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ABSTRACT

Valuable and ample resources have been spent over the last two decades in pursuit of interventional
strategies to treat the unmet demand of heart failure patients to restore myocardial structure and
function. At present, it is clear that full restoration of myocardial structure and function is outside
our reach from both clinical and basic research studies, but it may be achievable with a combination
of ongoing research, creativity, and perseverance. Since the 1990s, skeletal myoblasts have been ex-
tensively investigated for cardiac cell therapy of congestive heart failure. Whereas the Myoblast Au-
tologous Grafting in Ischemic Cardiomyopathy (MAGIC) trial revealed that transplanted skeletal
myoblasts did not integrate into the host myocardium and also did not transdifferentiate into cardi-
omyocytes despite some beneficial effects on recipient myocardial function, recent studies suggest
that skeletal muscle-derived stem cells have the ability to adopt a cardiomyocyte phenotype in vitro
and in vivo. This brief review endeavors to summarize the importance of skeletal muscle stem cells
and how they can play a key role to surpass current results in the future and enhance the efficacious
implementation of regenerative cell therapy for heart failure. STEM CELLS TRANSLATIONAL MEDICINE

2014,;3:183-193

INTRODUCTION

In the United States, an estimated 15.4 million
people have coronary heart disease, of whom
7.6 million are affected by myocardial infarction
and 2.1 million by congestive heart failure [1].
In the last two decades, the classic concept of
the heart as an organ with extremely limited re-
generative capacity has been analyzed. The cell
therapy approaches were limited at the turn of
the new millennium to the transfer of noncardiac
cell types such as smooth muscle cells, embryonic
stem cells, mesenchymal bone marrow stromal
cells, hematopoietic stem cells [2], and skeletal
myoblasts [3] into an injured heart. The idea of
these engraftments was to stimulate repair and
regeneration of the injured myocardium [4-6].
The field of cardiac regenerative medicine was
brought into greater focus with the recognition
of cardiac stem cells in 2001 [7] and the ability
to antigenically select cardiac progenitor cells ex-
perimentally [8]. The capacity to generate cardio-
myocytes in the adult human heart is 1% at the
age of 25, and it decreases to 0.45% at the age
of 75 [9]. This rationale, together with published
research reports and experimental studies [10],
indicated that the heartisin fact capable of regen-
eration, but therapeutic strategies are needed to
stimulate this process in cardiac pathologies. The
use of fetal cardiac cells poses ethical, logistical,
and technical issues, and there still is no means

for effectively mobilizing a hypothetical pool
of resident stem cells. Long-term functional im-
provement requires stem cells with true cardio-
myogenic properties and angiogenic potential.
Presently, it is not clear whether such a perfect
stem cell exists. However, a number of stem cell
types show promise for autologous cardiomyo-
plasty, including multipotent stem cells isolated
from skeletal muscle, which we highlight in this
review.

STEM CELLS ARE A PROMISING SOURCE
FOR CARDIOMYOPLASTY

Unspecialized cells that are capable of continuous
self-renewal, while maintaining the ability to dif-
ferentiate into multiple different cell types, are
defined as stem cells. There are, broadly, three
major categories of stem cells: embryonic stem
cells, adult stem cells, and induced pluripotent
stem (iPS) cells. Embryonic stem cells are undif-
ferentiated cells, which are present during em-
bryonic development and possess pluripotent
differentiation capacity. Adult stem cells can be
isolated from postnatal tissues and are multipo-
tent. Sim et al. in 2002 [3] and Murry et al. in
2004 [11] concluded that none of the adult stem
cell sources convincingly demonstrated a poten-
tial for significant long-term engraftment and dif-
ferentiation into functional cardiomyocytes. The
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technique developed by Takahashi and Yamanaka in 2006 [12]
demonstrated that the introduction of a quartet of transcription
factors, Oct4, Sox2, KIf4, and c-Myc, into terminally differentiated
cells (e.g., skin fibroblasts) changed these cells into an embryonic
stem cell-like state known as iPS cells. Human iPS cells are similar
to human embryonic cells in morphology, proliferation, surface
antigens, gene expression, telomerase activity, epigenetic status
of pluripotent cell-specific genes, and cardiac potential [13]. How-
ever, the maturation of iPS cell-derived cardiomyocytes remains
nonuniform [14, 15]. Human implantation of embryonic and iPS
cell-derived cardiomyocytes is limited by significant safety and
ethical issues. Studies have revealed significant genetic and epi-
genetic abnormalities in iPS cells, higher than embryonic stem
cells or fibroblasts. The mutation rates are estimated to be 10
times as high as those of fibroblasts [16]. Chromosome p12 has
been found to be over-represented in iPS cell cultures, a charac-
teristic associated with testicular germ cell tumors [16]. Other
mutations are also associated with cell cycle regulation and onco-
genesis, which raises the risk of teratogenesis in vivo. High-
throughput functional genomics approaches are needed to better
understand the nature and consequences of these mutations. iPS
technology avoids the ethical dilemma of embryo destruction re-
lated to embryonic stem cells, but other ethical issues, including
informed consent and genetic anonymity of donors, must still be
carefully considered. Although iPS technology holds great prom-
ise for the regeneration of the heart and other organs, clinical use
of iPS technology in ischemic heart disease remains untested.
From this point of view, adult stem cells remain a more practical
option at the present time.

