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Dedifferentiation describes the phenomenon where differen-
tiated cells acquire a “stem cell”-like or multipotent state,

before differentiating into one or more alternative tissue types.1

All species possess a natural capacity for dedifferentiation as part
of their ability to regenerate tissues.2 For example, acinar or duct
cells in the pancreas of mammals can dedifferentiate to produce
insulin-expressing β-cells.3 However, the capacity for dediffer-
entiation differs between species, with phylogenetically primitive
vertebrates retaining a greater capacity for dedifferentiation. For
example, cells of the central nervous system in amphibians and
fish can dedifferentiate (reviewed in ref 4). Moreover, the retina,
lens, and limb of urodele amphibians dedifferentiate during the
entire regeneration of these tissues.4 However, the greatest
capacity for dedifferentiation is found in plants. For example,
mesophyll protoplasts of tobacco (Nicotiana tabacum) undergo
dedifferentiation and generate entire plants.5

During the 1990s, advances in combinatorial chemistry facili-
tated the large scale production of small molecule libraries based
on the molecular scaffolds of known bioactive compounds.6

Recently, we and others have used this approach to identify
novel regulators of diverse biological processes.7,8 The use of
small molecules to manipulate cellular processes has a number of
advantages (reviewed in 9). Small molecules typically provide a

high degree of temporal control over protein function; they are
often reversible and their effects can be finely tuned by varying
the concentrations of the small molecule. In addition, a single
small molecule has the potential to simultaneously modulate
multiple specific targets within a cell. This approach can allow the
production of a desirable phenotype in a synergistically favorable
manner.

Phenotype-based screening of small molecule libraries has
been employed to discover new regulators of cellular dedif-
ferentiation.10,11 A prominent example was the discovery of the
tubulin-binding molecule myoseverin, identified from a library of
2,6,9-trisubstituted purines.10,12 The molecular scaffold of myo-
severin is based on olomoucine, a known inhibitor of the cell
cycle regulatory protein cyclin-dependent kinase 2. Myoseverin
was reported to promote dedifferentiation in the C2C12 mouse
myoblast model of skeletal muscle differentiation. This result was
significant because the fragmentation of multinucleated myofi-
bers into proliferating mononucleate cells is an important feature
of limb regeneration in urodele amphibians.13 However, a
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ABSTRACT: In urodele amphibians, a critical step in limb regen-
eration is the cellularization and dedifferentiation of skeletal muscle.
In contrast, mammalian skeletal muscle does not undergo this
response to injury. We have developed a novel simple, stepwise
chemical method to induce dedifferentiation and multipotency in
mammalian skeletal muscle. Optimalmuscle fiber cellularization was
induced by the trisubstituted purine small molecule, myoseverin,
compared to colchicine, nocodazole, or myoseverin B. The induc-
tion of a proliferative response in the cellulate was found to be a
crucial step in the dedifferentiation process. This was achieved by
down-regulation of the cyclin-dependent kinase inhibitor, p21 (CDKN 1A, CIP1). p21 was found to be a key regulator of this
process, because down-regulation of the cyclin-dependent kinase inhibitors p27 (CDKN1B/KIP1) or p57 (CDKN1C/KIP2) or the
tumor suppressor p53 (TP53/LFS1) failed to induce proliferation and subsequent dedifferentiation. Treatment with the small
molecule reversine (2-(4-morpholinoanilino)-6-cyclohexylaminopurine) during this proliferative “window” induced the muscle
cellulate to differentiate into non-muscle cell types. This lineage switching was assessed using a relatively stringent approach, based
on comparative functional and phenotypic assays of cell-type specific properties. This showed that our chemical method allowed the
derivation of adipogenic and osteogenic cells that possessed a degree of functionality. This is the first demonstration that mammalian
muscle culture can be induced to undergo cellularization, proliferation, and dedifferentiation, which is grossly similar to the key early
steps in urodele limb regeneration. These results, based solely on the use of simple chemical approaches, have implications for both
regenerative medicine and stem cell biology.
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subsequent study in the pmi28mouse myoblast model of skeletal
muscle differentiation suggested that myoseverin induces muscle
fiber cellularization.14 The cellularized, mononuclear cells re-
mained refractory and did not dedifferentiate.

