% FBS–DMEM supplemented with 0.1mM
dexamethasone, 50mg/ml ascorbate-2-phosphate, 10 mM b-glyceropho-
sphate. Treatment was carried out for 7 days. Cells were fixed with 2%
paraformaldehyde at RT for 10 min and then osteogenic differentiation
was assessed with ALP staining (Sigma). Moreover, after reversine or
DMSO treatment for 4 days, fibroblasts were transdifferentiated to smooth
muscle cells with transforming growth factor-beta 1 (Sigma, 10 ng/ml in
DMEM containing 1% FBS for 5 days). Then cells were fixed with 2%
paraformaldehyde in PBS for 10 min. Immunostaining was carried out with
anti-a-SMA monoclonal antibody (Sigma) at 1 : 100 diluition. After
incubation with primary antibody, cells were washed three times in PBS
and incubated with FITC-conjugated secondary antibodies 1 h at RT. After
washing in PBS, cells were analyzed under a fluorescent microscope

(Nikon Eclipse TE 200 microscope equipped with a d�m 1200 Nikon
camera). Cell nuclei were counterstained with DAPI (Sigma).

Transplantation of reversine-treated fibroblasts
into regenerating skeletal muscle

C57 mice were bred and maintained in the San Raffaele Hospital SPF
animal care facility and all experiments were carried out in accordance with
European law for animal laboratory experiments. Host muscles were
injected with cardiotoxin (50 ng/ml in 10ml) 24 h before fibroblast
transplantation in the TA muscles.39 A Hamilton syringe was used to
inject the donor cells (106 in 20ml PBS total volume for each muscle) into
the host TA muscle after the skin incision. At 35 days after cell
transplantation, the mice were killed and the muscle processed for
immunofluorescence according to the following protocol. Muscle samples
from mice after transplantation with reversine-treated and untreated
fibroblasts were frozen in liquid nitrogen, cooled isopentane and serial
10mm thick sections were cut with a Leyca cryostat. Tissue sections were
stained with hematoxylin eosin (H&E) or processed for immunofluores-
cence analysis. Briefly, samples were permeabilized with 0.1% Triton X-
100, 0.2% bovine serum albumin (BSA) in PBS for 10 min at RT. Tissue
sections were washed three times with 0.2% BSA in PBS, and incubated
overnight at 41C with the following primary antibodies: anti-GFP polyclonal
antibody (1 : 200), anti-MHC (MF20) monoclonal antibody (1 : 5), and anti-
laminin polyclonal antibody (Sigma) (1 : 100). The number of GFP-positive
fibers was calculated in three different experiments, counting the positive
fibers per picture field using a microscope equipped with a 10-fold
magnification objective.
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