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Pluripotent stem cells are a potential source of various cell types for use in regenerative medicine. Despite
accumulating knowledge, there is currently no efficient and reproducible protocol that does not require genetic
manipulation for generation of myogenic cells from pluripotent stem cells. Here, we examined whether mouse
embryonic stem (ES) cells are able to undergo myogenic differentiation and fusion in response to signals released
by differentiating myoblasts. Using ES cells expressing the histone 2B-green fluorescent fusion protein, we were
able to detect hybrid myotubes formed by ES cells and differentiating myoblasts. ES cells that fused with
myoblasts downregulated the expression of pluripotency markers and induced the expression of myogenic markers,
while unfused ES cells did not exhibit this expression pattern. Thus, the signals released by myoblasts were not
sufficient to induce myogenic differentiation of ES cells. Although ES cells synthesize many proteins involved in
myoblast adhesion and fusion, we did not observe any myotubes formed exclusively by ES cells. We found that ES
cells lacked M-cadherin and vascular cell adhesion molecule-1, which may account for the low frequency of hybrid

myotube formation in ES cell-myoblast co-cultures and the inability of ES cells alone to form myotubes.

Introduction

PLURIPOTENT STEM CELLS, such as embryonic stem (ES)
cells and induced pluripotent stem cells (iPS cells), have
the ability to self-renew and differentiate into all cell types
within the mammalian body. For this reason, they are con-
sidered a valuable resource that could be used for transplan-
tation into damaged or malfunctioning tissues or organs.
However, the development of safe, efficient, and reproducible
methods of stem cell differentiation into desired cell types
should be preceded by detailed analysis of the molecular
mechanisms involved. In particular, in vitro generation of ES-
or iPS-derived myoblasts is crucial to the development of cell-
based therapies of yet unresponsive skeletal muscle diseases,
such as muscular dystrophies [ 1]. Progression of some diseases
leads to the exhaustion of satellite cells (SC), muscle stem cells
that play a key role in the growth and regeneration of skeletal
muscle. Transplantation of cells that could replenish SC pop-
ulations could lead to restoration of muscle structure and
functionality, including its ability to regenerate. Unfortunately,
despite accumulating knowledge, methods of generating
myogenic cells from ES or iPS cells are still imperfect [2].
In vivo (eg, chimeric animals or teratomas), both ES and
iPS cells can differentiate into skeletal muscle. In vitro,
myogenic differentiation of pluripotent stem cells can be in-

duced after overexpression of crucial myogenic factors that
govern embryonic myogenesis, such as Pax3, Pax7, or MyoD
[3-7]. Pax3 and Pax7 play pivotal roles in the formation of
muscle precursor cells, while MyoD along with other muscle
regulatory factors (MRFs; Myf-5, myogenin, Mrf4) are re-
sponsible for determining myogenic fate and differentiation
of myoblasts into skeletal muscle myofibers [8]. In adult or-
ganisms, Pax7 is an SC marker and MyoD is a muscle master
switch, which interacts with cell cycle machinery, epigenetic
modulators, and muscle-specific genes and serves as the key
regulator of myoblast proliferation and differentiation [9,10].
Thus, Pax7 and MyoD are involved not only in embryonic
myogenesis, but also in the regulation of the identity and
functionality of adult myogenic cells [10].

Almost 20 years ago, Rohwedel and co-workers were the
first to describe cells expressing muscle-specific factors, such
as Myf-5, MyoD, and Myog, which were produced by ge-
netically unmodified ES cells differentiated into three-
dimensional aggregates called embryoid bodies (EB) [11].
However, in this study, the myogenic potential of such cells
was not verified in vivo. Moreover, while Rohwedel and co-
workers detected myogenic factors in ES cells propagated in
EB, others were only able to detect them in the presence of
additional factors such as spermine or 5-azacytidyne (5-azaC)
[12,13]. At present, the most efficient method of directing
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myogenic differentiation of pluripotent stem cells relies on the
overexpression of Pax3 or Pax7. Darabi et al. [3-5] showed
that transplantation of myogenic cells derived from ES or iPS
cells overexpressing these factors significantly improved
muscle function. However, since these cells were genetically
manipulated, their therapeutic use in humans is very limited.
Although different in vitro approaches have been proposed to
promote myogenic differentiation of ES or iPS cells, methods
that would avoid genetic manipulations and rely on extra-
cellular factors to induce conversion of pluripotent stem cells
into functional myogenic cells remain undeveloped [2].

Various lines of evidence indicate that myogenic differen-
tiation of different cell types, such as cells derived from the
stromal vascular fraction of adipose tissue, AC133+ cells, or
vascular cells from the retina, can be induced by culturing in
the presence of myoblasts or in routine myoblast culture
media [14-16]. In the current study, we examined whether co-
culture of ES cells with differentiating myoblasts and/or in
media supporting myoblast differentiation would result in
their myogenic differentiation. Co-culture enables us to assess
the ability of ES cells to fuse and initiate myogenic differ-
entiation. Since fusion is a prerequisite for proper develop-
ment, growth, and repair of skeletal muscle, cells that do not
fuse, despite their expression of myogenic markers (eg, Pax3,
Pax7, or MRFs), cannot be considered functional myoblasts.
Studies by Bedada and Braun [17] showed that such “‘partially
committed” myogenic cells (ie, express myogenic markers
but never form regular myotubes) are generated from bone
marrow-derived cells cultured in the presence of Wnt protein.
Since the ability for fusion of so-called ‘“myogenic” cells
derived from pluripotent stem cells in the previous studies has
not been verified, the identity and quality of such cells remains
questionable [2].

The ability to fuse is determined by the presence and activity
of numerous factors, including integrins, cadherins, and tet-
raspanins [18]. Myoblasts lacking integrin B1 [19], neural cell
adhesion molecule (NCAM) [20], or vascular cell adhesion
molecule 1 (VCAM-1) [21] are unable to fuse and form myo-
tubes. In contrast, overexpression of Ncam or Itga3 (integrin
a3) in myoblasts enhances their fusibility [22,23]. Other
studies have shown that ES cells lacking integrin B1 exhibit
accelerated neuronal, but delayed cardiac and myogenic dif-
ferentiation [24,25]. On the other hand, mesenchymal pre-
cursors expressing NCAM derived from human ES cells were
shown to express myogenic markers and form contracting
myotubes [26]. Global profiling studies have shown that both
mouse and human ES cells express a large variety of cell
surface proteins with a broad range of functions [27-30].
However, the significance and exact role of most of these
factors in ES cells remains unknown. Moreover, only mRNAs
have been identified for some of these factors, while the
presence of cognate proteins in ES cells is unknown.

