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Abstract

Heart failure is a leading cause of death worldwide. Studies
of stem cell biology are essential for developing efficient
treatments. Recently, we established and characterized c-kit-
positive cardiac stem cells from the adult rat heart. Using a
MethoCult culture system with a methyl-cellulose-based
medium, stem-like left-atrium-derived pluripotent cells could
be regulated to differentiate into skeletal/cardiac myocytes or
adipocytes with almost 100% purity. Microarray and path-
way analyses of these cells showed that transforming growth
factor-B1 (TGF-B1) and noggin were significantly involved in
the differentiation switch. Furthermore, TGF-B1 may act as
a regulator for this switch because it simultaneously inhibits
adipogenesis and activates myogenesis in a dose-dependent
manner. However, the effect of TGF-P varies with develop-
mental stage, dosage, and timing of treatment. In the present
review, the findings of recent studies, in particular the use of
c-kit-positive cardiac stem cells, are discussed. The effects of
the TGF-B superfamily on differentiation, especially on adi-
pogenesis and/or myogenesis, have important implications
for future regenerative medicine.
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Introduction

Myocardial infarction is one of the leading causes of death in
the Western world (1, 2). Heart failure is induced by a reduc-
tion in the number of viable cardiac myocytes (3). Stem cell
therapy is an advanced technique for supplying cardiac myo-
cytes for cardiac regeneration. Recently established induced
pluripotent stem (iPS) cells are considered to be the most use-
ful cell sources because they are autografts with a high abil-
ity to differentiate, similar to embryonic stem (ES) cells (4,
5). Adult somatic stem cells have also gained attention, and
bone marrow stem cells are being clinically studied (6). Orlic
et al. (7) first demonstrated that bone marrow stem cells dif-
ferentiate into cardiac myocytes to repair an infarcted heart.

However, the ability of bone marrow stem cells to differenti-
ate into cardiac myocytes (8) remains controversial. Contrary
to the findings of Orlic et al., Murry et al. (9) reported that
bone marrow stem cells fuse to form cardiac myocytes.
Nevertheless, bone marrow stem cell therapy has been shown
to have positive results (8), and the paracrine effect of stem
cells has been suggested to contribute to these positive results
(10). In addition to bone marrow stem cells, adipose-derived
stem cells have recently been characterized, and their use as a
cell source for cell therapy has been encouraged (11-14).

Beltrami et al. and other groups (15-18) observed and
isolated resident stem cells from the adult rat heart. They
reported that these cells differentiated into cardiac myocytes
in vitro and in a myocardial infarct model. The existence of
these stem cells and their ability for cardiac differentiation
have been widely discussed (6, 19-21). Cardiac stem cells
were isolated from mouse, rat, dog, and human hearts on
the basis of the presence of cell surface antigens, namely,
stem cell antigen-1 (Sca-1) (22, 23), ATP-binding casette,
sub-family G, member 2 (Abcg2) (24, 25), and c-kit (15).
Spheroid-forming cells derived from endomyocardial biopsy
specimens have also been used as cell sources for regenera-
tive medicine (16, 26). Islet-1-positive cells, a distinct popu-
lation of cardiac progenitors, were identified in embryonic
and neonatal mouse and human hearts. However, their exis-
tence in the adult heart has not yet been confirmed (27, 28).

Cardiac medicine, especially cardiac myocyte recovery, is
the most urgent and important area of regenerative medicine;
its effectiveness depends on the level of recovery attained.
Cardiac stem cells (CSCs) are believed to supply newly
formed myocytes for the repair of defective or dying cardiac
myocytes (16). If CSCs exist in an adult heart, a basic study
of these stem cells will contribute greatly to future regenera-
tive medicine. It is important to determine how stem cells
maintain their stemness and differentiate into cardiac myo-
cytes, and to identify the other functions that they perform
for maintaining heart function. Therefore, researchers have
been interested in CSCs existing in the adult heart. c-kit-
positive CSCs have been reported to exhibit all the character-
istics of stemness, such as clonogenicity, self-renewability,
and multipotency. Therefore, CSCs could be the most appro-
priate candidates for future cardiac regenerative medicine
(29, 30). In our studies, we focused on these cells by using
adult rat hearts owing to their small size and ease of handling.
However, a comparison between the animal model and the
human heart is necessary.
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c-kit-positive CSCs