During limb regeneration in urodele amphibians, the nuclei of
multinucleate skeletal muscle fibers reenter the cell cycle.15 In
contrast, nuclei in terminally differentiated mammalian skeletal
muscle are relatively refractory to experimentally induced reacti-
vation of the cell cycle.16 A number of cyclin-dependent kinase
inhibitors (CDKN) are implicated in the maintenance of skeletal
muscle terminal differentiation, including p18 (CDKN2C/IN-
K4C), p21 (CIP1/CDKN1A), p27 (CDKN1B/KIP1), and p57
(also known as CDKN1C/KIP2).17-19 Recent research has
suggested that sole knock-down of p21 is sufficient to reactivate
the cell cycle in mammalian skeletal muscle, even in the absence
of exogenous growth factors. 18

In this research paper, we describe our attempt to develop a
relatively simple, “gentle”, and reversible chemically defined
method for inducing the dedifferentiation of mammalian skeletal
muscle, including cell cycle re-entry. We show that the sequential
use of small molecule treatment and temporary p21 suppression
allows the derivation of proliferating, mononuclear cells from
differentiated mammalian skeletal muscle. These cells could
be induced to act as multipotent stromal cells by further,
stepwise treatment with the small molecule, reversine (2-(4-
morpholinoanilino)-6-cyclohexylaminopurine)11 and simple chemi-
cal modifications of the culture media.

’RESULTS AND DISCUSSION

Establishment of Culture Conditions. A list of the small
molecules used in this study is shown in Table 1. To study
effectively the process of myotube cellularization, a high degree
of muscle differentiation should be obtained. However, a problem
is contamination of the cultures with undifferentiated myoblasts,
which has produced conflicting results in previous studies of
cellularized myotube cultures.10,14 To enhance myogenesis in
C2C12 myoblast cultures, the antimitotic drugs AraC20 and
5-FU21 were tested, with the aim of eliminating proliferating
myoblasts. It was found that treatment with AraC during the
differentiation process could significantly increase the fusion index,
which is a measure of the number of nuclei incorporated into
myotubes (Figure 1a). In addition, sieving of trypsinized myotube
cultures with a 40 μm mesh allowed the derivation of myotubes
cultures with a fusion index of close to 100%, indicating an absence
of single cell myoblasts (Figure 1a). Images of purified myotubes
are shown in Supplementary Figure 1.
To study effectively the process of myotube cellularization, the

optimum cellularization-inducing agent was identified. Four
tubulin-binding small molecules were tested for their ability to
induce cellularization, while causing relatively low cytotoxicity:
colchicine, nocodazole, myoseverin, and myoseverin B. The
induction of cellularization with myoseverin was found to
produce the largest number of mononuclear cells that could
exclude the dye, trypan blue, which is a marker of cell viability
(Figure 1b). Thus, myoseverin was used for studies of C2C12
cellularization and transdifferentiation.
p21 Down-regulation Can Induce Cellularized Myotubes

To Proliferate. Mononuclear cells generated by the cellulariza-
tion of C2C12 myotubes were treated with siRNA targeting
either p21 (CDKN 1A, CIP1), p27 (CDKN1B/KIP1), p57
(CDKN1C/KIP2), or the tumor suppressor p53 (TP53/LFS1)

(shown schematically in Figure 2a). A decrease in protein
expression was observed 48 h after transfection of the cellulate
with each siRNA (Figure 2b). Gene knock-down was also
confirmed by RT-PCR (Supplementary Figure 2).