In the current study, we tested the ability of ES cells to
fuse with differentiating myoblasts. We also focused on
molecular factors that are crucial for the adhesion and fusion
of myoblasts, including M-cadherin, NCAM, VCAM-1,
integrin o3, integrin B1, A disintegrin and metalloproteinase
12 (ADAM12), CD9, and CD81. We analyzed whether the
expression of adhesion molecules corresponds to the ability
of mouse ES cells to fuse with each other or with differ-
entiating myoblasts. Furthermore, using ES cells expressing
the histone 2B-green fluorescent protein (H2B-GFP) fusion
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protein, we examined the frequency of hybrid myotube
formation by the fusion of ES cells with myoblasts.

Materials and Methods
Animals

Animal care and all experimental procedures were ap-
proved by the First Warsaw Local Ethics Committee for
Animal Experimentation (permit number 659/2006; Poland).

Cell culture

Mouse embryonic fibroblasts (MEFs) were isolated from
13- to 14 day embryos obtained after mating of C5S7BI6N
mice. Before use as a feeder layer for ES cells, MEFs were
passaged and inactivated with mitomycin C (0.01 mg/mL;
Sigma-Aldrich). ES cells constitutively expressing histone
H2B-GFP (hereafter referred to as ES-GFP) were provided
by Dr. Kat Hadjantonakis (Memorial Sloan Kettering Can-
cer Center, New York) [31].

Inactivated MEFs were plated in dishes coated with
1% gelatin (Sigma-Aldrich) in high-glucose Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10%
fetal bovine serum (FBS; Life Technologies), 50 U/mL
penicillin (Life Technologies), and 50 pg/mL streptomycin
(Life Technologies). Next, ES-GFP cells were seeded onto
MEFs and cultured under various experimental conditions.
Standard culture was conducted in DMEM + LIF medium,
consisting of Knockout DMEM (Life Technologies) supple-
mented with 15% ES-qualified FBS (Life Technologies),
0.1 mM nonessential amino acids (Sigma-Aldrich), 2mM L-
glutamine (Life Technologies), 0.1 mM [-mercaptoethanol
(Sigma-Aldrich), 50 U/mL penicillin (Life Technologies),
50 pg/mL streptomycin (Life Technologies), and 500 U/mL
leukaemia inhibitory factor (LIF; Chemicon). Next, ES-GFP
cells were cultured in media commonly used for myoblast
culture: DMEM+FBS medium (high-glucose DMEM sup-
plemented with 10% FBS and antibiotics) or DMEM +HS
(high-glucose DMEM supplemented with 2% horse serum
[HS; Life Technologies] and antibiotics) or DMEM +
FBS +HS (low-glucose DMEM [Life Technologies] sup-
plemented with 20% FBS, 10% HS, 0.5% chicken embryo
extract (Sera Laboratories), and antibiotics).

In additional experiments, ES cells were pretreated with
5-azaC (Sigma-Aldrich) before their culture in DMEM +
LIF, DMEM +FBS, DMEM +HS, or DMEM +FBS + HS.
For these experiments, ES cells were incubated with 0.5, 1,
3, 10, or 30 uM 5-azaC for 24h and then cultured in the
same medium but without 5-azaC. ES cells cultured on
round cover slips (13 mm diameter; Menzel Gloezer) in 24-
well plates (BD Biosciences) were used for cell counting or
were fixed and processed for immunostaining, while ES
cells cultured in 100 mm dishes (BD Biosciences) were
collected for RNA isolation and reverse transcription (RT)-
polymerase chain reaction (PCR) analyses. Before RNA
isolation, ES cells were separated from MEFs by preplating,
in which the cell suspension was plated on dishes coated
with 1% gelatin and incubated for 20 min at 37°C. Next, the
medium containing unattached cells was transferred to an-
other gelatin-coated dish; this procedure was repeated
thrice. Preplating enabled MEF attachment to the dish, while
ES cells remained suspended in the medium. These
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“purified” ES cells were harvested and frozen at —80°C until
they were used for RNA isolation. In other experiments, the ES
cells were propagated on Matrigel-coated (BD Biosciences)
100 mm dishes (without MEFs) in DMEM + LIF, harvested,
and frozen at —80°C for RNA isolation.

In another set of experiments, ‘“MEF-purified” ES cells
were used for EB formation. Eight hundred ES cells were
placed in 30 pL. of Knockout DMEM medium supplemented
with 15% ES-qualified FBS, 0.1 mM nonessential amino acids,
2mM L-glutamine, 0.1 mM B-mercaptoethanol, 50 U/mL
penicillin, and 50 pg/mL streptomycin. The EB were cultured
using the hanging-drop system [32,33] for 2 days and then
transferred to a nonadhesive bacterial Petri dish (BD Bios-
ciences). EB cultured for 2 (EB2), 5 (EBS), or 7 days (EB7)
were collected and analyzed by fluorescence-activated cell
sorting (FACS) or were frozen at —80°C and subsequently
used for RNA isolation and qPCR. In additional experiments,
EB7 were transferred to 24-well dishes and cultured for 3 days
to obtain outgrowths. EB7 outgrowths were fixed with 4%
paraformaldehyde for 10 min and immunostained or collected
and used for RNA isolation and qPCR analysis.

C2C12 myoblasts (European Collection of Cell Cultures,
ECACC no. 91031101, passage no. 13) were cultured in
DMEM +FBS for 3 days under conditions supporting their
proliferation. Differentiation and fusion of C2CI12 myo-
blasts was promoted by culturing in DMEM +HS. Primary
mouse myoblasts were obtained from SC isolated from
flexor digitorum brevis (FDB) muscle, according to standard
protocol [34]. Briefly, FDB muscles were dissected from the
hind limb of 3 month-old male C57BI6N mice. Single
muscle fibers were obtained by gentle trituration of muscle
in 0.2% type I collagenase (Sigma Aldrich) in low-glucose
DMEM for 90 min at 37°C. Next, SC were liberated from
muscle fibers with a 22G needle and plated onto dishes
coated with Matrigel diluted 1:10 with low-glucose DMEM.
SC-derived myoblasts were cultured on Matrigel-coated
dishes in DMEM +FBS + HS under standard conditions (at
37°C with 5% CO,).

