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The differentiation and/or therapeutic potential of skeletal muscle–derived stem cells for cardiac infarction have 
been studied extensively for use in cellular cardiomyoplasty, as injured cardiomyocytes exhibit limited regen-
erative capacity. We previously reported cardio-myogenic differentiation of skeletal muscle–derived CD34+/45− 
(Sk-34) stem cells after therapeutic transplantation. However, the clonal differentiation potential of these cells 
remains unknown. Here, we show that skeletal muscle–derived CD34−/45− (Sk-DN) stem cells, which are situ-
ated upstream of Sk-34 cells in the same lineage, exhibit clonal differentiation into cardiomyocytes after single 
cell-derived single-sphere implantation into myocardium. Sk-DN cells were enzymatically isolated from green 
fl uorescent protein (GFP) transgenic mice and purifi ed by fl ow cytometry, and were then clonally cultured in 
collagen-based medium with bFGF and EGF after clonal cell sorting. Single cell-derived single-sphere colonies 
of Sk-DN cells were directly implanted into the wild-type mouse myocardium. At 4 weeks after implantation, 
donor cells exhibited typical cardiomyocyte structure with the formation of gap-junctions between donor and 
recipient cells. Expression of specifi c mRNAs for cardiomyocytes, such as cardiac actin and GATA-4, Nkx2-5, 
Isl-1, Mef2, and Hand2, were also seen in clonal cell cultures of Sk-DN cells. Cell fusion–independent differen-
tiation was also confi rmed by bulk cell transplantation using Cre- and loxP (enhanced GFP)-mice. We conclude 
that Sk-DN cells can give rise to cardiac muscle cells clonally, and that skeletal muscle includes a practical cell 
source for cellular cardiomyoplasty.

Introduction

Skeletal muscle–derived stem cells have several poten-
tial advantages as a stem cell source for autologous cel-

lular transplantation therapy without immunosuppression, 
including easy access to donor cells and the fact that mus-
cle accounts for a substantial proportion of total body mass. 
Therefore, skeletal muscle–relating stem cells have been 
fractionated by various techniques and have been applied to 
cell transplantation therapy.

We previously demonstrated that freshly isolated murine 
skeletal muscle–derived CD34+/45− (Sk-34) cells are mul-
tipotent stem cells [1,2], and that they can give rise to car-
diomyocytes having desmosomes and intercalated discs 
associated with gap-junctions after transplantation into the 
myocardial infarction (MI) zone, signifi cantly contribut-
ing to the functional recovery of the left ventricle (LV) [3]. 
Differentiation into cardiomyocytes was also confi rmed by 

FISH analysis and in vitro coculture with embryonic cardio-
myocytes [3]. However, clonal differentiation potential has 
yet to be defi ned in Sk-34 cells. Confi rmation of this poten-
tial is vitally important for stem cell and developmental biol-
ogy, and would allow the establishment of a practical cell 
source of future cardiomyoplasty.

We also identifi ed a further cell population in the CD34−/
CD45− (Sk-DN) fraction as putative immature stem cells that 
typically form sphere-like colonies having high colony-
forming activity (over 40%) in a collagen-based semisolid 
cell culture system with bFGF and EGF [4]. Sk-DN cells also 
exhibited myogenic-endothelial differentiation capacity 
during culture [4] and high therapeutic potential for muscle-
nerve-blood vessel units [5], as similarly reported for Sk-34 
cells [2]. In addition, the characteristic single cell-derived 
sphere-colony formation in Sk-DN cells is suitable for clonal 
differentiation analysis [6]. We then found that Sk-DN cells 
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were clone-sorted into two 96-well plates (50 cells each) by 
FACS and individually cultured in collagen-based semisolid 
medium (CollagenCult H4742; StemCell Tech, Vancouver, 
Canada) with 10 ng/mL bFGF and 20 ng/mL EGF. Two 
weeks after culture, individual colony-forming units (CFUs) 
were suspended in 0.5% collagenase/phosphate buffered 
saline (PBS) for 5 min at 37°C, were washed with serum-free 
medium, and were prepared for clonal cell implantation.