Table 1. Structures of Small Molecules Used in This Study to
Promote Skeletal Muscle Dedifferentiation and
Redifferentiationa

a In alphabetical order; structures are numbered in bold font.
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Propidium iodide (PI) staining of cell nuclei indicated that
only p21 down-regulation induced an increased nuclei content of
DNA, indicative of cell cycle progression (Figure 2c). This result
was validated by the observation that only p21 down-regulation
caused an increase in the portion of cells incorporating BrdU, an
indicator of increased DNA synthesis (Figure 2d). This effect
could also be seen in a count of the cell number, with p21 down-
regulation producing a small but significant increase in cell
number (Figure 2e).
p21 Down-regulation Overcomes the Negative Effect of

Reversine on Myogenic Potential. Previous research has
indicated that cellularization of myotubes does not produce a
change in the differentiated state of the mononuclear cell
compared to the parent myotube.14 The effect of p21 down-
regulation on the differentiated state of the mononuclear cells
derived from cellularized myotubes was assessed using FITC-
conjugated R-bungarotoxin, which binds to the acetylcholine
receptor (a marker of myotube formation). p21 down-regulation
reduced R-bungarotoxin labeling of mononuclear cells
(Figure 3a and b) indicating a shift in the differentation status
away from the myotube and toward the myoblast cell. The effect
of p21 down-regulation was similar to that achieved by the small
molecule reversine, which has been shown to increase the
developmental plasticity of muscle cells.11 However, reversine
treatment reduced the ability of muscle cells and cellularized
myotubes to re-enter myogenesis (Figure 3c). This reduction in
myogenesis was overcome by the knock-down of p21 (Figure 3d
and e). This result indicates that p21 down-regulation increases
the developmental plasticity of muscle cells without affecting
their ability to re-enter myogenesis.
p21 Down-regulation and Reversine Treatment Together

Facilitates Adipogenic Conversion. The small molecule

reversine has been shown to induce greater plasticity in myo-
blasts, allowing their subsequent differentiation into adipocytes
by culture in a cocktail of adipogenic factors.11 However,
cellularized myotubes treated with reversine and adipogenic
factors did not differentiate into adipocytes, as shown by their
relatively low lipid accumulation compared to adipocytes derived
from myoblasts (Figure 4a). Down-regulation of p21 in cellular-
ized myotubes prior to reversine treatment promoted subse-
quent conversion into the adipogenic lineage, as shown by
increased lipid accumulation (Figure 4a). Down-regulation of
p21 and treatment with adipogenic factors (without reversine
treatment) did not induce lipid accumulation. In addition, down-
regulation of p27 or control siRNA could not replace p21 in the
chemical treatment to induce lipid accumulation. This result
could also be observed by staining with Oil Red O (Figure 4b).
Insulin-stimulated uptake of glucose is a characteristic of adipo-
genic cells and can be measured by the fluorescent glucose
analogue 6-NBDG.22-24 Muscle cellulate treated with p21
siRNA, reversine, and adipogenic factors showed increased
insulin-stimulated glucose uptake (Figure 4c), which could also
be visualized by microscopy (Figure 4d). However, the degree of
glucose uptake was less than that observed in the 3T3-L1
adipocyte cell line (Figure 4c). Replacing p21 siRNA with p27
siRNA or control siRNA failed to confer insulin-stimulated
glucose uptake. Removal of reversine or p21 siRNA from the
chemical treatment also failed to confer insulin-stimulated glu-
cose uptake. A further test of adipocyte function is the insulin-
mediated prevention of free fatty acid release after epinephrine
stimulation.25,26 Treatment of the muscle cellulate with both p21
siRNA and reversine, followed by adipogenic factors, was neces-
sary to confer this adipocyte function to the muscle cellulate,
identical to the result observed for the acquisition of insulin-
stimulated glucose uptake (Figure 4e). However, the degree of
fatty acid accumulation and release was less than that observed in
the 3T3-L1 adipocyte cell line.
p21 Down-regulation and Reversine Treatment Together

Facilitates Osteogenic Conversion. Myoblasts treated with
reversine can be differentiated into osteoblasts by culture in a
cocktail of osteogenic factors.11 The acquisition of alkaline
phosphatase activity has been used as an indicator of osteogenic
conversion in C2C12 myoblasts transfected with regulators of
osteogenesis, such as Wnt-1-induced secreted protein 1
(followed by treatment with bone morphogenetic protein 2).27