‘We examined a long-term culture of c-kit-positive CSCs, which
have been reported to maintain stemness by overcoming senes-
cence (15). We found that these cells sustained proliferation
for more than 50 passages; somatic cells, such as fibroblasts
and other differentiated cells usually terminate division after
this number of passages. We performed reverse transcriptase-
polymerase chain reaction (RT-PCR) analyses to study c-kit-
positive CSCs in terms of stemness and multipotency. We
revealed the presence of various cell-specific genes, indicat-
ing that the cells were heterogeneous. Not only did they dis-
play three cardiac lineages (cardiac myocytes, smooth muscle
cells, and endothelial cells) but they also showed expression
of other cell types, such as preadipocyte and skeletal/cardiac
muscle lineages, at various levels after long-term culture
(31). Two of 11 CSC-bulk cultures (CSC-BCs) showed this
[preadipocyte and skeletal/cardiac myocyte (Myo)] pheno-
type. We therefore classified these cells as mesenchymal stem
cells (MSCs). Six of the 11 CSC-BCs showed the character-
istics of adipocytes (Adi). On the basis of these results, c-kit-
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positive CSCs seem to be similar to MSCs. Gambini et al. (32)
reported that c-kit-positive cells exhibited mesenchymal mark-
ers and preferred to commit to cardiovascular cells. However,
subtle variations in methods or the consistency of the medium
used among research groups can contribute to different results.

Recently, Tallini et al. (33) established enhanced green
fluorescent protein (EGFP) knock-in mice that express EGFP
at the c-kit locus. By focusing on c-kit expression in the
heart during the embryonic to adult stages, these research-
ers reported that c-kit-positive cells appeared in the cardiac
region around embryonic day 14.5, peaked after 0-5 postnatal
days in the atrioventricular region, and were rare in the adult
rat heart. Using fluorescence-activated cell sorting (FACS),
we observed a c-kit population (Figure 1). The cells obtained
might be classified as low-c-kit-expressing cells on the basis
of their characteristics. Therefore, differences in c-kit expres-
sion may induce the different effects (high-c-kit-positive cells
may be cardiac progenitors, and low-c-kit-positive cells may
be similar to MSCs).

c-kit is one of the markers of stem cells in the bone mar-
row and/or of hematogenesis, and it is circulated within the
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Figure 1

c-kit

c-kit-positive cell population visualized by flow cytometry analysis.

The small cells, the adult heart cells from which the cardiac myocytes were removed by centrifugation, were treated with the c-kit antibody
and a secondary antibody, or a secondary antibody alone. Cells were subjected to forward scatter (FS) and side scatter (SS) analysis. Within the
A region, a higher percentage of c-kit-positive cells was observed following treatment with the c-kit antibody and a secondary antibody than

with the secondary antibody alone.
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body through the blood. The role of c-kit has frequently been
investigated using W mice, which have a mutated c-kit pro-
tein. Using the tract of bone marrow cells from W and wild-
type mice, Fazel et al. (34) demonstrated that c-kit-positive
cells may play a role in the secretion of cytokines involved in
the angiogenesis of infarcted hearts. The mechanism under-
lying the involvement of c-kit in myocyte differentiation
remains unclear. Recently, Li et al. (35) reported that c-kit
functioned in the terminal differentiation of cardiac myo-
cytes. Meanwhile, Pouly et al. (36) observed a heterogeneous
population of c-kit-positive cells, similar to mast cells, in the
adult rat heart.