For clonal implantation, typical single spheres (see 
Fig. 1A) from GFP-Tg mice were randomly selected and 
directly implanted into the left ventricular (LV) wall of 
C57BL/6 wild-type mice (n = 6), using a fi ne grass micropi-
pette without infarction, in order to fi x the injected cells in a 
limited area. This method enabled relatively easy detection 
of engrafted cells at 4 weeks after transplantation.

In order to confi rm whether spontaneous cell fusion 
occurs, we performed bulk cell transplantation with three 
different donor/recipient combinations: (1) Cre/loxp mice 
(n = 5); (2) loxP/Cre mice (n = 5); and (3) GFP-Tg/wild-type 
mice (positive control of Cre-loxP system cell transplanta-
tion, n = 5). In this bulk cell transplantation, an MI model 
was produced in recipient mouse LV under halothane anes-
thesia (Fluothane, Takeda Chemical, Osaka, Japan). We have 
previously observed vigorous engraftment of transplanted 
Sk-34 cells (situated hierarchically downstream of the pre-
sent Sk-DN cells in the same lineage) in the MI region, even 
in heterografts (GFP-mouse to nude rat) [3]. After tracheal 
insertion and initiation of ventilation (room air, rate 60 
cycles/min, tidal volume 1 mL/100 g body weight, Harvard 
Apparatus Rodent Ventricular, model 683), the heart was 
exposed by left thoracotomy, and the proximal left coronary 
artery was ligated. Sk-DN cells were obtained from donor 
mouse skeletal muscles, were cultured in same collagen-
based medium for 6 days, and were then suspended with 
collagenase. After washing with nonserum DMEM, cells 
were transplanted directly into the infarcted area of the LV 
wall in recipient mice (5 × 105 cells/animal).

RT-PCR

Single-cell RT-PCR was performed based on a highly 
optimized global RT-PCR procedure [9,10]. Freshly isolated 
Sk-DN cells were clonally cultured in collagen-based semi-
solid medium (StemCell Tech, see above). Single cells and/
or clones composed of 2–8 cells were obtained after 3 days 
and clonal >40 cells were obtained after 5 days of clonal 
cell culture. Cells were then manually removed with a fi ne-
tip micropipette, and suspended/washed in cold RNase-
free 0.01 M PBS. Samples were lyzed with 9 μL of cold 
lysis–fi rst-strand synthesis solution containing fi rst-strand 
buffer (Invitrogen, Carlsbad, CA), 1% NP-40, 1 mM dithio-
threitol, 0.01 mM dNTPs, 3.4 nM dT30-containing primer 
(AAGCAGTGGTATCAACGCAGAGTGGCCATTACGGCCG 
TACTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT) and RNase 
inhibitors (Ambion, Austin, TX; Eppendorf, Hamburg, 
Germany). Samples were quickly frozen with liquid nitro-
gen and were stored at −80°C until use. For analysis, sam-
ples were heated at 65°C for 5 min and placed on ice. Lysates 
were equally divided into 2 PCR tubes, to which 100 U of 
SuperScript III reverse transcriptase (Invitrogen) or 0.5μL of 
nuclease-free water (negative control) was added.

The fi rst cDNA strand was synthesized by incubation 
for 60 min at 45°C. The reaction was stopped by heating at 

are highly immature stem cells situated upstream of Sk-34 
cells in the same lineage, and that they are potentially capa-
ble of self-renewal [7].

Based on the relationship between Sk-34 and Sk-DN cells 
in the same lineage and the basic clonal sphere-colony form-
ing potential of Sk-DN cells, we performed clonal (single 
cell-derived single-sphere) transplantation of Sk-DN cells 
into heart muscle. In vivo differentiation was confi rmed by 
immunohistochemical detection of gap-junctions between 
implanted donor cells and recipient cardiac muscle cells 
associated with cardiac troponin expression. Single-cell and 
clonal 2 to 40 cell, single-sphere, and bulk cell RT-PCR were 
then performed in order to analyze the expression of car-
diac, skeletal, and smooth muscle-specifi c mRNAs.