Muscle cellulate treated with p21 siRNA, reversine, and osteo-
genic factors promoted differentiation into cells with markedly
increased alkaline phosphatase activity (Figures 5a). Alkaline
phosphatase activity was similar to that of osteogenic cells
derived from C2C12 myoblasts. Replacing p21 siRNA with
p27 siRNA or control siRNA failed to induce the same degree
of alkaline phosphatase activity. Down-regulation of p21 and
treatment with osteogenic factors (without reversine treatment)
also induced markedly less alkaline phosphatase activity. ATDC5
cells induced to undergo endochondral bone formation was used
as a positive control.
Mineralization is a feature of ossification that occurs during

bone formation.28 Calcification was assessed by Alizarin Red S
staining in the C2C12 cellulate after p21 knock-down, reversine
treatment, and culture in osteogenic media. Light miscroscopic
analysis showed that mineralization occurred in the cellulate after
p21 knock-down, reversine treatment and culture in osteogenic
media (Figure 5b). The degree of mineralization was similar to
that of osteogenic cells derived from C2C12 myoblasts.

Figure 1. Establishment of culture conditions. (a) Treatment of differ-
entiatingC2C12myoblast cultureswith 50μMAraC for 72 h increased the
fusion index of the differentiated culture (i.e., the number of cell nuclei
incorporated into multinucleate myotube syncytia). Treatment of differ-
entiating C2C12 myoblast cultures with another antimitotic drug, 10 μM
5-FU for 72 h, did not affect the fusion index. Sieving of the myotube
culture to remove undifferentiated myoblasts, followed by replating in a
new culture dish, dramatically increased the fusion index. Treatment with
AraC during the differentiation step further increased the fusion index of
the myotube cultures after sieving. Error = SD; *P < 0.05 compared to
untreated, differentiated C2C12 culture. **P < 0.05 compared to purifica-
tion by 40 μm sieving alone. Data is representative of three independent
experiments. (b)Myotube cultures underwent cellularization by treatment
with either 1 μM colchicine, 0.5 μM nocodazole 20 μM myoseverin, or
20 μM myoseverin B for 24 h. Viable cells were classified as those that
excluded the dye, trypan blue. Myoseverin was found to induce cellulariza-
tion that produced the least amount of cytotoxicity. Error = SD; *P < 0.05
compared to colchicine treatment; **P < 0.05 compared to nocodazole,
colchicine andmyoseverin B treatment; #P = 0.05 compared tomyoseverin
treatment. Data is representative of three independent experiments.
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Mineralization was quantified using a microplate reader-based
assay (Figure 5c).28 C2C12 cellulate after p21 knock-down,
reversine treatment, and culture in osteogenic media showed
an increase in mineralization, similar to that of C2C12 myoblasts
cultured in identical conditions. The level of mineralization was
lower than that observed in ATDC5 cells after osteogenic
culture. Replacing p21 siRNA with p27 siRNA or control siRNA
failed to induce the same degree of mineralization in the muscle
cellulate. Down-regulation of p21 and treatment with osteogenic

factors (without reversine treatment) also induced markedly less
mineralization.
The results presented in this paper are the first description

of a chemical-based protocol that grossly follows the early step
of limb regeneration in amphibians. Previously, a number of
experimental approaches have been developed to induce adult
cells to form multipotent cells or stem cells, including
transfection with transcription factors (reviewed in ref 29).
However, these approaches have not utilized terminally

Figure 2. Induction of a proliferative response in the muscle cellulate. (a) Schematic diagram of the experimental protocol to induce proliferation in
cellularized myotubes. (b) Immunoblot analysis to confirm gene knockdown in the C2C12 myotube cellulate. Numbers in red below each immunoblot
show densitometric analysis of band intensity after normalization for the corresponding GAPDH housekeeping gene. (c) Flow cytometry analysis of
propidium iodide (PI) stained cellularized C2C12myotubes indicated that p21 down-regulation for 48 h induced re-entry into the cell cycle, as indicated
by increased PI staining. (d) Down-regulation of p27, p53, or p57 did not affect PI staining. Flow cytometry analysis of BrdU incorporation in cellularized
C2C12 myotubes showed that p21 down-regulation for 48 h induced DNA synthesis. Down-regulation of p27, p53, or p57 did not affect BrdU
incorporation. Flow cytometry histograms are representative of three independent experiments. (e) Cell counting showed that p21 down-regulation for
48 h induced short-term cell division in cellularized C2C12myotubes. The area of 1.996� 10-6 m2 (y-axis of graph) corresponds to amicroscopic image
obtained under 40X magnification. Error = SD; *P < 0.05 compared to 4 d post-siRNA treatment.
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differentiated adult cells, which form the majority cellular
population in humans.30 Also, these approaches are hampered
by technical issues, such as low efficiency. The chemical
approach to achieve multipotency described in this paper
can drive dedifferentiation and cell lineage conversion in