Significant efforts in the field of cardiac cell therapy have fo-
cused on bone marrow-derived cells, especially bone marrow
mononuclear cells such as hematopoietic and mesenchymal stem
cells. Mesenchymal stem cells have numerous desirable character-
istics, including positive paracrine effects, angiogenic potential,
and an immunoprivileged profile. Studies have shown that mesen-
chymal stem cells, but not hematopoietic stem cells, can differen-
tiate into cardiomyocytes in vivo [17, 18], with slightly to
significantly positive resultsin clinical trials [19, 20]. However, bone
marrow mesenchymal stem cells do not differentiate into cardio-
myocytes in significant numbersin vitro, suggesting that their ther-
apeutic benefit is predominantly through paracrine effects rather
than through transdifferentiation [21]. Challenges include expand-
ing these stem cells in clinically relevant numbers and developing
safe methods for cardiomyocyte differentiation. (5-Azacytidine
used for in vitro differentiation of mesenchymal stem cells into
cardiomyocytesis toxic [17].) More recent work has focused on car-
diac stem cells, which are found in niches within the heart and can
be isolated by myocardial biopsies. Studies using immunosup-
pressed rats have shown that human cardiac stem cells can give
rise to myocardium with improved function [22]. In light of these
results, clinical trials have been initiated [23, 24]. Whereas initial
results of the SCIPIO trial are promising, the CADUCEUS trial
showed no difference in ventricular function compared with con-
trol despite a reduction of infarct size. Isolation of cardiac stem cells
isalsoinvasive and carries higher risk compared with isolation from
other tissues. Further investigation is needed to safely and effec-
tively isolate, expand, differentiate, and deliver these stem cells.

Cellular cardiomyoplasty of autologous skeletal muscle cells
into the myocardium to reinforce its structure and function can
be used as an alternative to heart transplantation [25]. Transdif-
ferentiation directly converts a specialized cell type to another
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specialized cell type, bypassing a pluripotent state. In the 1980s,
it was shown that fibroblasts can be converted into skeletal muscle
cells with the use of the MyoD transcription factor [26]. In recent
years, direct reprogramming of cardiac fibroblasts into functional
cardiomyocytes by transcription factors GATA4, Thx5, and Mef2c
both in vitro and in vivo has been reported [15, 27]. However,
the low reprogramming efficiency of this approach and the use
of viral vectors are undesirable characteristics. It is interesting to
speculate that direct reprogramming to cardiomyocytes might
be more effective in skeletal muscle stem cells, which are pre-
endowed with myogenic potential. Lymphocytes were converted
into macrophages by using a transcription factor called C/EBPa
[28]. But once they are in one committed lineage, it is a challenge
to make them convert to another unrelated cell type, and transdif-
ferentiation efficiency is often low. Szabo et al. [29] also proved
that blood cells can be generated from fibroblasts, making it likely
that transcription factors caninduce large jumps between distantly
related cell types. This opened up the prospect that any desired
specialized cell could be generated from essentially any other cell
type. Because skeletal and cardiac muscle both arise from myo-
genic, mesodermal lineages and share some characteristics, trans-
differentiation from skeletal muscle progenitors to cardiac muscle
would require less comprehensive alteration compared with dis-
tantly related cell types, atleastin theory. Cells are considered ideal
if they are derived from relatively easy to obtain tissue, readily
grown in large numbers, available off the shelf for acute indica-
tions, nonimmunogenic, nonarrhythmogenic, and able to regener-
ate healthy myocardium [30]. Although the skeletal muscle stem
cellisolation procedure is invasive compared with isolation of cells
from blood or urine, skeletal muscle comprises the largest percent-
age of total body mass [31]. These desirable characteristics and de-
velopmental similarity to cardiac muscle, described below, make
skeletal muscle-derived cells a strong candidate to repopulate
damaged myocardium.

SKELETAL MUSCLE AND CARDIAC MUSCLE: DIFFERENCE AND
SIMILARITY DURING DEVELOPMENT

Itis a widely accepted notion that terminally differentiated mature
cardiac muscle does not express proteins that are specific to skel-
etal muscle. However, developing skeletal muscle has been proven
to be similar to cardiac muscle by various studies, suggesting that
they have a similar cell lineage. Different isoforms of myosin heavy
chain (MHC) are present in different muscle fiber types to meet
their functional needs. There are four major MHC isoforms in rat
skeletal muscle. 1/8 is a slow type, and lla, lIx/1ld, and Ilb are fast
types. These are equivalent to skeletal muscle-specific fast MHC
(sk-fMHC) [32—-34]. In the adult myocardium, «-MHC and 8-MHC
are present, with the latter being identical to 1/3-MHC found in
skeletal muscle. Noncardiac MHCs play a major role during the
early myofibrillogenesis of nascent cardiomyocytes in assembling
sarcomere structure [35]. Recently, it was found that sk-fMHC was
expressed in developing rat myocardium, and its expression was
attenuated in postnatal life [36].