Materials and Methods

Animals

Green fl uorescent protein transgenic mice (GFP-Tg mice; 
C57BL/6 TgN[act EGFP]Osb Y01, provided by Dr. M. Okabe, 
Osaka University, Osaka, Japan) [8] were used as donor 
mice in cell transplantation and culture studies. C57BL/6N 
wild-type mice were used as recipients in clonal implan-
tation experiments. Cre- and loxP-mice [B6. Cg-Tg (CAG-
cre, CZ-M020sc; BRC 01828) and (CAG-fl oxed Neo-EGFP, 
REP080sb; BRC 02096)] provided by RIKEN BRC, which are 
participating in the National Bio-Resource Project of MEXT, 
Japan, were used for confi rmation studies of cell fusion 
after transplantation. All experimental procedures were 
conducted in accordance with the Japanese Physiological 
Society Guidelines for the Care and Use of Laboratory 
Animals, as approved by the Tokai University School of 
Medicine Committee on Animal Care and Use.

Cell purifi cation

Whole muscles from the thigh and lower leg (tibialis ante-
rior, extensor digitorum longus, soleus, plantaris, gastrocne-
mius, and quadriceps femoris) of 3- to 8-week-old GFP-Tg 
mice were treated with 0.1% collagenase type IA (Sigma-
Aldrich, St. Louis, MO) in Dulbecco’s modifi ed Eagle’s 
medium (DMEM) containing 5%–10% fetal calf serum (FCS) 
with gentle agitation for 2 h at 37°C, and the interstitial cells 
were extracted. Extracted cells were fi ltered through 70-μm, 
40-μm, and 20-μm nylon strainers in order to remove muscle 
fi bers and other debris, and were then washed and resus-
pended in Iscove’s modifi ed Dulbecco’s medium (IMDM) 
containing 10% FCS, yielding enzymatically extracted cells. 
These cells were stained with allophycocyanin (APC)-
conjugated antimouse CD34 (RAM34, 17-0341; eBioscience, 
San Diego, CA) and pacifi c blue-conjugated antimouse CD45 
(30-F11, 103126; BioLegend, San Diego, CA). CD34−/CD45− 
(Sk-DN) cells were then collected. Live cells were counted 
after cells positive for propidium iodide (PI) were excluded 
as dead cells. Cell analysis and sorting were carried out on a 
FACSAria (Becton Dickinson Japan, Tokyo).

Clonal cell implantation and bulk cell transplantation

Clonal analysis for Sk-DN cells were performed based on 
the typical characteristics of sphere-like colony formation 
from single cells. One hundred freshly isolated Sk-DN cells 
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added to 6.5 μL of fi rst-strand cDNA solution. Poly-dA tail-
ing was performed for 15 min at 37°C and was stopped by 
heating at 65°C for 10 min. Poly-dA tailed cDNA was pre-
amplifi ed using a sequence nonspecifi c 2-step PCR protocol 
with dT30-containing primer. Preamplifi cation was per-
formed in a 20-μL volume containing ExTaq buffer, 1 U of 
ExTaq-polymerase (Takara Bio, Shiga, Japan), 8.3 μM dT30-
containing primer, 0.65 mM dNTPs and 4 μL of poly dA 
tailed cDNA.