mammalian skeletal muscle tissue, which is considered to be
highly refractory.16

We considered the key first step in the induction of multi-
potency to be the cellularization of the skeletal muscle syncytia,
because a similar phenomenon occurs in urodele skeletal muscle

Figure 3. Effects of reversine and p21 down-regulation on themyogenic potential of themuscle cellulate. (a) p21 down-regulation or treatment with the
small molecule, reversine, induced dedifferentiation in cellularized C2C12 myotubes, as shown by reduced labeling with FITC-R-bungarotoxin, a ligand
for the acetylcholine receptor. (b) Microplate reader analysis to quantify FITC-R-bungarotoxin toxin labeling in cellularized C2C12 myotubes. p21
down-regulation or treatment with the small molecule, reversine, induced dedifferentiation in cellularized C2C12 myotubes. Error = SD; *P < 0.05
compared to myoblasts; **P < 0.05 compared to the C2C12 cellulate treated with control siRNA. Data is representative of three independent
experiments. (c) Reversine treatment inhibited the myogenic potential of C2C12 myoblasts and C2C12 cellulate, as shown by a reduction in the fusion
index after culture in differentiationmedia for 10 d. Error = SD; *P < 0.05 compared to untreated myoblasts; **P < 0.05 compared to the C2C12 cellulate
treated with myoseverin alone. (d) p21 knock-down in the C2C12 cellulate reversed the inhibitory effect of reversine. Error = SD; *P < 0.05 compared to
the C2C12 cellulate treated with myoseverin alone; **P < 0.05 compared to the C2C12 cellulate treated with myoseverin and reversine. Data is
representative of three independent experiments. (e) Light microscopic analysis of myogenesis in C2C12 cultures derived from cellularized myotubes
treated with 50 nM reversine and 80 pmol control siRNA, or 50 nM reversine and 80 pmol p21 siRNA. Hematoxylin and eosin staining shows that more
nuclei reside within myotube syncytia from the C2C12 cellulate treated with reversine and p21 siRNA, as compared to treatment with reversine and
control siRNA.
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Figure 4. p21 down-regulation and reversine treatment together facilitates adipogenic conversion. (a) C2C12 cellulate treated with p21 knock-down,
reversine and cultured in adipogenic media can accumulate lipid, as shown by AipoRed labeling. C2C12myoblasts treated with reversine and cultured in
adipogenic media also accumulated lipid, as previously described.11 However, replacing p21 siRNA with p27 siRNA or control siRNA failed to produce
lipid accumulation. In addition, p21 siRNA treatment plus adipogenic cocktail (without reversine) failed to increase lipid accumulation. Error = SD; *P <
0.05 compared to C2C12 cellulateþ reversineþ adipogenic cocktail; **P < 0.05 compared to myoblast-derived adipocytes. (b) Lipid accumulation in
C2C12 cellulate treated with p21 knock-down, reversine, and adipogenic cocktail could also be visluaized by Oil Red O staining. (c) C2C12 cellulate
treated with p21 knock-down, reversine, and adipogenic cocktail showed increased uptake of the fluorescent glucose analogue 6-NBDG after insulin
stimulation (an adipocyte-specific function). The amount of 6-NBDG uptake was less than that observed in 3T3-L1 adipocytes after insulin stimulation.
Replacement of p21 siRNA with control siRNA or p27 siRNA failed to produce cellulate capable of insulin-stimulated glucose uptake. In addition, p21
siRNA treatment plus adipogenic cocktail (without reversine) failed to produce cells capable of insulin-stimulated glucose uptake. Error = SD; *P < 0.05
compared to 6-NBDG alone. Data is representative of three independent experiments. (d) Uptake of the fluorescent glucose analogue 6-NBDG after
insulin stimulation could be visualized by fluorescent microscopy. 6-NBDG was found to accumulate in cells possessing characteristic adipocyte
morphology caused by lipid accumulation in the cytoplasm. (e) C2C12 cellulate treated with p21 knock-down, reversine, and adipogenic cocktail
showed insulin-sensitive free fatty acid release after epinephrine-stimulation (an adipocyte-specific function). Replacement of p21 siRNA with control
siRNA or p27 siRNA failed to produce cells that possessed this adipocyte-specific function. Also, treatment with p21 siRNA and adipogenic cocktail
(without reversine) failed to produce cells that possessed this adipocyte-specific function. C2C12 myoblasts treated with 500 nM reversine and
adipogenic cocktail also showed insulin-sensitive free fatty acid release after epinephrine-stimulation. The amount of free fatty acid release and insulin
sensitivity was less than that observed in 3T3-L1 adipocytes. Error = SD; *P < 0.05 compared to epinephrine alone. Data is representative of three
independent experiments. A photograph of the assay plate is included in the figure. Experimental groups are shown next to their corresponding wells on
the microplate.
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dedifferentiation following limb amputation.4 Our comparison of
different small molecules that induce skeletal muscle cellulariza-
tion is useful because there are known differences in the effects of
these chemicals in different tissues.16,31,32 Using an optimized