The thin filament system in skeletal and cardiac muscle is reg-
ulated by a family of proteins known as troponins, which form
part of the troponin complex. Troponin | is encoded by three dif-
ferent genes. Cardiac troponin | was previously shown to be ex-
clusively expressed in the myocardium in adults [37], but
recently, it was revealed that it is also expressed in developing
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skeletal muscle [36]. It is distinct from the fast and slow forms in
skeletal muscle [37]. Cardiac troponin Tis a component of the tro-
ponin complex. It is encoded by the gene TNNT2 and allows acto-
myosin interaction and contraction to occur in response to Ca>".
TNNT2 is a common mutation in familial hypertrophic cardiomy-
opathy, but surprisingly, it has been found that distinct TNNT2
mutations also lead to dilated cardiomyopathy [38]. It is also
expressed in skeletal muscle during injury. Apart from this, skel-
etal muscle-specific troponins are transiently present in the im-
mature heart [39]. In the early phases of myogenesis in skeletal
muscle, cardiac-like excitation-contraction coupling mechanisms
dominate, whereas skeletal muscle-like excitation-contraction
coupling dominates in more mature muscle [40, 41]. Thus, be-
tween cardiac and skeletal muscle, there is a strong overlap in
the genes encoding key proteins responsible for contractility,
which is a hallmark of striated muscle.

Cardiac and skeletal muscles also share common metabolicreg-
ulatory proteins. Fatty acid-binding protein 3 isa member of afamily
of binding proteins and is mainly expressed in cardiac and skeletal
muscle cells, and it has been linked to fatty acid metabolism, traf-
ficking, and signaling [42]. UDP-N-acetylglucosamine 2-epimerase/
N-acetylmannosamine kinase (GNE) is involved in the early devel-
opment of both cardiac and smooth muscle. GNE-deficient cardiac
cells degraded very soon, and their beating capacity decayed rap-
idly. Skeletal muscle-committed cells were identified in the GNE-
deficient embryonic stem cell cultures by the expression of Pax7,
MyoD, and MHC markers. GNE is strongly involved in cardiac tissue
and skeletal muscle early survival and organization, as shown by
these results [43].

A common finding in certain types of muscular dystrophy, in-
cluding Emery-Dreifuss, Duchenne, and Becker type dystrophies,
is chronic cardiac diseases [44]. Some types are caused by muta-
tions in the B-sarcoglycan-associated proteins [45], which are
expressed both in cardiac and skeletal muscle. Limb-girdle mus-
cular dystrophy type 2E is caused by mutations in Sgcb gene,
and Sgcb-deficient mice develop severe cardiomyopathy and se-
vere muscular dystrophy, suggesting that cardiac and skeletal
muscle pathologies arise from a common origin [46]. All of these
studies indicate how closely cardiac and skeletal muscle are inter-
linked, especially in their immature phase. Recently, our group
found that skeletal and cardiac muscle share similar transcription
factors and structural proteins during development [36]. How-
ever, the molecular mechanisms that regulate the fate determi-
nation between these two lineages of striated muscle remain
poorly understood.

SKELETAL MYOBLASTS: AN EARLY CANDIDATE FOR
CELLULAR CARDIOMYOPLASTY

Given their phenotypic similarity to cardiac muscle, ease of
isolation/expansion, and relative resilience to hypoxia, skeletal
myoblasts were considered an appealing cell source for cellular
cardiomyoplasty [47-54]. Skeletal myoblasts have shown prom-
ise for ischemic heart regeneration, making them potential
candidates for early cardiomyoplasty studies [55]. Skeletal myo-
blasts were the first cell type to enter the clinical arena of heart
regeneration. Lavine and Upcott in 1937 [56] performed the first
of its kind surgery in which their team treated myocardial ische-
mia by using a skeletal muscle graft to the heart. The patient was
typically acromegalic. Before the procedure, he could not walk 5
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yards without resting, but after the surgery, he was able to walk
140 yards without any shortness of breath. Early animal studies
conducted in porcine animal models showed that myoblast-
derived muscle grafts remained functionally isolated from the
surrounding myocardium. The outcome did not reveal an in-
creased frequency in ventricular tachycardia or fibrillation [57].
Menasché et al. [49] in 2001 transplanted autologous skeletal
myoblasts into the postinfarction scar during coronary artery by-
pass grafting of remote myocardial areas. However, in the distinct
case of skeletal myoblasts, the results of several preclinical and
clinical studies have shown improved functional outcomes fol-
lowing transplantation of these myogenic progenitors into post-
infarction scar.