65°C for 10 min. After cooling on ice, 1.5 μL of 1 U RNase 
H solution (Invitrogen), 0.5 μL of 75 mM MgCl2 and 0.5 μL 
of nuclease-free water were added to the test sample. RNA 
was degraded by incubation for 15 min at 37°C and RNase 
H was inactivated for 10 min at 65°C. Samples were imme-
diately cooled on ice and 6.5 μL of 2X poly-dA tailing so-
lution containing 2X terminal deoxynucleotidyl transferase 
buffer, 3 mM CoCl2, 1.5 mM dATP, and 15 U of terminal 
deoxynucleotidyl transferase (Promega, Madison, WI) were 
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FIG. 1. Histological characteristics at 4 weeks after clonal single sphere implantation of skeletal muscle–derived CD34−/45− 
cells. (A) Typical sphere-like colony derived from a single Sk-DN cell in collagen-based culture. Scale bar = 100 μm. (B) 
Histological section of recipient left ventricle muscle. Donor cell-derived green fl uorescent protein cells showed typical car-
diomyocyte shape and formed gap-junctions (positive for connexin-43 = red reactions, arrows) between donor and recipient 
muscles. Colors blue/red/green = DAPI/connexin-43/GFP. Scale bar = 20 μm. (C) Immunoelectron microscopic detection of 
implanted GFP+ cells (cells having black dots). Intercalated disks (arrowheads) and desmosomes (arrows) were also clearly ev-
ident between GFP+ and GFP− recipient cardiac muscle cells. Scale bar = 2 μm. (D) Immunohistochemical detection of cardiac 
Troponin-C. GFP+ typical cardiomyocyte-like cells were also cardiac troponin-C positive. Scale bar = 20 μm.
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phosphate buffer (4% PFA/PB). After washing with a graded 
sucrose (0%–25%)/0.01 M PBS series, hearts were quick-
frozen in isopentane, and several 7-μm cross-sections were 
obtained. Localization of gap-junctions was detected using 
rabbit anti-connexin43 polyclonal antibody (c 6219; dilution: 
1:1,000; incubation: 4°C overnight; Sigma, St. Louis, MO). 
Differentiation into cardiac muscle cells was also confi rmed 
by immunostaining of cardiac troponin T (goat anticardiac 
Troponin T polyclonal antibody, sc-8121; dilution: 1:100; 
incubation: 4°C overnight; Santa Cruz Biotechnology, Santa 
Cruz, CA). Reactions were visualized using Alexa Fluor-
594-conjugated goat antirabbit (A11037) and donkey antigoat 
antibodies (A11058; 1:500, room temp., 2 h; Molecular Probes, 
OR). Nuclei were counter-stained with DAPI (4,6-diamino-2-
phenylindole).

For immunoelectron microscopy, sections were stained 
using rabbit anti-GFP antibody (A11122; 1:300, 4°C overnight; 
Molecular Probes) and HRP-conjugated antirabbit antibody 
(1:200, 4°C overnight; Dako, Carpinteria, CA). Reactions were 
visualized with DAB after fi xation in 1% glutaraldehyde/0.1 
M PB. Sections were then fi xed in 1% osmium tetroxide/0.05 
M PB, and were prepared for electron microscopic analysis.

Results

Clonal cell transplantation

In order to confi rm clonal differentiation potential in 
vivo, single spheres (Fig. 1A) derived from single Sk-DN cells 
of GFP-Tg mice were directly implanted into the LV wall of 
C57BL/6 wild-type mice without infarction. This type of 
sphere colony was typically composed of around 100 cells. 
At 4 weeks after implantation, GFP+ cells having gap-junc-
tions (positive for gap-junction alpha-1 protein; connexin43, 
red reactions) among GFP− (host) cardiac muscle cells were 

The second strand was synthesized by incubating for 1 
min at 94°C, 2 min at 50°C, and 2 min at 72°C, followed by 
35 cycles of 94°C for 30 s, 60°C for 30 s, and 72°C for 2 min. 
Duplicate reaction tubes were employed in order to compen-
sate for experimental errors. The reaction products from the 
2 tubes were mixed and this mixture was used as a tem-
plate for the second preamplifi cation. The second PCR was 
performed in a 20-μL volume containing ExTaq buffer, 1 U 
of ExTaq-polymerase, 2 μM dT30-containing primer, 0.2 mM 
dNTPs, and 2 μL of the fi rst PCR product. The reaction com-
prised 35 cycles of 94°C for 30 s, 60°C for 30 s, and 72°C for 
2 min.

