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The adult human heart is an ideal target for regenerative
intervention since it does not functionally restore itself
after injury yet has a modest regenerative capacity that
could be enhanced by innovative therapies. Adult cardiac
cells with regenerative potential share gene expression
signatures with early fetal progenitors that give rise to
multiple cardiac cell types, suggesting that the evolu-
tionarily conserved regulatory networks that drive em-
bryonic heart development might also control aspects of
regeneration. Here we discuss commonalities of devel-
opment and regeneration, and the application of the rich
developmental biology heritage to achieve therapeutic
regeneration of the human heart.

I will remove from you your heart of stone and give you
a heart of flesh.—Ezekiel 36:26.

The traditional view that the adult mammalian heart is
incapable of myocyte renewal has given way in recent
years to the notion that humans and other mammals
exhibit a limited capacity for myocardial regeneration
that is clearly measureable but insufficient to restore
heart function after ischemic or other injury. Moreover,
new insights into regenerative mechanisms, including the
genes and cytokines that direct stem cell cardiogenesis,
suggest strategies for stem cell therapies. Thus, like re-
demption for disciples of the prophet Ezekiel, efficient
human cardiac regeneration remains elusive, but recent
advances make it seem tantalizingly close at hand.

Numerous challenges must be resolved in order to
achieve clinically meaningful regeneration, including the
problems of producing enough cells and ensuring their
functional integration. Insight into both issues comes
from the study of embryonic cardiac development. The
heart forms in response to stereotyped patterns of timing
and concentrations and combinations of extracellular sig-
naling proteins that guide pluripotent cells through suc-
cessive steps of mesoderm induction, commitment to a

cardiac fate, and the elaboration of specialized cardiac
cells, including atrial and ventricular myocytes, con-
ducting cells, fibroblasts, and vascular endothelial and
smooth muscle cells (for reviews, see Olson and Schneider
2003; Olson 2006; Rosenthal and Harvey 2010). This
review explores the idea that tapping systematically into
the signaling and genetic networks that control embry-
onic cardiac differentiation might be an effective means
to regulate proliferation and differentiation of adult
cardiac stem or progenitor cells to achieve therapeutic
regeneration.

Unassisted self-repair

The rationale for treating heart disease by regenera-
tive intervention is the limited, but detectable, ability
of mammalian cardiac muscle to reconstruct itself after
cell death. The mismatch between cell death and resto-
ration is clinically self-evident, standing in stark contrast
with both the ability of a single hematopoietic stem cell
to reconstitute the bone marrow (Matsuzaki et al. 2004)
and the scarless healing of injured hearts in newts,
axolotls, and other more regenerative species (Oberpriller
and Oberpriller 1974). A robust capacity for cardiac self-
repair has been explored extensively in zebrafish (Poss
et al. 2002; Raya et al. 2003). Initially, regrowth of the
injured zebrafish heart was envisioned to occur like that
of an amputated limb, proceeding by epimorphic regen-
eration, with the creation of a primitive blastema at the
margin of injury comprising undifferentiated progenitor
cells (Lepilina et al. 2006). In more recent studies,
however, lineage tracing by drug-induced Cre/lox fate-
mapping indicates instead that cardiac regeneration in
zebrafish occurs via pre-existing adult cardiomyocytes
themselves, producing new cardiomyocytes through reac-
tivation of the cell cycle (Jopling et al. 2010; Kikuchi et al.
2010). As one consequence of this paradigm shift, it has
become less clear whether molecules and pathways im-
plicated in fin regeneration—ranging from the requirement
for a me(3)K27 H3 demethylase (Stewart et al. 2009)
to antagonists of the imidazoline receptor (Oppedal and
Goldsmith 2010)—are predictive of fruitful approaches for
promoting heart repair, even in a robustly regenerative
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species such as zebrafish. Screens aimed at heart re-
generation itself may be imperative, even though highly
challenging technically.

In humans, despite the unquestionable lack of self-
repair sufficient in magnitude to offset cell death in heart
disease, conclusive proof of cardiomyocyte renewal has
resulted from isotopic studies (Bergmann et al. 2009). The
production of 14C in the atmosphere during the era of
atomic weapons testing, followed by termination of above-
ground testing in 1963, offers a geopolitical pulse-chase
experiment from which the age of the body’s various nuclei
can be ascertained. The frequency of cardiomyocyte re-
placement ranged from 1% per year in young adults to
0.45% in the elderly (Bergmann et al. 2009). Providing the
most objective evidence to date of human cardiac muscle
cell renewal, this estimate is 20-fold to 40-fold less than
claimed on the basis of other criteria (Kajstura et al. 2010).