Table 1 summarizes the potential advantages and disadvan-
tages of using various stem cell types for cardiac repair. Arrhythmo-
genic complications have raised concern over the safety of adoptive
transfer of skeletal muscle cell therapy [3, 11, 4648, 58]. There is
a risk of ventricular arrhythmias [49, 59—-62]. The fact remains that
myoblast transplantation has its limitations, asimplanted cells have
limited survival and do not spread uniformly at the site of injury
[48]. Skeletal myoblasts do not differentiate into cardiomyocytes
but rather into multinucleated myotubes after injection into the
heart. These myotubes form islands of conduction block in the
heart and lack gap junctions. This results in electrical inhomogene-
ities that slow conduction velocity and predispose patients to re-
entrant ventricular arrhythmias [63]. Whereas skeletal myoblasts
(and other skeletal muscle-derived cells) show promise of improved
myocardial contractile function, risk of arrhythmia is an issue that
needs to be addressed to advance this therapy.

CARDIOMYOCYTE DIFFERENTIATION POTENTIAL FROM SKELETAL
MuscLE-DERIVED CELLS

Since skeletal myoblasts do not differentiate into functioning car-
diomyocytes in vivo, efforts have been made to isolate cells from
skeletal muscle that can differentiate into cardiomyocytes in vitro
orinvivo. The skeletal muscle-derived stem cell (MDSC) is a somatic
stem cell that is different from skeletal myoblasts (satellite cell)
in its multipotent properties [64—66]. Table 2 summarizes the dif-
ferences between skeletal myoblasts and MDSCs. MDSCs are
obtained from skeletal muscle via a preplate method or fluorescent
activated cell sorting of surface markers and are easily expanded
under in vitro culture environment as an autologous cell source
[54, 65, 66]. MDSCs differentiate into skeletal muscle, bone, ten-
don, nerve, endothelial, hematopoietic, and smooth muscle cells
[54, 64-67]. They have long-term proliferation capacity and en-
hanced resistance to hypoxia. Several studies have shown that
MDSCs can differentiate into functioning cardiomyocytes using
various strategies. Clause et al. [68] demonstrated that rat MDSCs
could differentiate into cardiomyocyte-like cells expressing cardiac-
specific genes and proteins by combining cell aggregation with 3D
culture in a collagen bioreactor. Winitsky et al. [69] isolated nonad-
herent cells, skeletal-based precursors of cardiomyocyte (SPOC)
cells, from adult murine skeletal muscle that become beating float-
ing cells. They are CD34~/CD45  /c-kit . The muscle-derived side
population cells express the surface marker Sca-1 (65%), and
the beating cells develop out of the Sca-1~ pool, which makes
up 20%-40% of the total isolated cells. Cells expressing the
cardiac-specific marker Nkx2.5 and spontaneously contracting
in culture were detected in reverse transcription-polymerase
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Table 1. Advantages and disadvantages of various stem cell sources

Cell type

Advantages

Disadvantages

Skeletal myoblast (satellite cell)

Bone marrow mesenchymal
stem cells

Adipose stem cells

Induced pluripotent stem cells

Contractile phenotype

Production of proangiogenic factors

Can be rapidly harvested and easily expanded
in vitro prior to autologous transplantation.

Relatively resistant to hypoxic conditions

Improved functional outcomes following
transplantation

Has been tested in clinical settings with positive
outcomes

Immunoprivileged profile

Potent paracrine and proangiogenic effects
leading to improved cardiac function

Differentiate into cardiomyocytes and endothelial
cells in vivo

Phenotype similar to that of bone marrow
mesenchymal stem cells

Can differentiate into cardiomyocytes in vitro

Easy to obtain large numbers of multipotent stem
cells by liposuction

Augment cardiac function similar to bone marrow
mesenchymal stem cells

Can theoretically be expanded indefinitely in vitro,
providing an unlimited source of stem cells
Similar in morphology, proliferation, surface

Arrhythmogenic complications

Low long-term survival rate

Nonuniform spreading at the site of injury with
conventional delivery methods

High rate of rejection

Lack of differentiation into cardiomyocytes in vivo

Limited expansion compared with pluripotent
stem cells

Invasive isolation procedure

No widely used protocols for in vitro cardiomyocyte
differentiation with nontoxic agents

Lack of well-defined markers for cell isolation

Limited expansion ability in vitro

Invasive isolation procedure

Therapeutic benefit mainly from paracrine effects
and angiogenesis rather than differentiation
into cardiomyocytes

No widely used protocols for in vitro cardiomyocyte
differentiation with nontoxic agents or without
coculture with cardiomyocytes