protocol for the differentiation of a myoblast cell line, it was
found that the small molecule myoseverin was more efficient for
deriving viable mononuclear cells from muscle syncytia
(Figures 1a and b). The relatively low cytotoxicity of myoseverin

Figure 5. p21 down-regulation and reversine treatment together facilitates osteogenic conversion. (a) Alkaline phosphatase activity increased in C2C12
cellulate after treatment with reversine, p21 knock-down, and culture in osteogenic conditions. Replacement of p21 siRNA with control siRNA or p27
siRNA resulted in a marked reduction in alkaline phosphatase activity. Also, treatment with p21 siRNA and adipogenic cocktail (without reversine)
reduced alkaline phosphatase activity. ATDC5 osteo-chondrogenic precursor cells cultured in osteogenic conditions were used as a positive control. Also
included in the figure is a photograph of the AttoPhos substrate solution 300 s after addition of cell lysate. Experimental groups are shown next to their
corresponding wells on themicroplate. (b) Alizarin Red S staining to visualize mineralization in ATDC5 cells and C2C12 cellulate after 10 d of culture in
osteogenic promoting media. Treatment of the C2C12 cellulate with p21 siRNA, 500 nM reversine, and osteogenic cocktail induced regions of
mineralization, similar to C2C12myoblasts treated with 500 nM reversine and osteogenic cocktail. Removal of reversine from the treatment condition or
replacement of p21 siRNA with control siRNA or p27 siRNA reduced mineralization. (c) Semiquantification of mineralization by colorimetric assay.
Treatment of C2C12 cellulate with 500 nM reversine and p21 siRNA induced mineralization after osteogenic cocktail. The degree of mineralization was
similar to C2C12 myoblasts treated 500 nM reversine and osteogenic cocktail. However, mineralization in these cells was lower than that observed in
ATDC5 osteo-chondrogenic precursors cultured in osteogenic cocktail. Error = SD; *P < 0.05 compared to C2C12 cellulate þ control siRNA þ
reversine þ osteogenic cocktail. **P < 0.05 compared to myoblast-derived osteoblasts. Data is the overall average of three independent experiments.
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was noted in the original description of this compound,10

although our study is the first analysis of myoseverin action in
myotubes derived from myoblasts treated with the antimitotic
agents AraC or 5-FU.
Cells derived from muscle syncytia treated with myoseverin

were found to remain refractory (Figure 2b and c). This finding is
in line with the report by Duckmanton et al.14 and contrasts with
the original reports of myoseverin action,10,12 possibly emphasiz-
ing the need to obtain a high purity of myotubes before analyzing
cellularization. Knock-down of the cyclin-dependent kinase
inhibitor (CDKN) p21 induced a proliferative response in the
cellularized myotubes (Figures 2b-d). Knock-down of the
cyclin-dependent kinase inhibitors p27 or p57 or the tumor
suppressor p53 (TP53/LFS1) failed to induce proliferation,
indicating that p21 is a key regulator of cell cycle withdrawal in
the muscle cellulate. In addition, the combination of myoseverin
and p21 knock-down induced mammalian muscle to behave in a
manner that grossly follows an important early step of appendage
regeneration in urodele amphibians: muscle fiber cellularization
and cell cycle re-entry.15,33