Co-culture experiments

Before beginning co-cultures, ES-GFP cells were sepa-
rated from MEFs by preplating. Next, ES cells were har-
vested and seeded onto differentiating C2C12 (day 4 of
culture) or SC-derived myoblasts (day 6 of culture); dif-
ferentiating myoblasts co-cultured with either undifferenti-
ated C2C12 myoblasts or MEFs served as a control. In these
control experiments, the undifferentiated C2C12 myoblasts
and MEFs were labeled with Cell Tracker™ Orange CMRA
according to the manufacturer’s instructions (Life Technol-
ogies) before seeding onto a layer of differentiating myo-
blasts. All co-cultures were conducted on 13 mm round cover
slips in 24-well plates for 3, 6, and 9 days. Co-cultures were
then fixed and stained with Giemsa or May—Griinwald
staining or were immunostained.

In additional experiments, the ES cells were cultured in
medium conditioned by differentiating myoblasts. Here, the
ES cells were seeded on the 8.0 pm inserts (BD Biosciences)
placed in the six-well dishes (BD Biosciences) with differ-
entiating myoblasts, and cultured for 3, 6, and 9 days. Then,
cells were fixed and processed either for Giemsa and May—
Griinwald staining or for immunostaining.
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Cytological staining

Control or experimental co-cultures were fixed in cold
methanol for 10 min at 4°C. Next, cells were stained with
Giemsa and May—Griinwald dyes according to the manu-
facturer’s protocol (Merck) and examined using 10X ob-
jectives on an Eclipse TE200 microscope (Nikon) to
determine the cell fusion index. The fusion index was cal-
culated as the ratio between the number of nuclei localized
within myotubes and the number of all nuclei in the field of
view. Images were acquired with a DXM 1200 digital
camera and analyzed using NIS Elements F 2.30 software
(Nikon). Ten representative fields of view for each type of
the co-culture were analyzed.

Immunostaining

Cells were fixed with 4% paraformaldehyde for 10 min,
permeabilized for 3 min with 0.1% Triton X-100 (Sigma
Aldrich) in phosphate-buffered saline (PBS), and incubated
in 0.25% glycine (Sigma Aldrich) in PBS for 30 min. The
nonspecific binding of antibodies was blocked by incubation
in 3% bovine serum albumin (BSA; Fluka) in PBS for 1h.
Next, cells were incubated with primary antibodies at 4°C
overnight. All but anti-Pax3 and anti-Pax7 antibodies were
diluted 1:50 in 3% BSA in PBS. Anti-Pax3 and anti-Pax7
antibodies were diluted 1:10 in 3% BSA in PBS. The fol-
lowing primary antibodies were used: Oct-4 (sc-5279),
Nanog (sc-30328), Sox2 (sc-20088), MyoD (sc-706), Myf-5
(sc-302), myogenin (sc-576), Mrf4d (sc-301), CD81 (sc-
7102), integrin o3 (sc-7019), integrin B1 (sc-9936), NCAM
(sc-1507), and VCAM-1 (sc-8304) from Santa Cruz Bio-
technology; Pax3 and Pax7 from Developmental Studies
Hybridoma Bank; ADAMI2 (ab39155) and M-cadherin
(ab78090) from Abcam; and CD9 (C9993) from Sigma-
Aldrich. After washing, samples were incubated for 1h at
room temperature with appropriate AlexaFluor 594 secondary
antibodies (donkey anti-mouse IgG A21203, goat anti-rabbit
IgG A11037, and rabbit anti-goat IgG A11080; Molecular
Probes, Life Technologies) diluted 1:200 in 3% BSA in PBS.
Nuclei were visualized with DraQ5 (Biostatus Limited) di-
Juted 1:1,000 in PBS for 5min and then mounted with
Fluorescent Mounting Medium (Dako). The specimens were
analyzed using an Axiovert 100M scanning confocal mi-
croscope (Zeiss) that was equipped with LSM 510 software.
Primary antibody specificity was confirmed by incubation of
cells with secondary antibodies only.

FACS analysis

Cells obtained after dissociation of EB2, EBS, and EB7
outgrowths with Cell Dissociation Buffer Enzyme-Free
Hanks’ Balanced Salt Solution (Life Technologies), as well
as undifferentiated ES cells and differentiating C2C12 myo-
blasts cultured for 4 days, were incubated in staining medium
(PBS with 1% FBS and 0.1% BSA) for 30 min and stained
with a 1:50 dilution of anti-VCAM-1 (sc-8304; Santa Cruz
Biotechnology) for 30min. Next, cells were washed with
staining medium, incubated with a 1:100 dilution of goat anti-
rabbit IgG AlexaFluor 488 secondary antibody (A11034;
Molecular Probes, Life Technologies) for 30 min, washed,
fixed with 0.1% paraformaldehyde for 10 min, washed, and
suspended in staining medium. In control experiments,
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incubation with primary antibody was omitted. Cells were
analyzed with an FACSCalibur instrument (Becton Dick-
inson) and CellQuest Pro software (BD Biosciences).

RNA isolation and RT-PCR

Total RNA was isolated from ES-GFP, MEFs, proliferat-
ing or differentiating C2C12, and SC-derived myoblasts us-
ing a High Pure RNA Isolation Kit (Roche). RT-PCR was
performed using 0.5 pg of total RNA, appropriate sets of
primers, and the Titan One Tube RT-PCR Kit (Roche) ac-
cording to the manufacturer’s instructions. Three independent
experiments were performed using two different sets of
primers (Supplementary Table S1; Supplementary Data are
available online at www.liebertpub.com/scd). RT-PCR con-
ditions were as follows: reverse transcription at 50°C for
30min, 94°C initial denaturation for 2 min, and 35 cycles of
94°C denaturation for 30s, annealing at primer-specific
temperatures for 30s, 68°C elongation for 45s, and final
elongation at 68°C for 7 min. RT-PCR products were sepa-
rated in 1.5% agarose gel (Roche) and visualized with ethi-
dium bromide (Sigma Aldrich). Agarose gels were analyzed
with a GelDoc 2000 using Quantity One software (BioRad).
All RT-PCR products were isolated with the Agarose Gel
DNA Extraction Kit (Roche), sequenced by an outsourced
company (Genomed), and verified using NCBI databases.