Somewhat invasive isolation procedure

Limited expansion ability in vitro

Risk of teratogenesis
Maturation stages are not uniform
Chromatin modification

antigens, gene expression, telomerase activity,
epigenetic status of pluripotent cell specific
genes, and cardiac potential to human

embryonic cells
Autologous
Pluripotent

Risk of unwanted cellular transdifferentiation

Epigenetic reprogramming

Potential immunogenicity

Somatic cell isolation can be invasive from some
tissues

Untested in clinical setting

Table 2. Comparison of MDSCs and skeletal myoblasts

Characteristic MDSCs

Satellite cells

Differentiation potential

Osteogenic, chondrogenic, neural, endothelial,

Myogenic [108]

hematopoietic, cardiac, myogenic [31]

Marker profile
Better [81]
Over 3 months [54]
Better [54]

Regeneration potential
Engraftment

Ischemia tolerance
Clinical outcomes

models [90]

Sca-1*/~, FIk-1*, Pax7~, M-cadherin~ [31]

Preclinical; MDSC sheets can improve heart
function and prevent arrhythmias in animal

Sca-17, Flk-1~, Pax7*, M-cadherin® [31]
Good [81]

Several weeks [54]

Good [54]

Studies suggest improved ventricular
function but variable incidence of arrhythmias
[62, 109]

Abbreviation: MDSC, muscle-derived stem cell.

chain reaction analysis. The presence of specific mRNA coding
markers for skeletal (myogenin, Myf5) and cardiac muscle
(GATA4) and smooth muscle actin was seen in differentiated
cells. Interestingly, all the above-mentioned markers were also
detected in floating proliferating progenitor cells. This supports
the idea that stem cells can express markers of multiple lineages
in their differentiating state [70]. Skeletal muscle interstitium-
derived multipotent stem cells (Sk-34 and Sk-DN cells) differenti-
ated into cardiomyocytes in a cardiac environment [50, 71]. After
4 weeks, the transplanted cells became cardiomyocytes with des-
mosomes and intercalated discs associated with gap junctions
[50]. Myotube formation was not observed. Sk-34 and Sk-DN cell
differentiation is based on a cardiac environment. Table 3 lists the
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studies done over the years showing cardiomyocyte differentia-
tion and cardiac repair potential from skeletal muscle-derived
stem/progenitor cells. Taken together, these studies emphasize
the importance of isolation techniques and culture conditions
in obtaining the desired target cell. For example, Parker et al.
[72] showed that activation of Notch signaling during ex vivo ex-
pansion of muscle-derived cells can significantly improve their
engraftment.

There are a number of problems faced during isolation of
these cells. Cell surface markers define muscle-derived stem
and progenitor cell populations. Some of these markers are re-
stricted to these populations, whereas other markers are shared
with other cell populations. The marker profile-based isolation

STEM CELLS TRANSLATIONAL MEDICINE
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methods exclusively depend on the expression of cell surface
markers that are variable and may change under in vitro cell cul-
ture conditions. Thus, these methods have their limitations. Pres-
ently, the most prevalent method for isolating MDSCs is the
modified preplate technique. It is a marker profile-independent
technique that is based on variable adherence of freshly dissoci-
ated muscle cells to collagen-coated flasks. However, the isolated
populations are heterogeneous [73]. Multiple non-satellite stem
cellfractions reside in skeletal muscle, although it remains unclear
how these different populations are related. Okada et al. [74]
demonstrated that slowly adhering cells showed greater regen-
erative potential and oxidative/inflammatory stress tolerance
compared with rapidly adhering cells. Myogenic-endothelial cells,
cells that express both myogenic and endothelial markers (CD56,
CD34, and CD144), can be isolated from skeletal muscle and have
been shown to have superior regenerative properties and stress
tolerance compared with myoblasts [75, 76]. The blood vessels
of skeletal muscle also contain stem cells, perivascular stem cells,
which demonstrate myogenic and multipotent potential [77]. They
are isolated on the basis of CD146 expression and lack of CD34,
CD45, CD144, and CD56 expression.

In vitro generated MDSC-derived cardiomyocytes are more
similar functionally and biochemically to fetal cardiomyocytes
[78]. However, the rate of cardiomyocyte differentiation alone is
likely not sufficient to explain the functional improvements gained
from MDSC transplantation. Another possible mechanism by which
MDSCs exert therapeutic benefit is by acting as a reservoir to se-
crete paracrine factors that promote angiogenesis and cell survival
within the injured microenvironment [54]. Transplanted undiffer-
entiated human skeletal myoblasts (CD56") in an immunodeficient
nude rat model demonstrated expression of human-specific matrix
metalloproteinase 2 (MMP-2) TNNI3, CNN3, proangiogenic factors
(PGF), TNNT2, PAX7, transforming growth factor-8 (TGF-8), and
insulin-like growth factor-1 (IGF-1) 1 month after transplant. Gene
expression showed upregulation of PGF, antiapoptotics (BAG-1,
BCL-2), heart development (TNNT2, TNNC1), and extracellular ma-
trix remodeling (MMP-2, MMP-7) in skeletal myoblasts. The data
suggested that myoblast-secreted factors may contribute to the
beneficial effects of myogenic cell transplantation in infarcted myo-
cardium [79].