The second PCR product was subjected to 2% agarose gel 
electrophoresis and was confi rmed as a smear at 500–700 bp. 
Specifi c PCR (30 cycles of 30 s at 94°C, 30 s at 60°C, and 2 min 
at 72°C) was performed in a 15-μL volume containing Ex-Taq 
buffer, 0.8 U of ExTaq-polymerase, 0.7 μM specifi c sense and 
antisense primers, 0.2 mM dNTPs, and 0.2 μL of the second 
PCR product. Preparations without reverse transcriptase 
served as negative controls in cDNA synthesis, preamplifi -
cation and specifi c PCR. Amplifi cation of genomic DNA was 
not detected in specifi c PCR preparations lacking reverse 
transcriptase. Specifi c primers are summarized in Table 1.

In addition, to test the expression of specifi c markers 
in cultured total Sk-DN cells, bulk cell RT-PCR was per-
formed. Sk-DN cells were cultured in the same collagen-
based medium with bFGF and EGF for 4, 6, and 15 days, and 
were then lyzed, after which total RNA was purifi ed using a 
QIAGEN RNeasy micro kit. Analysis was performed using 
the same protocol described above.

Immunostaining and immunoelectron microscopy

Transplanted hearts were perfused with 0.01 M PBS 
and were fi xed overnight in 4% paraformaldehyde/0.1 M 

Table 1. Specific Primers for PCR

Primer Forward Reverse

MyoD GGCCACTCAGGTCTCAGGTGT TGTTGCACTACACAGCATGCCT
Myf5 CAAGAATGCCTGGTAAATGAAGC CTGGCTCATGATTGGCAAAG
Pax7 AAAAGCACCAAGCCAAGACC GCACACATCCCACTCACACC
c-met GCTCGAGAAAGCTGTAATGTGAAAATC ATTCAGCTCAACTGCAGGTATAGGC
M-cad GGGCTCTCTCTTGGGATGTG CTTCTGCACTCTGCCAGGAC
Myogenin TCTCTTCCTGAAGCCAGTTGC TCCCGGTATCATCAGCACAG
α-SkMA CAATCGACAATCGTGCTGTG CCTTTCCACAGGGCTTTGTTTG
NCAM CACTCGCCCCTGCCAGACAC CCCTCATGGTAGATACATGGTGTACG
Scn-1b CACATAGGCCACTTCCCACAC GGGCTAGGAGGTGTCACAGG
Cacnb1 AGCCTACTGGAAGGCCAC ACCAGAGGGACATCGGCTAC
α-SMA GCAAACAGGAATACCGACGAAGC GCTTTGGGCAGGAATGATTTG
Smoothelin CGGCAAGAATGTCTAGCCACTC TCAAAACGCTGCGTGTGTACA
VE-cadherin TTGCTGTGTGATAAGCAGTTTGC TCATGCACCAGGGTGACTAATAGA
TEK TTCTGCCATGGAGTTACCATCC AGCAGGTGGCTACCACATCAAC
cardiac actin TACCCTGGTATTGCCGATCGT ACATCTCAGAAGCACTTGCGGT
GATA-4 GGCGGGACAGTCATGATAGCAG GAGGGAGAAACAGCGAAAATG
Nkx2-5 TGTCTCGGACCTGGCAGAGC GGCGACGGCAAGACAACCAG
Mef2c CACGCCTGTCACCTAACATCC TGTTAGCTCTCAAACGCCACAC
Hand2 CATTTCTGTCGGGTCGGTTATC CCACTTAGTTTTAGAGGACGGAAGC
isl-1 TGTCAGGAGACTTGCCACTTTTC TCTACATATGGCGCTTTGATTTCAC
Nucleostemin CGGGCCTGACAAATGGAATAC ACGACCCGTCAGATGGCTTAC
Oct4 CTCCCTGGGGATGCTGTGAG CAGGCCAGGCTCCTGATCAAC
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stage after the fi rst cell division, “3–4 cells” refers to the sec-
ond cell division, “5–8 cells” refers to the third division, and 
“>40 cells” and/or “sphere” refers to more than 6 divisions. 
The expression of 3 types of muscle-related markers for skel-
etal (red), smooth (purple), and cardiac (black) was observed 
at the single-cell stage, but the appearance ratio was low and 
the cardiac lineage marker expression was clearly lower than 
that for skeletal and smooth muscle lineage (Fig. 3B). This 
trend was basically maintained with further cellular divi-
sions, and the highest ratio was observed at the >40 cell stage 
(small sphere). This indicates that specifi c marker expression 
was accelerated following the increase in cell number in each 
colony, and this trend was more apparent in cardiac and vas-
cular cell lineage markers. Thus, it was clear that expression 
of specifi c marker mRNAs was relatively weak in the vascu-
lar and cardiac cell lineage when compared with the skeletal 
and smooth muscle lineage. Supporting the results for single 
and clonal cell RT-PCR, expression of specifi c mRNAs was 
stronger in cultured bulk Sk-DN cells basically composed 
of numerous sphere colonies, and all markers were detected 
from 4 to 15 days of culture (Fig. 4).