While analogous 14C results have not yet been reported
for human cardiac injury, a genetic pulse-chase study in
mice provides a tantalizing indication of adult mamma-
lian cardiac self-repair following infarction (Hsieh et al.
2007). A tamoxifen-dependent, cardiomyocyte-restricted
Cre was activated transiently in healthy adult mice,
causing a short-lived pulse of recombination that irre-
versibly activated the Cre-dependent reporter in >80% of
cardiac muscle cells. In the absence of injury, no dilution
of the reporter gene’s expression occurred over time, indi-
cating the lack of detectable cardiac muscle cell replace-
ment during normal aging. However, dilution occurred
3 mo after ischemic damage, suggesting that as many as
18% of the cardiomyocytes bordering the injury arose de
novo from formerly undifferentiated cells, either intrinsic
or extrinsic to the heart (Hsieh et al. 2007). There was
little evidence of replication of pre-existing myocytes,
indicating that natural cardiac regeneration in the mouse
occurs primarily through stem or progenitor cell contri-
bution, rather than by cell cycle re-entry of differentiated
cardiomyocytes, as predominates in zebrafish.

The cardiac cell cycle as a therapeutic target

Conceptually, one might approach the task of augment-
ing cardiac muscle cell number by antagonizing cell
death (Fig. 1; for review, see Whelan et al. 2010). Success
in mice has been achieved by numerous genetic inter-
ventions that interfere with the machinery for apoptosis,
necrosis, and autophagy (Pattingre et al. 2005; Nakayama
et al. 2007; Diwan et al. 2008; Chen et al. 2010; Toko et al.
2010); with oxidative stress (Li et al. 2009; Kuroda et al.
2010); or with stress-activated cascades that culminate in
myocyte death (Krishnan et al. 2009; Ling et al. 2009). Con-
versely, others have increased cardiac muscle cell number
by enhancing cell survival pathways (Oh et al. 2001; Harada
et al. 2005; Oshima et al. 2009; Takagi et al. 2010). However
striking, though, as a means to prevent or lessen cell death,
such interventions cannot reconstitute cardiac muscle cell
number once cell death has transpired.

For this reason, investigators also have sought to over-
ride the ‘‘post-mitotic’’ phenotype of mammalian ven-
tricular muscle, by forced expression of cell cycle activa-

tors or inactivation of cell cycle inhibitors (MacLellan
and Schneider 2000; Rubart and Field 2006). In many
instances, persistent cycling of cardiomyocytes has been
associated with concurrent apoptosis, defective differen-
tiation, and lethal heart failure; e.g., after combined de-
letion of Rb plus p130 (MacLellan et al. 2005), forced
expression of Myc (Lee et al. 2009), or combined deletion
of miR-133a-1 and miR-133a-2 (Liu et al. 2008). This might
not be the obligatory consequence of cycling itself, but
rather a reflection of specific genes’ dual roles in growth
and differentiation. Other manipulations successfully con-
ferred proliferative growth in adult myocytes without
overt dysregulation of cardiac genes; e.g., by forced expres-
sion of cyclin D2 (Pasumarthi et al. 2005; Rubart and Field
2006) or deletion of Dusp6 (Maillet et al. 2008). Hence,
enhancing cardiomyocyte proliferation seems to protect
the organ-level function of the heart as a biomechanical
pump against the decrements of muscle cell demise.

A limitation is that most of the genetic manipulations
reported to augment cardiomyocyte cycling are active in
the cardiomyocyte lineage prior to terminal differentiation
and normal cell cycle exit. Few studies have attempted cell

Figure 1. Strategies to increase cardiac muscle cell number as
a therapeutic target. In principle, the limited ability of the heart
to replace cardiomyocytes can be improved by reactivating cell
division of pre-existing cardiomyoctes and/or inhibiting cell
death or augmenting survival. Alternatively, new myocytes
can be produced from multipotent stem or progenitors that
reside within niches in the myocardium, circulating stem cells
with cardiac potency, or ex vivo cells transplanted into the
injured heart. Challenges to regeneration include an endogenous
restorative capacity that appears limited by an insufficient
number of available stem or progenitor cells, and the need to
develop efficient means to produce or deliver exogenous cells.
Developmental signals are being investigated for use in enhanc-
ing therapeutic regeneration from endogenous and exogenous
sources.
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cycle activation in normal adult myocytes within the
intact adult heart, and even fewer have done so reversibly.
Moreover, it is important to distinguish the activation of
DNA synthesis from karyokinesis and cytokinesis and
evaluate the adverse effects on apoptosis. In one report,
conditional activation of Myc evoked DNA synthesis with
endoreduplication, not proliferation (Xiao et al. 2001). In a
second, viral delivery of E2F-1 to myocardium caused ex-
tensive apoptosis (Agah et al. 1997), which might be sur-
mountable by the use of E2F-2 instead (Ebelt et al. 2008).
Overall, the evidence of translational promise is still scant,
notwithstanding the inherent value of experiments to un-
mask the genetic mechanisms underlying cardiac growth
arrest.