The paracrine effect exerted by MDSCs and other stem cells has
a positive effect within the injured myocardium. Bioactive mole-
cules such as basic fibroblast factor (bFGF), vascular endothelial
growth factor (VEGF), platelet-derived growth factor, SDF-1, hepa-
tocyte growth factor (HGF), and IGF-1 confer cardioprotective
effects. In addition, secretion of molecules such as VEGF, angiopoie-
tin, and bFGF increase blood vessel formation in the ischemic
region, improving perfusion and function. HGF and IGF-1 also acti-
vate resident stem cells and promote endogenous repair mecha-
nisms. Additional factors such as TGF-B8, MMPs, and tissue
inhibitor of metalloproteinase reduce fibroblast proliferation, fibro-
sis, and left ventricular dilation [80, 81]. Okada et al. [82] showed
that a subpopulation of slowly adhering MDSCs showed enhanced
paracrine factor secretion, increased stress tolerance, engraftment,
and angiogenesis compared with rapidly adhering MDSCs. They
also found increased cardiomyocyte proliferation within the infarct
region, suggesting the enhancement of endogenous repair mecha-
nisms. The selective enrichment of certain types of MDSCs may im-
prove their regenerative effects through enhancement of paracrine
effects. Studies of MDSC transplantation have shown that only asmall
fraction of donor cells demonstrates long-term engraftment, and the
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majority of cells within the regenerating tissue come from the
host via the chemoattraction of postnatal stem cells from the vas-
culature [83]. Thus, the paracrine or bystander effect of MDSCs
may be as important as, if not more important than, myogenic dif-
ferentiation in contributing to cardiac repair.

TISSUE-ENGINEERING APPROACHES TO CARDIAC REPAIR

Transvascular methods of cell delivery are commonly used to treat
recently infarcted myocardium. Intracoronary artery infusion can
deliver a high concentration of cells homogeneously to the site
of injury. Direct needle injection into the ventricular wall is pre-
ferred for patients late in the disease process when occlusion of
the coronary artery prevents transvascular delivery [84]. However,
it often results in poor engraftment, poor survival, and further dam-
age by needle injury. Tissue-engineering approaches may provide
a more effective means of cell transplantation. Two main engi-
neered tissue transplantation approaches for cardiac tissue are
three-dimensional scaffolds and cell sheets. One of the most chal-
lenging issues in tissue engineering is the reconstruction of myocar-
dium in three dimensions. Three-dimensional (3D) scaffolds are
now available [85, 86]. Cell sheets are used for treating advanced
heart failure. Myocardial cell sheets decrease fibrosis and increase
vascularization in the injured heart [87-90]. In 2006, Zimmerman
et al. [91] produced convincing evidence that a heart tissue can
be produced with enough contractile force to support a failing
heart. Neonatal rat heart cells were seeded with liquid collagen type
| and Matrigel (BD Biosciences, San Diego, CA, http://www.
bdbiosciences.com) in molds. The rings were grafted onto the in-
farcted rat heart and after 1 month showed positive results. Further
dilation of the heart was prevented, and systolic wall thickness
increased. In 2011, Fujimoto et al. also proved that engineered
cardiac tissue from immature cardiomyocytes can functionally inte-
grateinto damaged myocardium. In this study, engineered fetal car-
diac tissue proved to be more successful than neonatal tissue.
Engineered fetal cardiac tissue implantation increased left ventricle
contraction and showed higher cardiomyocyte proliferation than
engineered neonatal cardiac tissue [92].

The major issues concerning the therapeutic application of
stem cells remain unresolved because of three primary factors:
poor survival, marginal proliferation, and limited functional
engraftment/commitment within the host tissue. Furthermore,
the cells should be prepared to combat against apoptotic, ne-
crotic, and hypoxic conditions prevalent within the damaged tis-
sue. Finally, if cells manage to proliferate, they can be functionally
incapable of appropriate lineage commitment and can end in an
oncogenic transformation [93].