Quantitative polymerase chain reaction

Total RNA was isolated (High Pure RNA Isolation Kit,
Roche) from undifferentiated ES cells, EB2, EBS5, EB7, EB7
outgrowths, differentiating C2C12 myoblasts, and 13 day-
old embryos obtained after mating of C57B16N mice. Re-
verse transcription was performed using 0.5 pg total RNA
and a RevertAid First Strand cDNA kit (Thermo Scientific)
according to the manufacturer’s instructions. qPCR was
performed using specific TagMan® probes for VCAM-1
(Mm01320970), M-cadherin (Mm00483191), and B-actin
(Mm01205647_gl; Life Technologies), the TagMan Gene
Expression Master Mix (Life Technologies), and a Light-
Cycler 96 instrument (Roche). Data were collected and
analyzed with LightCycler 96 SWI1.1 software (Roche);
three independent experiments were performed.

Statistical analysis

All experiments were performed at least thrice. Data are
shown as mean = standard deviation (SD), and ANOVAs
were used for statistical analysis; sP<0.05 was considered
statistically significant.

Results

Media supporting myoblast differentiation have
limited influence on in vitro cultured ES cells

In initial experiments, we characterized all cells used in
this study: ES-GFP cells, inactivated feeder layer MEFs, and
C2C12 and SC-derived myoblasts. Expression of pluri-
potency markers, such as Oct-4, Nanog, and Sox2, as well as
myogenic markers Pax3, Pax7, MyoD, Myf-5, myogenin,
and Mrf4, was determined at the level of both mRNA and
protein. As the expression of myogenic markers changed
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during myoblast differentiation, we analyzed both prolifer-
ating (culture day 2 C2C12, culture day 4 SC-derived) and
differentiating/fusing (culture day 4 C2C12, culture day 6
SC-derived) myoblasts.

As expected, all pluripotency markers were easily de-
tected in ES-GFP cells and were absent in MEFs, C2C12,
and SC-derived myoblasts (Fig. 1A; Oct-4 protein shown in
Fig. 1C). Pax7 and all analyzed MRFs (Myf-5, MyoD,
myogenin, and Mrf4) were absent in ES-GFP cells but, as
expected, detected in both types of myoblasts at mRNA and
protein levels (Fig. 1A; MyoD and myogenin shown in Fig.
1C). Interestingly, weak expression of Pax3 was detectable
in ES-GFP cells by RT-PCR, but Pax3 protein was not
found in these cells (data not shown). Expression of Pax3
and Mrf4 was also observed in inactivated MEFs, but again
only at the transcript level (Fig. 1A). We estimated that the
average contribution of MEFs to all cells counted after
preplating was 3.8% +0.6% (data acquired from 12 inde-
pendent experiments). Additional RT-PCR experiments
showed that ES cells propagated on Matrigel without MEFs
did not express Pax3 (Fig. 1B). The identity of all RT-PCR
products was confirmed.

Next, we investigated whether the expression of myo-
genic factors can be induced in ES-GFP cells by culturing
them in media supporting myoblast proliferation and dif-
ferentiation. In our study, we compared how ES-GFP cells
maintained under standard conditions (ie, DMEM + LIF)
differ from those cultured in three different types of media
routinely used for myoblast culture (ie, DMEM +FBS,
DMEM+HS, and DMEM +FBS+HS) [32]. In each ex-
periment, ES-GFP cells were seeded onto inactivated MEFs
and analyzed after 3, 6, 9, and 12 days of culture.

The effect of different media on the morphology of
ES-GFP cell colonies was noticeable as early as culture day 3
and became more evident after 6, 9, and 12 days of culture
(Fig. 2A). Control ES cells cultured in DMEM + LIF formed
the biggest colonies of typical morphology, while those cul-
tured in DMEM +FBS + HS formed the smallest (Fig. 2A).
At first, flattened colonies and dispersed cells were observed
after culture day 6 in all types of media routinely used for
myoblasts; however, the most significant changes were no-
ticeable in DMEM +FBS (Fig. 2A). Apart from morphology,
we also compared the number of ES-GFP cells under the four
indicated culture conditions (Supplementary Fig. S1A). After
12 days, the number of ES-GFP cells cultured with
DMEM +LIF was twice to thrice higher than the number of
cells in DMEM +FBS or DMEM +HS (Supplementary Fig.
S1A; 389£12.1% 10° versus 121+9.8x 103 and 167+7.3 x
10°, respectively), and as much as seven times higher com-
pared with DMEM +FBS +HS cultures (Supplementary Fig.
S1A; 389+12.1x% 10° versus 63+2.9x 10%). Thus, the dif-
ferent media significantly decreased the proliferation rate of
mouse ES cells. This suggests that these media either in-
hibited cell proliferation or induced differentiation. This was
assessed by analysis of the expression of pluripotency
markers, such as Oct-4 and Nanog, as well as factors char-
acteristic for myoblasts, such as Pax3, Pax7, and MRFs.