Alternative approaches to inducing cycling in adult
cardiomyocytes make use of defined mitogens, pharma-
cological manipulations, or their combination, despite
the expected refractory state of the cells. As an example,
the Notch pathway can drive cell cycle re-entry by neo-
natal ventricular myocytes and prolong the proliferation of
cardiomyocytes derived from mouse embryonic stem cells
(ESCs) (Campa et al. 2008; Collesi et al. 2008). In contrast,
in older, quiescent ventricular myocytes even 5 d after
birth, Notch signaling activates DNA damage checkpoint
kinases and causes G2/M arrest, attributed to abnormal
DNA synthesis in S phase (Campa et al. 2008). Signals that
provoke cycling of adult cardiomyocytes, even in vivo,
include FGF1 plus a p38 MAP kinase inhibitor (Engel et al.
2006), periostin (Kuhn et al. 2007), and the epidermal
growth factor relative neuregulin-1 (NRG1) (Bersell et al.
2009). The incidence of cycling cells in these studies is
lower (just a few percent or less) than for the genetic
methods mentioned, and the incidence of dividing cells is
even lower. Nonetheless, the number of new muscle cells
accruing over time might account for the beneficial effects
of periostin and NRG1 seen in rodent models of myocar-
dial infarction (Liu et al. 2006; Kuhn et al. 2007). In another
study (Bersell et al. 2009), only mononuclear myocytes
were found replicating, suggesting that replicative compe-
tence is lost as myocytes become multinuclear. Unfortu-

nately, the aging human heart has few remaining mono-
nuclear cardiomyocytes, and infarction exacerbates this
decline (Olivetti et al. 1995; Herget et al. 1997); thus, the
desirable pool of cycling-competent cells might be dimin-
ished in the neediest individuals.

Heart induction

The alternative to stimulating regeneration from pre-
existing differentiated cells is to stimulate the production
of new ones from stem or progenitor cells of either endog-
enous or exogenous sources. Strategies to mobilize endog-
enous stem or progenitor cells include increasing the size of
the stem/progenitor pool and enhancing the efficiency of
differentiation. Exogenous sources include human ESCs
(hESCs) and induced pluripotent stem cells (hiPSCs), the
latter offering immunocompatible replacement, but both
raising issues of delivery modality, persistence after trans-
plantation, integration into the patient’s heart, and tumor-
igenicity of pluripotent cells. Regardless of the starting cell
type, directing efficient myocardial differentiation has been
a major research goal and is broadly based on activating
developmental programs (Fig. 2; Noseda et al. 2011).

Within 5–7 d after fertilization, depending on the
species, mammalian embryos undergo gastrulation, dur-
ing which future mesoderm and definitive endoderm
cells delaminate from the ectoderm along a furrow—the
primitive streak—to form distinct germ layers. Not only
are the germ layers (ectoderm, mesoderm, and endoderm)
established, but cell fates are also laid down in a pattern
that presages organotypic differentiation. Wnts and the
TGFb family member Nodal play evolutionarily conserved
roles in inducing mesoderm and endoderm; thus, they are
important to promote cardiogenic differentiation and, for
this reason, are widely used to initiate cardiogenesis in ESC
cultures (for example, see Xu et al. 2006; Yang et al. 2008).
Interestingly, these factors are inhibitory as gastrulation
ensues. Nodal has a graded influence at this time, such that
high levels induce definitive endoderm and anterior me-
soderm, including cardiac mesoderm, while lower levels