The in vivo studies with MDSCs show promising results for
meeting some of these challenges. Repair of the infarcted heart
with MDSCs is more effective than conventional myoblasts [54].
MDSCs injected into the myocardium of an infarcted heart showed
outstanding survival and engraftment, promoted angiogenesis,
and increased left ventricular function in a more effective manner
in comparison with the transplantation of skeletal myoblasts [94].
In a postinfarcted myocardium, transplanted MDSCs sustained its
contractile function, preventing left ventricular chamber remod-
eling. Some transplanted donor MDSCs differentiated into both
sk-fMHC- and/or cardiac troponin I-positive muscle cells [54, 75].
Clause et al. [68] demonstrated that MDSCs cultured within a
three-dimensional engineered tissue construct differentiated into
an immature functioning cardiomyocyte phenotype. Transplantation
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of tissue-engineered cell sheets has negated some of the limita-
tions by eliminating use of trypsin, direct needle injury to the
heart, and by covering a larger infarcted area [95, 96]. Reduction
in left ventricle (LV) dilation and sustained LV contraction were
displayed with the implanted MDSC sheet. It yielded better func-
tional recovery of chronic infarcted myocardium compared with
direct MDSC injection without any significant arrhythmic events,
indicating that this cell sheet delivery system could markedly im-
prove the myocardial regenerative potential of the MDSCs [90].
These studies suggest that tissue-engineering approaches may
provide a means to further improve upon the functional benefits
derived from MDSC transplantation.

Tissue-engineering approaches help to address one of the
major limitations of current delivery modalities—the immediate
and massive attrition of naked cells that occurs after cell delivery,
which leads to low retention of implanted cells even 24 hours
after the procedure. However, current tissue-engineering ap-
proaches focus on building complex 3D structures, which pre-
cludes catheter-based delivery and necessitates surgery. Using
the cell patch approach, transplanted cells are initially localized
to the epicardial region. A recent development, which improves
cell retention, is the delivery of hydrogel-cell liquid suspensions
via catheter [97]. The hydrogel polymerizes en route and traps
cells in the target tissue. If successful, this method can combine
the demonstrated safety of catheter-based delivery with the abil-
ity of a tissue-engineered scaffold to improve engraftment.

FUTURE CHALLENGES AND OPPORTUNITIES

Although skeletal muscle stem/progenitor cells have benefits,
a large number of injected cells undergo early death. The first pro-
spective randomized placebo-controlled phase Il skeletal myoblast
trial (MAGIC trial) exhibited lack of efficacy and was discontinued
prematurely [48]. The trial’s disappointing results were due to sev-
eral reasons: a low rate of initial cell retention, a high rate of sub-
sequent cell death, and the inability of engrafted myoblasts to
establish functional electromechanical connections with the host
cardiomyocytes [3]. In addition, a trend toward excess arrhythmias
was observed in myoblast-treated patients despite the use of the
prophylactic antiarrhythmic drug amiodarone. This raised safety
concerns that had already been raised by earlier phase 1 trials. In
contrast, SEISMIC trial [63] argued that injection of autologous skel-
etal myoblasts in heart failure patients is safe and may provide
symptomatic relief, as a trend toward increased exercise tolerance
was observed in the cell-treated group. Nevertheless, no significant
effect on global left ventricular ejection fraction was detected. All
this taken together indicates that more work needs to be done
to bridge the gap between preclinical animal models and clinical
trials.

In light of the mixed results from clinical trials, further work
has gone into eliminating the heterogeneity of transplanted cells
and improving electromechanical coupling between transplanted
and host myocytes. Transplantation of myogenic-endothelial
cells that express CD56, CD146, and Ulex europaeus agglutin |
(UEA-I), purified from human skeletal muscle into the ischemic
heart, drastically improved left ventricular function, reduced scar
tissue, and promoted angiogenesis [54]. Connexin-43 is the pre-
dominant gap junction of the ventricular myocardium. Skeletal
myoblasts lack connexin-43 after fusion into elongated contrac-
tile myotubes. In cellular monolayers, conduction velocity was
slowed and re-entry-induced arrhythmias were promoted when
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skeletal myoblasts were cocultured with neonatal cardiomyo-
cytesin vitro and studied with high-resolution optical mapping.
The proarrhythmic effect was reduced when engineered cells
overexpressed connexin-43 [98]. The findings were later tested
inananimal model [11]. Methods to improve electromechanical
compatibility between engrafted muscle and host myocardium
are currently under investigation.