Recent studies of appendage regeneration in urodele amphi-
bians suggest that the muscle cellulate forms a population of
precursor cells that later redifferentiate into new muscle tissue,
i.e., there is no contribution to other tissue types in the
regenerating limb (reviewed in 33). Our study has shown that
the muscle cellulate obtained by treatment with small molecules
can also redifferentiate into muscle myotubes. The inhibitory
effect of reversine treatment on redifferentiation that we ob-
served may be linked to the down-regulation of myogenic
regulatory factor expression.34 Thus, we believe that the action
of p21 knock-down on myogenic regulatory factor expression is
an interesting area of future investigation, because p21 knock-
down reversed the inhibitory effect of reversine on redifferentia-
tion (Figures 3d and e). This occurred despite the finding that
reversine treatment or p21 knock-down reduced acetylcholine
receptor expression in the muscle cellulate (Figure 3a and b).

However, we found that both p21 knock-down and reversine
treatment of the muscle cellulate are required to induce the
formation of precursor cells that could adopt divergent fates
(Figures 4 and 5). This may be due to the dependency of
reversine action on cell cycle progression.35 Knock-down of
p21 in the muscle cellulate would, therefore, induce cell cycle
progression and provide a cellular environment favorable for the
action of reversine. Cell lineage switching also occurs in the
urodele appendage regenerate, where dermis-derived fibroblasts
have been shown to form precursors that contribute to cartilage,
connective tissue, and tendons.33 Thus, the chemical approach
described in our study allows adult mammalian skeletal muscle to
adopt a higher degree of multipotency that is observed in natural
examples of appendage regeneration. A schematic diagram of our
chemical approach is shown in Figure 6.
The ability of reversine-treated myoblasts to redifferentiate

into adipogenic and osteogenic cells has been described
previously.11 However, our data suggests that this finding should
be interpreted with a degree of caution. Previous studies of
reversine assessed the expression of lineage-specific markers or
phenotypic markers, such as lipid accumulation during adipogen-
esis. Our study attempted to monitor fat and bone cell formation
using more rigorous, functional assays and comparison with
known cell types. For example, we have shown that reversine
treated muscle cells accumulate lipids. However, their functional
“performance” compared to lineage-specific adipocytes is sig-
nificantly lower (Figure 4c and e). It may be possible to further
“push” adipogenesis in reversine-treated muscle cells by modify-
ing the cocktail of adipogenic factors, such as treatment with
thiazolidinediones that activate the key adipogenic factor peroxi-
some proliferator-activated receptor-γ.36

The new chemically definedmethod of producingmultipotent
cells from differentiated muscle, presented in this paper, offers a
number of possible areas for further study. For example, it has
recently been shown that myoblasts can form neurogenic cells
after reversine treatment and culture in neuron differentiation

Figure 6. Schematic diagram of the chemical approach to obtain multipotent cells from terminally differentiated skeletal muscle tissue.
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media.37 A similar “jump” from the mesodermal lineage
(including fat and bone cells) to the neuroectodermal lineage
may be possible in cellularized muscle fibers. Alternatively,
muscle biopsies could be subjected to this chemical-based
protocol in an attempt to derive patient-specific multipotent
cells. For example, vastus lateralis skeletal muscle strips can be
obtained from patients under local anesthetic.38 Skeletal muscle
is a favorable tissue type for this approach, because it can
regenerate lost tissue by activating resident muscle precursor
cells.39Moreover, this chemical approach has similarities with the
early events of urodele amphibian appendage regeneration, and it
may be enlightening to attempt to transfer this method to
mammalian models of wound healing, with the aim of deriving
functional progenitor cells at the wound site before the onset of
inflammation and wound closure. Therefore, the results of our
study have implications for the development of methods to
induce limb regeneration in mammals and suggest new ap-
proaches for the future development of induced pluripotent
stem cells from refractory, terminally differentiated mammalian
tissues.