Stem cells common to skeletal myocytes and
cardiac myocytes

The regenerative capacity of c-kit-positive cardiac cells from
different parts of adult rat hearts has been discussed. Beltrami
et al. (15) reported that the atrium had a higher percentage
of stem cells than the other parts of the heart. We previously
isolated and characterized c-kit-positive cell populations
from different parts of the heart, including the left atrium,
right atrium, left ventricle, right ventricle, septum, and apex.
While the cells from all of these parts proliferated, the c-kit-
positive cells isolated from the left atrium grew strongly and
for a prolonged period. Unique skeletal-muscle-like spindle-
shaped cells appeared in the culture of left-atrium-derived
c-kit-positive cells when they became confluent or were
grown in myocyte-differentiation-inducing medium (31, 37).
We named these cells left-atrium-derived pluripotent cells
(LA-PCs) because of their ability to differentiate into many
cell types. We focused on two important transcription factors
(TFs) — myogenin and GATA-binding protein 4 (GATA4) —
and their functions. Myogenin is one of the specific skeletal
myocyte-inducing TFs (38), while GATA4 is one of the TFs
necessary for inducing cardiac myocytes from heart-derived
fibroblasts (39). Some of the cloned LA-PCs were positive for
both GATA4 and myogenin. These TFs influenced each other
and synergistically controlled the cardiac-specific atrial nitric
protein promoter (37). Moreover, they could differentiate
into cardiac and skeletal muscle cells. Carcinogenic P19 cells
showed similar differentiation abilities (40). Mesoangioblasts,
which can differentiate into skeletal myocytes, vascular cells,
and other mesodermal cells, revealed similar characteristics.
Skeletal and cardiac muscles have the same origin, namely,
the mesoderm, indicating that the stem cell origin may be
shared (41). Interestingly, these mesoangioblasts are derived
from the dorsal aorta or vessel (42), and express KIT, CD34,
and Flk-1 (43). Our microarray data revealed that LA-PCs
and other CSC-BCs also express these genes (unpublished
results). Using cardiac biopsy, Minasi et al. (41) isolated
mesoangioblasts from the human heart, similar to the CSCs
observed by Beltrami et al. (15).

Takebayashi-Suzuki et al. detected MyoD-positive cells
in the avian embryonic heart (44). However, the existence
of these cells in mammalian adult hearts has not been inves-
tigated. LA-PCs are not anticipated to express MyoD or

myogenin in vivo; we believe that these cells exist in the
immature heart because no studies have demonstrated the
existence of MyoD/GATA4 double-positive cells in the adult
rat heart. We propose that, on migration from their niche (in
vivo) or when cultured in vitro, some of these cells become
myogenin/GATA4 positive. Therefore, they may not have
a normal nature. Other CSC-BCs (CSC-BC8) were also
observed to be myogenin positive, suggesting that CSCs can
be myogenin positive under certain culture conditions, and
that this somehow reflects their in vivo nature. The finding
that LA-PCs can differentiate into cardiac and skeletal myo-
cytes differs from previous results obtained using chicken
hearts. These studies showed that MyoD and myogenin were
expressed and enhanced by endothelin treatment (endothelin
is a positive regulator for induction of Purkinje cells) in vivo
and in vitro (44, 45). Furthermore, the mechanism of differ-
entiation was distinct from that of Myo; the induced Purkinje
cells expressed myogenin, but not Myogenic factor 5 (Myf5)
(44), which was detected in Myo.

Wojakowski et al. (46) demonstrated that mononuclear
cells in peripheral blood expressed CD34/C-X-C chemokine
receptor type 4 (CXCR4%), CD34/CD117*, and c-met* stem
cells (human); these cells could act as progenitors and
express early cardiac myocyte specific markers [GATA4,
Myocyte enhancer factor C (MEF2C)], skeletal muscle pro-
genitor markers (Myf5, MyoD, myogenin), and an endothe-
lin-specific marker (VE-cadherin). These findings are similar
to those reported for LA-PCs, and indicate the possibility
of common progenitors for cardiac and skeletal myocytes.
In acute myocardial infarcted patients, CXCR4 receives
the signal from stromal cell derived factor-1 (SDF-1) in the
bone marrow through chemoattraction, and this is spread
through the blood. These stem-like cells function to repair
the damage to infarcted hearts. Therefore, the cytokines are
important for inducing these signals (46). Our microarray
data indicated that LA-PCs express CXCR4 in undifferen-
tiated (UND) cells, Adi, and Myo, but express CD34 only
in differentiated cells (Adi and Myo) (unpublished data).
Using RT-PCR, we observed SDF-1 expression by RT-PCR
(data not shown).

Cardiac/skeletal myocytes differentiate from LA-PCs
because common TFs, such as Mef2, not only undergo regula-
tion during early development (47) but can also function when
adult somatic stem cells differentiate into Myo. Interestingly,
GATA4 and bHLH proteins (MyoD) synergistically affect
fibroblast growth factor (FGF) gene expression (48).

We anticipated that LA-PCs might constitute a useful tool
for a differentiation model, similar to P19 or C2C12 cells,
which differentiate into skeletal myocytes and other mesen-
chymal cells. LA-PCs can differentiate into Adi or Myo with
purity. Therefore, we used these cells to identify the relevant
differentiation switch.