After culture day 12, Oct-4 was easily detectable in
ES-GFP cells at both the mRNA and protein level, regard-
less of culture conditions (Fig. 2B, C). Pax3 was the only
myogenic marker detected in ES-GFP cells (Pax3, MyoD,
and myogenin shown in Fig. 2B). None of the myogenic
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FIG. 1. Expression of plur-
ipotency and  myogenic
markers in embryonic stem
(ES)-green fluorescent protein
(GFP) cells, mouse embryonic
fibroblasts (MEFs), and myo-
. blasts. (A) Reverse transcrip-
W & tion (RT)-polymerase chain
reaction (PCR) analysis of
transcripts  encoding  pluri-
potency markers (Oct-4, Na-
nog, and Sox2) and myogenic
markers (Pax3, Pax7, MyoD,
Myf-5, Myog, and Mrf4) in
ES-GFP cells, MEFs, C2C12,
and satellite cell (SC)-derived
myoblasts. GAPDH was used
as a reference gene. Represen-
tative images of gels are
shown. (B) RT-PCR analy-
sis of the Pax3 transcript in

ES-GFP cells collected after

ES CELLS

C2C12

markers were detected at the protein level in ES-GFP cells
cultured in different conditions (Fig. 2C). Even though the
media had a noticeable effect on ES cell proliferation, they
did not induce myogenic differentiation. The disappearance
of Oct-4 and the presence of MyoD was found only when
ES-GFP cells were pretreated with 3 or 10 uM 5-azaC be-
fore their culture in DMEM+HS or DMEM +FBS +HS
(Supplementary Fig. S1B). Although changes in the mor-
phology of such cells were evident (cells became bipolar
and elongated; Supplementary Fig. S1C), we did not ob-
serve myotubes. Colonies of cells treated with 5-azaC and
cultured in DMEM+LIF or DMEM +FBS were smaller
than control colonies, and some of these cells did not ex-
press Oct-4; however, any myogenic markers were detected
(Supplementary Fig. S1B, C). The addition of <1uM 5-
azaC had negligible effects on ES cell morphology and gene
expression, but resulted in decreased cell viability when
used at concentrations > 10 uM (Supplementary Fig. S1D).

preplating, ES-GFP cells prop-
agated on Matrigel without
MEFs, MEFs alone, and SC-
derived myoblasts. GAPDH
was used as a reference gene.
(C) Immunofluorescent detec-
tion of Oct-4, MyoD, and
myogenin in ES-GFP cells and
C2C12 myoblasts. Staining for
Oct-4 and MyoD in proliferat-
ing C2C12 cells (day 2 of cul-
ture) and myogenin staining in
differentiating/fusing C2C12
cells (day 4 of culture) are
shown. Arrows indicate nuclei
of MEFs, distinguishable from
nuclei of ES-GFP cells by the
absence of GFP. Scale bar,
20pum. Color images avail-
able online at www.liebertpub
.com/scd

merged

Co-culture of ES cells with differentiating myoblasts
results in formation of hybrid myotubes

The major goal of our study was to determine whether
undifferentiated mouse ES cells co-cultured with differentiat-
ing myoblasts are able to undergo myogenic differentiation.
We used two types of myoblasts that are commonly used in in
vitro myogenic differentiation studies, C2C12 and primary
SC-derived myoblasts. Since these two types of myoblasts
differ in their timing of proliferation and differentiation [35],
the signals they release in vitro may also differ. For this rea-
son, we decided to co-culture ES-GFP cells with either C2C12
or SC-derived myoblasts in parallel.

After seeding and proliferation, C2C21 and SC-derived
myoblasts start to differentiate and fuse, eventually forming
multinucleated myotubes (apparent at days 6 and 8 of cul-
ture, respectively). Based on our preliminary results (data
not shown), we chose to start ES-GFP cell-myoblast
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FIG. 2. Comparison of ES-GFP cells under different culture conditions. (A) Morphology of ES-GFP cell colonies cultured
in standard medium (DMEM + LIF) or in media supporting proliferation and differentiation of myoblasts (DMEM +FBS,
DMEM +HS, and DMEM +FBS + HS) after 6 and 12 days of culture. White arrow indicates dispersed cells; black arrow
indicates flattened colonies. Scale bar, 100 pm. (B) RT-PCR analysis of transcripts encoding pluripotency (Oct-4) and
myogenic markers (Pax3, MyoD, and Myog) in ES-GFP cells cultured in different media for 3 or 12 days. Undifferentiated
ES-GFP cells and C2C12 myoblasts were used as a control; GAPDH was used as a reference gene. Representative images of
gels are shown. (C) Immunofluorescent detection of Oct-4, MyoD, and myogenin in ES-GFP cells cultured in DMEM + LIF
or DMEM +FBS +HS for 12 days. Scale bar, 20 pm. Color images available online at www .liebertpub.com/scd
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co-cultures just after the onset of myoblast differentiation
and fusion (days 4 and 6 of myoblast culture, respectively).
Co-cultures involving C2C12 cells were conducted using
DMEM+FBS or DMEM +HS. ES-GFP and SC-derived
myoblasts were cultured in DMEM +FBS + HS. Both types
of co-culture were analyzed after 3, 6, and 9 days.

The presence of ES cells did not impact either type of
myoblast differentiation. Myoblasts co-cultured with ES-GFP
cells fused and formed multinucleated myotubes similar to
control cultures without ES cells (Supplementary Fig. S2). In
both co-cultures types, ES cell colonies gradually expanded
but were easily distinguishable and visible among growing
myotubes (Supplementary Fig. S2). Interestingly, ES-GFP
cells expressed pluripotency markers even after 9 days of co-
culture, as shown by immunolocalization of Oct-4 (Fig. 3A);
the same was true for Nanog (data not shown). In contrast,
myogenic markers Pax7, MyoD, and/or myogenin were
present in myoblasts and myotubes (MyoD and myogenin
shown in Fig. 3A) but absent in ES-GFP cell colonies. Im-
portantly, we detected myotubes containing GFP-expressing
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nuclei, proving that ES-GFP participated in the formation of
myotubes with both C2C12 and SC-derived myoblasts. We did
not observe any significant differences between ES-GFP cell-
C2C12 and ES-GFP cell-SC-derived myoblast co-cultures.
Thus, only results obtained from ES cell-C2C12 myoblasts are
shown (Fig. 3).