Bulk cell transplantation

In order to clarify the spontaneous cell fusion mecha-
nism, we also performed 3 sets of bulk Sk-DN cell transplan-
tations (allograft) using different combinations of donors 
and recipients (Cre- and loxP-EGFP mice), in addition to 
GFP-Tg/wild-type mice as a positive control (see Materials 
and Methods). At 4 weeks after transplantation, there were 
no EGFP-positive cells found in either recipient Cre- or loxP-
mouse LV wall, whereas large numbers of GFP+ cardiac-like 
cells positive and/or weekly positive for cardiac troponin-T 
were seen in wild-type recipient mouse LV wall (Fig. 5A 

evident in the host LV wall (Fig. 1B, arrows). Implanted 
GFP+ donor cells also exhibited the formation of interca-
lated disks (arrowheads in Fig. 1C) including desmosomes 
(arrows in Fig. 1C) and expression of cardiac troponin C (Fig. 
1D, arrows), indicating complete differentiation into cardio-
myocytes. The approximate number of engrafted donor-
derived cardiomyocytes and/or cardiomyocyte-like cells 
was 10–30 cells. Other cell types, such as vascular cells and 
multinucleated skeletal muscle cells, were not detected after 
clonal implantation. The same trend was obtained in 3 of 6 
mice (50%). Thus, it is possible that skeletal muscle–derived 
Sk-DN cells clonally give rise to cardiomyocytes at a rate of 
50% after in vivo transplantation.

Interestingly, GFP+ primitive and relatively mature car-
diomyocytes were also evident after clonal transplantation 
under immunoelectron microscopy (Fig. 2A). Primitive car-
diomyocytes had slight and immature contractile fi laments 
in the periphery (arrows in Fig. 2B, 2C), in contrast to the 
regular appearance of Z-disks in the relatively mature car-
diomyocyte (situated left-side in Fig. 2A). The typical struc-
ture of intercalated disks, desmosomes, and gap-junctions 
shown in Figure 1 was not observed in these cells. Higher 
magnifi cation images of Figure 1C (immunoelectron micro-
graphs) is available in the online Supplementary Figure 1. 
(Supplementary materials are available online at http://
www.liebertpub.com/)

RT-PCR for single, clonal, and bulk cells after culture

The cardiomyogenic commitment of Sk-DN cells was 
further analyzed by performing RT-PCR analysis for single 
cells, and clonally divided 2 to 8 and >40 cells (spheres) after 
3 and 6 days of culture (Fig. 3A). In this analysis, “single cell” 
refers to the stage before cell division, “2 cells” refers to the 