Microarray and pathway analysis

LA-PCs grown in growth medium containing embryonic
grade fetal bovine serum, leukemia inhibitory factor (LIF),
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LA-PC
stem cell

Figure 2 LA-PCs comprise a mixed population of stem cells and
the progenitors for skeletal/cardiac myocytes (Myo) or adipocytes
(Adi).

Differentiated Myo were troponin I positive, and differentiated Adi
were stained by oil red. The TGF-B superfamily was significantly
involved in the differentiation switch. Figure reproduced from refer-
ence (49) with permission.

and erythropoietin were considered to be UND (Figure
2). We previously observed some fractionated cells that
preferred to differentiate purely into mature Adi in the
MethoCult medium [supplied by Stem Cell Technologies
(Vancouver, BC, Canada), supplemented with interleukin
(IL)-3, IL-6, and stem cell factor (SCF)]. However, when
grown in the myocyte differentiation medium or grown to
be confluent, the same cells differentiated purely into Myo.
LA-PCs comprise a mixed population, consisting of UND
cells and the progenitors for Adi and/or Myo (Figure 2). We
used microarray analyses for these three cell groups (UND,
Adi, and Myo) to identify the signal transduction pathway or
the signal molecule responsible for the differentiation switch
between Adi and Myo. We observed that the striated muscle
contraction signal was upregulated in Myo, while adipogene-
sis and the fatty acid metabolic pathway were upregulated in
Adi (49). Therefore, we confirmed that our system reflected
the differentiation. We also demonstrated the significance of
the transforming growth factor-f (TGF-P) pathway in signal
transduction. Furthermore, we revealed that TGF-B1 simulta-
neously induced myogenesis and inhibited adipogenesis in a
dose-dependent manner (49). These findings were supported
by additional data; for example, TGF-R1 expression, as mea-
sured by RT-PCR, was inhibited in Adi, which is consistent
with the positive effect of TGF-B1 on myogenesis and its
negative effect on adipogenesis. Furthermore, using RT-PCR,
we demonstrated that Fst expression was upregulated in Myo
but downregulated in Adi, in accordance with the microar-
ray data (49). Our data also revealed that the expression of
frizzled (fzd) is downregulated in Adi (49), suggesting the
involvement of a Wnt signal. Crosstalk between Wnt and
TGF-B is possible (50, 51). Thus, a detailed investigation of
the molecules involved in these differentiation pathways is
required.

Effect of TGF- on myogenesis and
adipogenesis

We previously observed that TGF-B1 may act as a positive
regulator for myogenesis. However, using the myoblast cell
line C2C12, TGF-P1 has also been shown to act as a negative
regulator for myogenesis (52). In this response, Smad3 acti-
vation was mediated. By contrast, Smad7 activation affects
myogenesis (53) because of the inhibitory function of Smad7
toward TGF-J.

In our system, TGF-f acted as a positive regulator for
myogenesis. The different functions may reflect different
doses of TGF-B because the function is dose dependent.
We anticipate that differences in the stage of stemness may
also affect the outcome. TGF-B regulates not only adult
stem cells but also primitive stem cells, such as ES cells
to maintain stemness (54, 55). The dose and timing of the
treatment can induce completely different results (49). The
effect of TGF-f also varies according to the cell source. In
embryonic myoblast differentiation, TGF-} acts positively
(56). However, in more mature types of myoblasts, such as
C2C12, TGF-B acts negatively (57, 58). The negative effect
of TGF-J signaling on adipogenesis may operate through
Smad3/4 binding with CCAAT/enhancer-binding protein
TFs (59). The concise signal transductions, including Smad
molecules, are described by Diike and Heiden (60) and
Derynck and Miyazono (61).

LA-PCs are considered primitive with respect to stem-
ness. Therefore, TGF-B1 acts as a positive regulator for
myogenesis. TGF-B can work positively at the first myo-
cyte induction, and negatively at subsequent myocyte
inductions. Recently, it has been suggested that the epi-
thelial-mesenchymal transition (EMT) may contribute to
the switch. TGF- was noted to play an important role
in EMT for myofibrosis of epithelial cells. EMT is also
very important for inducing multiple organogeneses in the
embryo (62). This type of transition induces pluripotent
cells and may contribute to cancer formation (63). TGF-f3
can regulate cell cycle proteins, such as cyclin-dependent
kinase (CDK2), and the inhibitor of differentiation (Id)
(60). Altogether, these findings indicate that TGF-f can
induce certain cells, such as endothelial cells and immature
c-kit-positive cells to be mesenchymal cells.