None of the myotubes contained exclusively GFP-
positive nuclei, suggesting that none of them originated
solely from differentiating ES cells fusing with each other.
Furthermore, under such conditions, ES cells were not able
to differentiate into myotubes alone, but could only form
hybrid myotubes by fusing with myoblasts. Hybrid myo-
tubes were detected as early as after 3 days of co-culture
regardless of the type of myoblast used. To exclude the
possibility that ES cells remain adjacent to myotubes, each
hybrid myotube was carefully examined to confirm that GFP
nuclei were, indeed, incorporated into the myotube rather
than being localized in close proximity. Importantly, the
GFP-positive nuclei found in hybrid myotubes did not
contain Oct-4, but were positive for myogenic markers

Oct-4 DNA MyoD

DNA  GFP ||

merged

B Oct-4

GFP MyoD

DNA

GFP

mvyoge nin

merged

merged

merged
%

FIG. 3. Co-culture of ES-GFP cells and C2C12 myoblasts. (A) Immunofluorescent detection of Oct-4, MyoD, and
myogenin in ES-GFP cells and C2C12 myoblasts co-cultured for 9 days. Colonies of ES cells are visible between myoblasts
and myotubes. Red arrows indicate the presence of myogenic factors in the nuclei of myoblasts and myotubes. Scale bar,
20 pm. (B) Immunolocalization of Oct-4, MyoD, and myogenin in hybrid myotubes formed by ES-GFP cells and C2C12
myoblasts co-cultured for 6 days. Arrows indicate nuclei derived from ES-GFP cells and present in the hybrid myotube;
white arrow indicates nuclei devoid of Oct-4 (pluripotency marker); green arrows indicate nuclei containing myogenic
markers. Scale bar, 20 um. Color images available online at www.liebertpub.com/scd
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MyoD and myogenin (Fig. 3B). However, Pax3 and Pax7
were not detected in such nuclei (data not shown). Our re-
sults support the idea that ES cells are not able to undergo
myogenic differentiation and convert into myoblasts and
myotubes in response to factors released by differentiating
myoblasts, but are able to participate in the formation of
hybrid myotubes.

To verify whether direct contact between ES cells and
myoblasts is crucial for hybrid myotube formation, we
cultured ES-GFP cells in medium conditioned by differen-
tiating myoblasts, using inserts with pores to enable cells to
migrate. Under these conditions, we did not observe any
hybrid myotubes formed by ES-GFP cells and myoblasts
(data not shown). This indicates that signals released by
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differentiating myoblasts and myotubes are not sufficient to
trigger hybrid myotube formation.

Next, we quantified the number of hybrid myotubes after
3, 6, and 9 days of co-culture. In control experiments, either
MEFs or undifferentiated C2C12 myoblasts labeled with
Cell Tracker Orange CMRA were seeded on the layer of
unlabeled differentiating C2C12 or SC-derived myoblasts
and cultured for 3, 6, or 9 days. At co-culture day 9, we
detected 33.7% hybrid myotubes formed between labeled
and unlabeled C2C12 myoblasts (Fig. 4A). Simultaneously,
the co-culture of labeled MEFs and unlabeled C2C12
myoblasts contained 5.3% hybrid myotubes. Only 1.1%
hybrid myotubes originated from ES-GFP cells and C2C12
myoblasts (Fig. 4A). Similar results were obtained for the
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FIG. 4. Hybrid myotubes in ES-GFP cell-C2C12 myoblast co-culture. (A) Formation of hybrid myotubes in three types of
co-cultures. Arrows indicate hybrid myotubes formed in each type of the co-culture after 6 days of differentiation: green,
ES-GFP cells and C2C12 myoblasts; pink, MEFs and C2C12 myoblasts; yellow, C2C12 and C2C12 myoblasts. Red
corresponds to CMRA dye used for labeling MEFs and C212 cells in control co-cultures. Scale bar, 20 pum. (B) The table
presents the frequency of hybrid myotube formation in all co-cultures types after 3, 6, and 9 days. Data from three
independent experiments are shown as mean=+ SD. (C) Comparison of the cell fusion index in three types of co-culture: ES-
GFP cells+C2C12; MEFs+C2C12; and C2C12+ C2C12. The index of fusion was calculated after 3, 6, and 9 days of co-
culture; *P <0.05. Color images available online at www.liebertpub.com/scd
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co-culture of ES-GFP, MEFs, or C2C12 myoblasts with SC-
derived myoblasts (data not shown). Next, we determined
the index of fusion, which serves as an indicator of a cell’s
fusibility. We found that at all analyzed time points the
fusion index was almost twice lower in the C2C12-MEF or
C2C12-ES cell co-culture compared with the myoblast—
myoblast co-culture (Fig. 4B). These results suggest that the
fusion competence of ES cells is dramatically lower, in
comparison to that of not only the myoblasts, but also the
MEFs, which do not spontaneously fuse.

ES cells express adhesion and fusion factors
with the exception of M-cadherin and VCAM-1

Since the ability of cells to fuse depends on the presence
of numerous surface proteins, we speculated that limited
competence of ES cells to fuse with myoblasts might result
from insufficient expression or lack of these factors [19-23,
36-38]. Therefore, we investigated whether undifferentiated
ES-GFP cells express factors crucial for proper adhesion
and fusion of myoblasts, including integrin o3, integrin 1,
CD9, CD81, VCAM-1, NCAM, M-cadherin, and ADAM12.
We studied the presence of these factors in ES-GFP, MEF,
C2C12, and SC-derived myoblasts at both the mRNA and
protein level. Since the expression of adhesion and fusion
factors may potentially change during myoblast differenti-
ation, we analyzed both proliferating and fusing myoblasts.

We detected transcripts of Irga3 (integrin o3), Itghl (in-
tegrin B1), Cd9, Cd81, Vcam-1, Ncam, Mcad (M-cadherin),
and Adamli2 in ES-GFP cells, MEFs, C2C12, and SC-
derived myoblasts (Fig. 5A). We also found proteins en-
coded by these transcripts in the membrane of myoblasts
and myotubes (Fig. 5B and Supplementary Figs. S3 and S4).
Most of the analyzed proteins were also detected in ES-GFP
cells with the exception of M-cadherin and VCAM-1
(Fig. 5B and Supplementary Figs. S3 and S4). In ES cell
colonies, the distribution of these proteins was uniform; we
did not observe significant differences between cells local-
ized at the periphery or in the middle of colonies (Fig. 5B
and Supplementary Figs. S3 and S4). All these results
suggest that the limited fusibility of ES cells may result
from the lack of M-cadherin and VCAM-1.