’METHODS

A description of the following methods can be found in the Support-
ing Information for this manuscript: a description of reagents, cell
culture, flow cytometry, measurement of cell viability, Western blotting,
cell counting, R-bungarotoxin labeling of acteylchloine receptors, quan-
tification of myoblast differentiation, RT-PCR, quantification and
visualization of lipid accumulation during adipogenesis, analysis of
insulin-stimulated glucose uptake, free fatty acid release assay, alkaline
phosphatase assay, Alizarin Red staining and quantification of miner-
alization using Alizarin Red.
Cellularization of Skeletal Muscle Myotubes. Myotube cul-

tures were treated with either 20 μΜmyoseverin, 20 μMmyoseverin B,
1 μM colchicine, or 0.5 μM nocodazole for 24 h (within the concentra-
tion range reported to induce myotube cellularization12,14). Cellulariza-
tion was found to produce relatively large amounts of cellular debris, in
addition to mononuclear cells. The cell monolayer was trypsinized and
gently centrifuged at 750 rpm for 5 min. The cell pellet was gently
resuspended in 10 mL of proliferation media and passed through a 70
μm mesh (BD Biosciences) to remove cellular debris and seeded in
6-well culture dishes at a density of 1.5 � 106 cells/well. Cellulate was
used for experiments 24 h after seeding.
siRNA-Mediated Gene Silencing. Cellulate (C2C12 myotubes

24 h after treatment with 20 μMmyoseverin) was seeded in 6-well plates
at a cell density of 1.5 � 106 cells/well, after sieving through a 70 μm
mesh (BD Biosciences). Twenty-four hours after seeding, cells were
transfected with 80 pmol of siRNA, following the manufacturer’s
protocol (Santa Cruz Biotechnology). For flow cytometry analysis,
triplicate wells were used for each siRNA to ensure that sufficient
numbers of cells would be available. Cellulate was used for experiments
48 h post-transfection.
Dedifferentiation of Mononuclear Cells Derived from

Cellularized Skeletal Muscle. The first report of reversine em-
ployed a dose of 5 μM for 4 days.11 However, we found that this
concentration produced widespread cytotoxicity in the mononuclear
cells derived from myotubes (>30% of the cell monolayer was dis-
rupted). Therefore, to reduce cytotoxicity, the mononuclear cells were
treated with a lower concentration of reversine for a shorter time course
(500 nM for 3 days). After 3 days of incubation, reversine was removed
and the mononuclear cells were induced to undergo adipogenesis and
osteogenesis (as described below).
Induction of Osteogenesis in Cellularized Skeletal Muscle

Myotubes. The induction of osteogenesis in cellularized skeletal

muscle myotubes was carried out as described previously for rever-
sine-treated myoblasts.11,40 Cells were cultured in DMEM þ 10% FBS
supplemented with 50 μg/mL ascorbic acid-2-phosphate, 0.1 μM
dexamethasone, and 10 mM β-glycerophosphate for 10 days. The
culture conditions were then switched to mimic endochondral bone
formation in ATDC5 cells: culture in R-minimum essential medium
containing 5% FBS, 10 μg/mL human transferrin, 3� 10 -8 M sodium
selenite and 10 μg/mL bovine insulin, in 97% air/3% CO2, for an
additional 10 d. Culture media was changed every 48 h.
Induction of Adipogenesis in Cellularized Skeletal Muscle

Myotubes. The induction of adipogenesis in cellularized skeletal
muscle myotubes was carried out as described previously for rever-
sine-treated myoblasts.11 Cells were cultured in DMEM þ 10% calf
serum supplemented with 1.7 μM insulin, 5 μM dexamethasone, and
0.5 mM isobutyl methyl xanthine for 7 days.
Statistical Analysis of Data. The Mann-Whitney U test was

used to determine significance. A P value (two-tailed) of less than 0.05
was considered to be significant.
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