Effect of Rho GTPase signaling on the switch
between adipogenesis and myogenesis

On the other hand, Rho GTPase signaling has been reported
to be involved in the switch between adipogenesis and myo-
genesis (64). Rho GTPase was downregulated in both Myo
and Adi in our microarray results (data not shown). However,
a two-fold decrease in Myo and an eight-fold decrease in
Adi were observed in both 3D-Gene analyses (Toray, Tokyo,
Japan) and Agilent chips (Agilent Technologies, Santa Clara,
CA, USA). The magnitude of expression can contribute to
the switch.
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Noggin and cardiac myocytes

We previously used a MethoCult culture to obtain small por-
tions of beating cardiac myocytes in vitro. However, we failed
to acquire sufficient quantities. Therefore, we selected other
TGF-f superfamily members for regulation in our microarray
experiments. We observed that noggin was downregulated;
this downregulation was confirmed by RT-PCR. Interestingly,
when we added noggin to the MethoCult culture, we observed
a significant effect on the induction of cardiac myocytes, but
not on the induction of skeletal myocytes (Figure 3). Noggin
was previously reported to act as an activator for cardiac
myogenesis (65). TGF-f is expressed during early cardiac
development (50), while bone morphogenic protein (BMP)-2

Troponin |

Figure 3 Noggin could induce many mature cardiac myocytes.

and BMP-4 play key roles in mesoderm morphogenesis.
Thus, noggin and BMP groups and TGF-f are important in
the regulation of mesoderm-originated cells. Moreover, the
balance and timing of the treatment can greatly alter the cell
phenotypes. Recently, microRNAs have also been shown to
be regulators for cardiac myogenesis (66, 67). Other regula-
tors of CSCs will be discussed elsewhere (68, 69).

Expert opinion
The molecular biological approach of using c-kit-positive

CSCs for differentiation or for maintenance of stemness
provides knowledge for future applications, such as drug

a-Sarcomeric actinin

LA-PCs were cultured in MethoCult medium with noggin. The differentiated cells were stained with cardiac myocyte marker, troponin I, and
o-sarcomeric actinin. Figure reproduced from reference (49) with permission.
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discovery. Furthermore, combining the findings of different
studies may facilitate the development of new applications.
Discussion and exchange of information will contribute to
rapid progress in this field.

LA-PCs are c-kit-positive cells that are derived from adult
atrium tissue and that differentiate into three cardiac lin-
eages (cardiomyocytes, endothelial cells, and smooth muscle
cells), and also into Myo and Adi. Furthermore, in MethoCult
medium, some fractions of the cells are able to differenti-
ate into either Myo or Adi with almost 100% purity. Using
microarray analysis, we compared the expression profiles
of the three cell states (UND, Adi, and Myo) and demon-
strated that the TGF-B superfamily acted as a differentiation
switch. We also revealed that noggin enhanced differentia-
tion into cardiac myocytes. The systematic approach of using
microarray and signal transduction analyses proved success-
ful in identifying the significant molecules for differentiation.
Combining our results with those reported by other research-
ers may facilitate the isolation of a high number of cardiac
myocytes able to function in regenerative medicine and the
development of new drugs for heart failure. Moreover, uni-
fication of lists of signaling molecules and differentiated cell
states will enable the differentiation necessary for repairing
damage to the heart and other tissues.

Outlook

We observed similarities between LA-PCs and some other
adult somatic stem cells, including P19 carcinoma cells,
mesoangioblasts, and mononuclear cells (CD34/CXCR4%).
However, we also observed differences. Our results indicate
that the TGF-B family can regulate cell fates. Further stud-
ies are required to determine whether TGF-f can change the
cell fate of other somatic stem cells, and to clarify the TGF-f3
signal transduction pathway. Our studies were limited by the
use of rat cells; therefore, we were unable to identify the key
molecules involved in the upregulation and downregulation of
the TGF-P pathway. Identification of the appropriate LA-PCs
in vivo would facilitate a new regenerative approach.

Highlights

We established left-atrium-derived pluripotent cells, and
demonstrated their importance as a tool for identifying the
signal transduction pathway involved in the differentiation
switch into skeletal/cardiac myocytes or adipocytes. We fur-
ther revealed that the transforming growth factor- superfam-
ily is significantly involved in this switch.
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