In additional experiments, we investigated whether expres-
sion of VCAM-1 and M-cadherin changes in ES cells differ-
entiated in EB. qPCR showed that VCAM-1 expression
decreases in EBs cultured for 2 (EB2) or 5 (EBS5) days and then
increases in EBs cultured for 7 days (EB7) as well as in the cell
outgrowths obtained from EB7 (Fig. 6A). FACS analysis
showed that cells obtained by dissociation of EB2, EBS, and
EB7 do not synthesize VCAM-1 protein, similar to undiffer-
entiated ES cells (Fig. 6B). However, single VCAM-1-positive
cells were found in EB7 outgrowths (Fig. 6C). In addition,
gqPCR showed that the expression of M-cadherin increases in
outgrowths derived from EB7 (Fig. 6A).

Discussion

Although ES cells possess the ability to undergo multi-
directional differentiation, directed conversion of such cells
into desired cell types is not always effective [39,40]. In the
current study, we examined whether mouse ES cells were
able to undergo myogenic differentiation and fusion in co-
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culture with differentiating myoblasts. In addition, we com-
pared the behavior of ES cells cultured in standard condi-
tions (ie, in the presence of LIF) and in media designed to
support myoblast propagation. We were prompted to per-
form such experiments by the fact that different types of
cells (eg, cells derived from the stromal vascular fraction of
adipose tissue [14] or AC133+ cells [16]) were shown to
undergo myogenic differentiation when cultured in media
routinely used for myoblast propagation or/and when co-
cultured with myoblasts. The results of our experiments
clearly indicated that factors present in the media used for
myoblast culture or released by differentiating myoblasts are
not sufficient to induce myogenic conversion of ES cells.
Despite noticeable changes in the morphology of ES cell
colonies even after 2 weeks of culture, ES-GFP cells main-
tained expression of pluripotency markers and never ex-
pressed myogenic markers (with the exception of Pax3
detected at the mRNA level). Similarly, Mizuno et al. [41]
showed the presence of Pax3 transcripts in undifferentiated
mouse ES cells of the D3 cell line, while Tian et al. [42]
detected a few Pax3-positive 129/Sv ES cells. It should be
pointed out, however, that in many experiments, including the
present, pluripotent stem cells were expanded using feeder
layers of inactivated MEFs, cells known to express low levels
of Pax3. Although we determined that preplating removes
>95% of MEEF cells, we believe that the Pax3 mRNA detected
in ES cell samples resulted from MEF mRNA contamination.
This is supported by the fact that the Pax3 transcript was never
detected in ES cells propagated without MEFs.
Discrepancies in the ability to undergo myogenic differ-
entiation observed between various stem cells, such as ES
cells and cells derived from the stromal vascular fraction of
adipose tissue, may be explained by the fact that myogenic
and adipose cells have a common embryonic origin: both of
them are derived from mesodermal progenitors. Compe-
tence of AC133+ cells to undergo myogenic differentiation
may be explained by the fact that these cells already express
some myogenic factors, including Pax7 and M-cadherin
[16]. This suggests that only cells which share develop-
mental origin and/or other myogenic cell features (eg, utilize
the same signaling pathways or express similar factors) are
competent to undergo myogenic differentiation in response
to factors released by myoblasts or components present in
the media. This explanation is also supported by results of
studies on myogenic differentiation of mesodermal/myo-
genic precursors obtained from ES cells. For example,
Darabi et al. showed that cells selected from differentiating
ES cells on the basis of PDGFaR expression (paraxial me-
soderm marker serving as a source of skeletal muscle during
embryo development) are able to undergo myogenic dif-
ferentiation and form myotubes in vitro [3,5]. Similarly,
mesoderm/myogenic precursors selected from differentiat-
ing ES cells on the basis of SM/C-2.6 expression synthesize
Pax7 and M-cadherin and form myotubes in vitro [43]. In
both studies, ES cells were differentiated within EBs (ie, in
three-dimensional aggregates, in which cells spontaneously
form ecto-, endo-, and mesoderm) [44]. However, cellular
differentiation within EBs is often asynchronous, and the
formation efficiency of the mesoderm and its derivatives
is rather low [2]. Thus, various supplements such as ITS
(insulin, transferrin, and selenium), dexamethasone, bone
morphogenetic protein 4, epidermal growth factor, or
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FIG. 5. Expression of adhesion and fusion factors in ES-GFP cells, MEFs, and myoblasts. (A) RT-PCR analysis of adhesion
and fusion factor transcripts (Ncam, Vcam-1, Mcad, Adaml2, Cd9, Cd81, Itga3, and Itgbl) in ES-GFP cells, MEFs, C2C12,
and SC-derived myoblasts. GAPDH was used as a reference gene. Representative images of gels are shown. (B) Im-
munolocalization of NCAM, VCAM-1, and M-cadherin in ES-GFP cells and myoblasts. ““prol.,” marks images showing
localization of analyzed proteins in proliferating C2C12 or SC-derived myoblasts; “‘diff.,”” indicates images showing presence
of proteins in differentiating myoblasts. Scale bar, 20 um. Color images available online at www .liebertpub.com/scd

5-azaC have been used to promote mesodermal/myogenic
formation [2].

However, despite numerous attempts, direct in vitro dif-
ferentiation of ES cells into mesodermal/myogenic pre-
cursors remains inefficient. Several studies showed that
although cells started expressing myogenic genes in re-
sponse to supplemental treatments, they were unable to
form myotubes and convert into functional myoblasts [2].