A

B C

GFP+ GFP+

GFP–
GFP–

GFP–

B
Z

C

Z

Z

Z

Z

Z

FIG. 2. Immunoelectron micrograph of donor 
cell-derived primitive cardiomyocytes after clonal 
transplantation. Green fl uorescent protein (having 
black dots) donor-derived cell shows similar shape 
as cardiomyocytes having immature contractile fi la-
ments in the periphery (arrows in C). Serial Z-disks 
(Z) can be seen on the left side of the GFP+ cell in 
panel A, with higher magnifi cation view shown in 
B (probably relatively committed cardiomyocyte). 
Dotted squares B and C in panel A correspond to 
panels B and C. Scale bars = 2 μm.
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shown in Figures 1 and 2, transplanted clonal Sk-DN cell 
showed 3 different cellular stages of cardiac differentiation; 
immature, relatively mature, and completely mature. This 
suggests that transplanted Sk-DN cells undergo the cardiac 
differentiation process. Transplanted cells in clonal spheres 
were susceptible to the effects of the recipient cardiac muscle 
microenvironment via paracrine cytokines and the physical 
dynamic motion of the LV wall, as transplanted cells were 
in close proximity (see Fig. 1). Factors from microinjection 
(glass pipette) inducing micro tissue damage and calcium 
signals [12] may have also been a strong inducer. As a result, 
endogenous cardiac lineage potential (eg, expression of car-
diac lineage marker mRNAs) in transplanted cells reacts to 
inductive signals provided by the new microenvironment, 
and the transplanted cells gradually differentiate into com-
plete cardiomyocytes via the acquisition of cell phenotypes 
endogenous to the new microenvironment [13,14]. However, 
the elimination of possible spontaneous cell fusion mecha-
nisms is necessary for this type of cell transplantation study. 
For this purpose, cultured bulk Sk-DN cell transplantation 
using Cre- and loxP- (EGFP) mice demonstrated that there 

and B). Large numbers of engrafted GFP+ donor cells were 
evident on longitudinal (A) and cross-sectional (B) dimen-
sions. These cells were detected at ~150–300 cells/section 
(7 μm), and serially appeared at around 2 mm in depth. 
Interestingly, engrafted Sk-DN cells fi lled in the MI zone, 
but reactions for anticardiac troponin-T were stronger in the 
border zone (arrows in A and B) than in the central zone. 
This phenomenon suggests that differentiation of engrafted 
Sk-DN cells into cardiomyocytes began at the border zones 
and spread to the central MI zone. These results indicate 
that cultured and expanded bulk Sk-DN cells are actively 
engrafted into recipient cardiac tissues, but that no sponta-
neous cell fusions occur.

Discussion

The clonal differentiation potential of skeletal muscle–
derived clonal Sk-DN cells was examined by immunohis-
tochemistry and immunoelectron microscopy after clonal 
single sphere transplantation into a cardiac muscle envi-
ronment without cardiac infarction. Based on the results 
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FIG. 3. Characteristics of single and clonal 2, 3–4, 
5–8, and >40 cells. (A) Typical features of 1 to >40 
cells and spheres. Scale bars = 20 μm. (B) Expression 
of specifi c mRNAs before and after cell division of 

single skeletal muscle–derived CD34−/45− cells. 
Values are percentages calculated by the follow-
ing equation: (expressing clones/total clones × 
100). α-SkMA doubles as a housekeeping control. 
At the single-cell level (before cell division), the 
frequency of cells expressing cardiac muscle-spe-
cifi c markers is low. However, the percentage grad-
ually increased following increases in cell number. 
Expression of skeletal and smooth muscle cell 
markers was relatively higher than that of cardiac 
muscle at all stages. These trends were more appar-
ent in bulk cell RT-PCR (refer to Fig. 4).
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We also reported that freshly isolated Sk-34 cells can give 
rise to cardiomyocytes having desmosomes and intercalated 
discs associated with gap-junctions after transplantation into 
the MI zone, signifi cantly contributing to functional recov-
ery of the LV [3]. In addition, we demonstrated that Sk-DN 
cells are enriched multipotent stem cells situated upstream 
of Sk-34 cells in the same lineage, and are potentially capable 
of self-renewal [7]. Thus, it is possible that the previous car-
diac differentiation of Sk-34 cells after therapeutic bulk-cells 
transplantation and its signifi cant contribution to functional 
recovery after MI depended on the clonal differentiation 
potential of this stem cell lineage. However, it is likely that 
the present Sk-DN and previously reported Sk-34 cells may 
default to differentiation into skeletal muscle, vascular, and 
peripheral nerve-related cells. Because when these cells were 
transplanted into relatively neutral conditions in vivo, such 
as beneath the kidney capsule, they differentiated into skele-
tal muscle fi bers with capillary and Schwann cells [2,5].