Issues related to electromechanical compatibility between
cardiac and skeletal muscle tissue could be ameliorated by gen-
erating cells from MDSCs that have a cardiomyocyte-like pheno-
type. The heart also contains resident stem cells. Oh et al. [99]
identified in 2003 an independent population of Sca-1* cardiac
stem cells as a subgroup of cells (constituting ~14%) isolated in
the noncardiomyocyte cell fraction of the adult mouse heart in
a whole heart digestion. Sca-1* cells coexpressed CD31 and
CD38 and lacked c-Kit, CD34, and CD45 when freshly isolated.
Ninety-three percent of the side population was Sca-1". Freshly
isolated Sca-1* cells did express the early cardiac-specific tran-
scription factors GATA4, Mef2C, and Tef-1 but not Nkx2.5 or
genes encoding cardiac sarcomeric proteins. Sca-1* cells en-
grafted atamuch higherrate thanSca-1" cellsina mouse model
of ischemia-reperfusion after 2 weeks and could be found form-
ing new cardiomyocytes. Cardiac stem cells in bulk culture
upregulated GATA-4 expression resulting in enhanced cardio-
myocyte differentiation, suggesting that the GATA-4 high c-kit"
cardiac stem cells have potent cardiac regenerative potential.
The study also demonstrated spontaneous differentiation into
skeletal myocytes [100]. Hasan et al. [101] established cardiac plu-
ripotent stem cell-like cells from the left atrium of adult rat hearts
that could differentiate into beating cardiomyocytes in the
methylcellulose-based medium containing interleukin-3 and
stem cell factor, which contributed to the differentiation into car-
diac troponin I-positive cells. Distinctly small populations of plu-
ripotent stem cell-like cells from the left atrium coexpressed
GATA4 and myogenin, which are markers specific to cardiomyo-
cytes and skeletal myocytes, respectively. These could differenti-
ateinto both cardiacand skeletal myocytes. These studies suggest
the possibility that cardiac and skeletal muscle can arise from
a common myogenic progenitor, and stem cells purified from
skeletal muscle may have similar differentiation potential, as
demonstrated by studies of cardiomyocyte differentiation from
MDSCs. However, the pathways that determine whether a cell dif-
ferentiates into a cardiomyocyte or skeletal muscle cell are only
beginning to be unraveled.

A hypothesis is presented in Figure 1 showing how skeletal
muscle stem/progenitor cells can be induced to become cardiac
muscle with post-transcriptional modification. Microribonucleic
acids (micro-RNAs, miRs) are post-transcriptional regulators of
cardiac and skeletal myogenesis, including miR206, which specif-
ically promotes skeletal myogenesis [102-104] as part of an
intrinsic cell-regulatory program. Crippa et al. [105] isolated car-
diac progenitors from neonatal sarcoglycan-null mouse hearts
affected by dilated cardiomyopathy, and they spontaneously dif-
ferentiated into skeletal muscle fibers both in vitro and when
transplanted into regenerating muscles or infarcted hearts. The
absence of expression of miR669q and with downregulation of
miR669a was associated with differentiation potential. Skeletal
myogenesis was prevented by miR669a and miR669q acting up-
stream of myogenic regulatory factors by directly targeting the
MyoD untranslated region. Successful conversion of cardiac cells
into skeletal muscle fibers opened a huge area of discussion if the
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Myogenic Stem Cell

GATA-4, Nkx2.5, Mef2c, Tbx5, MyoD, Myogenin, Myf5

Microenvironment:
Cell-cell and cell-ECM
interactions guide tissue-
specific differentiation into
CMs.

Soluble Factors:
Growth factors, cytokines,
small molecules etc.
influence stem cell
differentiation into CMs.

Cell intrinsic

program:
MRG06  myoMIRs | MiR-669
€e£rgCee S —
rd ~ R S—

Skeletal Muscle

Myo-D, Myogenin, Myf5, skeletal
troponin, skeletal MHC dominant

Cardiiac Mugcle

GATA-4, Nkx 2.5, Mef 2c, Tbx 5,
cardiac MHC, cardiac troponin
dominant

Figure 1. MicroRNAs post-transcriptionally regulate myogenesis. miR-206 specifically promotes skeletal muscle differentiation, whereas miR-
669 promotes cardiac differentiation by inhibiting MyoD, a skeletal muscle transcription factor. By modulating expression of these and other
muscle-specific microRNAs, stem cells can be induced to differentiate into cardiac or skeletal muscle. The local microenvironment and soluble
factors also play important roles in stem cell differentiation. Abbreviations: CM, cardiomyocyte; ECM, extracellular matrix; MHC, myosin heavy

chain; MIR, microRNA.

reverse is possible. MDSCs have genes similar to those of cardiac
and skeletal muscle, and cardiac and skeletal muscles are inter-
changeable because of miR669. The physical environment may
also present important environmental cues [106]. Three-
dimensional cultures and cardiac-specific extracellular matrix
have been shown to promote cardiomyocyte induction [36, 68,
107].

CONCLUSION

In any endeavor as complex and perplexing as stem cell research,
controversies and disagreements are to be expected. Whereas
early clinical trials of skeletal myoblast transplantation yielded
mixed results and did not meet initial expectations, more recent
works have shown that improved isolation methods, novel tissue-
engineering approaches, and differentiation strategies may im-
prove the efficacy of myogenic stem cell transplantation. Skeletal
muscle-derived stem cells remain the only stem cell that can

differentiate into a muscle phenotype and can be isolated easily
in abundant numbers. Cardiovascular regenerative medicine is
still in its early stages, but recent studies show renewed promise.
The field of regenerative medicine has been quite progressive, as
a search on PubMed for the key words “cardiac, stem cell, heart,”
yields more than 9,000 references as of today with almost 2,000
review articles to summarize all current understanding. This field
was nonexistent a little over a decade ago.
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