Difficulties in efficient derivation of functional myogenic
cells from ES cells emphasize the importance of the se-
quential steps involved in this process. Our current study
showed that pretreatment of ES cells with 5-azaC before
their culture in DMEM+HS or DMEM +FBS+HS re-
sulted in the inhibition of Oct-4 and the induction of MyoD
synthesis. 5-AzaC and 5-aza—-2’-deoxycytidine are known
epigenetic modifiers that have been used to induce
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FIG. 6. Expression of VCAM-1 and M-cadherin in undifferentiated and differentiating ES cells. (A) The level of VCAM-1
and M-cadherin transcripts in undifferentiated ES cells, ES cells differentiated in EB for 2 (EB2), 5 (EBS), or 7 (EB7) days,
and outgrowths derived from EB7. RNA isolated from SC-derived myoblasts, MEFs, and 13 day embryos (used as a control
sample) was also analyzed by qPCR. B-actin was used as a reference gene. Transcript levels in experimental samples were
compared with the transcript level (100%) in the control (embryo) sample. (B) VCAM-1 analysis by FACS. ES cells, cells
derived from EB2, EB5, EB7, and differentiating myoblasts were stained with anti-VCAM-1antibody and analyzed by flow
cytometry. In control experiments, anti-VCAM-1 antibody was omitted. Data for cells derived from EB2, EB5, and EB7 were
similar to results obtained for undifferentiated ES cells (lower row). (C) Immunolocalization of VCAM-1 in outgrowths
derived from EB7. Arrows indicate cells that synthesize VCAM-1. Scale bar, 20 um. Color images available online at

www.liebertpub.com/scd

myogenic conversion since the 1970s [45,46]. In our study,
the ES cells treated with 5-azaC and cultured in the pres-
ence of HS resembled myoblasts, but they were not able to
form myotubes. The disappearance of Oct-4 in ES cells
treated with 5-azaC likely resulted from its degradation by
caspases activated in response to 5-azaC [47]. Since Oct-4
prevents expression of MyoD by directly binding its gene,
degradation of the Oct-4 protein may facilitate transcrip-
tion of MyoD (Fig. 7) [48]. Expression of MyoD in 5-azaC-
treated cells may be further promoted by epigenetic
changes, such as inhibition of DNA methylation and his-
tone deacetylation, caused by this reagent [49]. However,
since in our study MyoD was detected only in 5-azaC-
treated ES cells cultured in DMEM+HS or DMEM +
FBS +HS, it is possible that MyoD expression was trig-
gered by unidentified components present in HS (Fig. 7).

We also found myogenic markers in the nuclei of ES-GFP
cells in hybrid myotubes. Although it is possible that

myogenic marker mRNA or proteins could be delivered to
myotubes by microvesicles, considering the fact that GFP
and myogenic markers were present exclusively in the nu-
clei, this is very unlikely [50]. The presence of hybrid
myotubes formed by ES-GFP cells and myoblasts contra-
dicts previous studies showing that undifferentiated human
ES cells co-cultured with C2C12 cells are unable to form
myotubes. Barberi et al. [51] showed that only those ES
cells which were cultured for 40 days under differentiation
priming conditions and then selected on the basis of CD73
expression (paraxial mesoderm marker) were able to fuse
with C2C12 cells and form hybrid myotubes [51]. This
discrepancy may be the result of different ES cell origins
(mouse versus human) and/or different culture conditions in
these two studies. Since we detected the first hybrid myo-
tubes after 3 days of co-culture, it seems unlikely that ES
cells differentiated into fusion-competent cells, such as
macrophages.
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In the current study, we demonstrated that undifferen-
tiated ES cells synthesize numerous surface proteins that
are critical for proper adhesion and fusion of myoblasts,
but lack VCAM-1 and M-cadherin. The latter observation
agrees with the results of Rose and co-workers, who dem-
onstrated that M-cadherin is detectable only in ES cells
differentiating in EB [52]. However, since myoblasts de-
rived from mice lacking M-cadherin are able to fuse [53], it
seems that the limited fusibility of ES cells is not caused
by the lack of M-cadherin but by the lack of VCAM-I. It
has been shown that an inhibition of VCAM-1 protein in
myoblasts completely hinders their fusion during in vitro
culture [21]. Recently, VCAM-1 was shown to be robustly
expressed in human ES and iPS cells differentiating into
cardiomyocytes from culture day 7 [54]. Tian et al. [55]
showed that VCAM-1 was present on the surface of un-
differentiated mouse ES cells but disappeared rapidly after
the removal of LIF from the medium [55]. In contrast,
Heyward and co-workers showed that VCAM-1 expression
was sustained during ES cell differentiation [56]. Our studies
showed that undifferentiated ES-GFP cells and cells prop-
agated in EB until day 7 of culture lacked the VCAM-1
protein. The first single cells synthesizing VCAM-1 were
detected in outgrowths derived from EB7 and cultured
for another 3 days; these cells also had elevated levels of
Veam-1 mRNA. However, it should be noted that Vcam-1
mRNA was also present in undifferentiated mouse ES-GFP
cells. These discrepancies indicate that the significance of
VCAM-1 in determining the fate of ES cells, including their
myogenic differentiation, requires further study.

Data presented in the current study clearly demonstrate
that ES cell nuclei start expression of myogenic factors,
such as MyoD and myogenin, only after incorporation into
myotubes (Fig. 7). Similar myogenic conversion preceded
by fusion has been shown for mesenchymal stem cells [57]
and vascular cells from retina [15] fusing with myotubes or
myofibers. Pioneering experiments by Johnson and Rao
demonstrated that fusion of two different cell types may

lead to changes in their chromatin organization, epigenetic
modifications, and, as a result, gene expression [58]. It has
also been shown that the phenotype of the less-differenti-
ated fusion partner may dominate over the phenotype of
the more-differentiated partner [59]. However, since the
hybrid myotubes analyzed in this study were formed pre-
dominantly by the myoblast component, the activity of fac-
tors present in myoblasts and myotubes probably prevailed
over those introduced by ES cells. As a consequence, the
nuclei of hybrid myotubes did not express pluripotency
markers.

The current study provides new and important information
about reciprocal interactions between pluripotent stem and
myogenic cells. We report for the first time that undifferen-
tiated mouse ES cells may participate in the formation of
hybrid myotubes, although their fusibility is limited. Since
myoblasts fuse very efficiently, a low frequency of hybrid
myotube formation may result from competition between
myoblasts and ES cells. Direct contact between both types
of cells was crucial for participation of ES cells in myotube
formation, as they were unable to form myotubes indepen-
dently. We also found that undifferentiated ES cells express a
variety of surface proteins, but they lack M-cadherin and
VCAM-1, the factors involved in myoblast fusion. Since dif-
ferentiation of pluripotent stem cells is affected by both cell-
cell and cell-extracellular signal interactions, deciphering the
role of those and other membrane proteins in the differentiation
of ES cells into myogenic cells remains of great importance for
the development of future therapeutic approaches.
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