For the expression of specifi c mRNAs during cell cul-
ture, cell number-dependent increases in expression ratio 
were observed, particularly in the vascular and cardiac cell 

were no cell fusions, whereas large numbers of GFP+ cells 
were seen after the same bulk-cell transplantation from 
GFP-Tg mice to wild-type mice (Fig. 5). In bulk-cell trans-
plantation, it is likely that topological effects of the microen-
vironment are stronger in the border zone of the MI than that 
in the central zone, as shown by the reaction of anticardiac 
troponin-T in Figure 5. Thus, we conclude that the present 
differentiation of Sk-DN cells into cardiomyocytes was not 
dependent on spontaneous cell fusion, but was dependent 
on the cellular differentiation mechanisms of stem cells.
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FIG. 4. RT-PCR for cultured 
bulk skeletal muscle–derived 

CD34−/45− cells. Sk-DN cells 
were cultured for 4 days (A), 6 
days (B), and 15 days (C). Low 
levels of Oct4 and Nkx2.5 were 
expressed at 6 and 15 days of 
culture; however, other mark-
ers were positive at all 3 stages. 
Red, skeletal muscle lineage; 
Green, ion channel; purple, 
smooth muscle lineage; blue, 
vascular lineage; black, car-
diac muscle lineage; orange, 
cell proliferation and stem cell 
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FIG. 5. Histological observation at 4 weeks after bulk skel-

etal muscle–derived CD34−/45− cell transplantation. There 
were no green fl uorescent protein (GFP) cells found in Cre-
loxP system transplantation, thus suggesting that no cell 
fusions occurred. However, vigorous cellular engraftment 
was seen in GFP-Tg-wild-type mouse transplantation, both 
in longitudinal (A) and cross-sectional dimension (B). 
Transplanted GFP+ cells positive for anti-cardiac troponin-T 
(red reactions) fi lled in the myocardial infarction zone. 
Relatively strong reactions for anti-troponin-T were ob-
served in the border myocardial infarction zone (arrows), 
while weak reactions were seen in the central myocardial in-
farction zone. This experiment was performed as a positive 
control for transplantation in the Cre-loxP system, and thus 
functional recovery was not examined. Scale bar = 50 μm.
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shape, fl oating and/or weakly attached behavior, sphere-
colony formation and spontaneous beating (contracting) 
in culture, and may be different from satellite cells. These 
in vitro characteristics correspond to the reported charac-
teristics of both Sk-34 [1,3,7] and Sk-DN cells [4,7], although 
Sk-34 cells are CD34+ and mostly Sca-1+, while Sk-DN cells 
are CD34−/CD45−/C-kit− and include both Sca-1− (75%) and 
Sca-1+ (25%) fractions [4,7]. Thus, it is possible that Spoc 
cells represent a similar cell fraction to Sk-DN/Sca-1− cells. 
However, Sk-34 and Sk-DN cells are of the same lineage and 
the number of Sk-DN cells is small when compared to Sk-34 
cells (1:16~20) at initial isolation [1,4,7]; thus, our method 
showed >20-fold higher effi ciency for isolation of potential 
cardiomyocyte precursors from skeletal muscle over Spoc 
cells. Furthermore, in vitro differentiation into cardiac, skel-
etal muscle, and neural lineages has also been reported for 
skeletal muscle–derived nonadherent (fl oating) stem cells 
[23]. Non- and/or less-adherent fl oating characteristics are 
also typical of Sk-DN and Sk-34 cells [1,4]. Thus, it is likely 
that skeletal muscle includes putative cardiac stem and/or 
progenitor cells.

Concluding Remarks

In conclusion, the present results clearly indicate that 
skeletal muscle–derived Sk-DN cells can give rise to cardio-
myocytes after clonal transplantation in vivo. This is also 
supported by the previously reported therapeutic potential 
of Sk-34 cells that can give rise to cardiac muscle cells with 
signifi cant functional recovery of LV function. Therefore, 
skeletal muscle–derived Sk-DN and Sk-34 cells represent a 
potential cardiomyogenic stem cell source for autologous 
transplantation cellular cardiomyoplasty.
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