Figure 2. Development and regeneration. Extra-
cellular signaling molecules positively (green) and
negatively (red) control mesoderm induction to
cardiopoietic differentiation in the embryo. Adult
cardiac precursors share genetic markers with
their developmental counterparts, and emerging
data indicate that developmental signals also con-
trol regeneration, suggesting parallels between
development and the control of adult cardiomyo-
cyte renewal.
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favor more lateral and posterior derivatives; thus, speci-
fication of cardiogenic cells requires a particular dose and
temporal window (for example, see Brennan et al. 2001).
Similarly biphasic and concentration effects exist for BMPs
and Wnts. Wnts promote cardiogenesis during mesoderm
induction, but inhibit it subsequently as progenitors be-
come committed to the cardiac lineage (Naito et al. 2006;
Kwon et al. 2007). Although inductive earlier (Behfar et al.
2002), BMP2 and BMP4 inhibit cardiogenesis during meso-
dermal patterning, whereas reduced BMP enhances neural
ectoderm and dorsal (including cardiogenic) mesoderm
(Yuasa et al. 2005; Hao et al. 2008). Importantly, BMPs,
Wnts, and Nodal inhibit when uncommitted Flk1+/MesP1+

progenitors adopt a cardiac fate, but at least BMPs are
needed subsequently for differentiation of committed pre-
cursors (Schultheiss et al. 1997). In short, exposure to these
factors must be tightly regulated.

In this context, extracellular inhibitors of BMPs, Wnts,
and Nodal are the principal inducers that commit multi-
potent progenitors (Flk1+/MesP1+) to a cardiac fate, as
marked by heart-forming transcription factors Nkx2.5,
Isl1, Tbx1, Tbx5, and Mef2c. Natural inhibitors Dickkopf-
1 (Dkk1), which blocks canonical Wnt signaling; Noggin,
which blocks BMP; and Cerberus-1 (Cer1), which blocks
both BMP and Nodal, are evolutionarily conserved in-
ducers of cardiac mesoderm (for example, see Foley and
Mercola 2005; Yuasa et al. 2005). Dkk1 and other cyto-
kines have been incorporated into an efficient protocol for
directing hESCs to recapitulate embryonic mesoderm
induction and cardiogenesis (Yang et al. 2008). Based on
data in ESCs, Cer1 permits cardiomyocyte differentiation
of Flk1+/MesP1+ progenitors by overcoming the inhibitory
effect of Nodal and BMP (M Mercola and MD Schneider,
unpubl.). Nodal, BMP, and Wnt are broadly expressed in
the embryo and do not block differentiation of vascular
endothelial and smooth muscle cells, which arise from the
same progenitor pool; thus, Cer1 and Dkk1 (and possibly
other antagonists) effectively distinguish areas of potency
for heart versus systemic vasculature.

Once the heart field is established, proliferation and fate
of competent cardiac progenitors are controlled by signals
such as FGFs (see below) and Notch. Notch is particularly
fascinating because it acts at different times in nearly all
tissues within the developing cardiovascular system (High
and Epstein 2008). During specification of cardiogenic
cells, Notch (through RBPJ) suppresses cardiogenesis, as
seen in ESC cultures and Xenopus embryos (Rones et al.
2000; Schroeder et al. 2003, 2006). Conversely, deleting
Notch1 using Cre driven by Isl-1 led to an expanded
number of committed Nkx2.5+ cardiac precursors (Kwon
et al. 2009). In this case, the knockout increased the level of
transcriptionally active b-catenin in the cells, suggesting
that Notch might normally attenuate the proliferative
effect of canonical Wnt signaling. Later-acting knockouts
and targeted misexpression reveal an additional role for
Notch in supporting proliferation and trabeculation in the
ventricular wall, in part by controlling production of
Neuregulin, EphrinB2, and Bmp10 in the endocardium
(Watanabe et al. 2006; Grego-Bessa et al. 2007). Since
Notch can sustain proliferation of progenitor cells while

blocking their differentiation, it is not surprising that the
absence of Notch has been linked to precocious differen-
tiation and exhaustion of resident progenitors or pre-
cursors, such as skeletal muscle satellite cells (Conboy
and Rando 2002) and epithelial precursors of the de-
veloping pancreas (Jensen et al. 2000). In summary, Notch
plays an important gatekeeper role that is the conceptual
basis for efforts to manipulate Notch signaling to expand
the cardiopoietic progenitor pool in the adult (see below).

Not all cardiac progenitors develop identically. Seminal
cell lineage-tracing studies (de la Cruz et al. 1977) in the
developing chick showed that the linear heart tube gives
rise to the atria and left ventricle, while the outflow tract
and right ventricle are added from a different source as the
heart tube loops (for review, see Dyer and Kirby 2009). It
is now appreciated that these cardiac structures in avians
and mammals arise from two distinct fields in the lateral
mesoderm. The first heart field gives rise to the linear
heart tube, whereas the second heart field lies just caudal
and medial and forms the outflow tract and right ventricle
(Kelly et al. 2001; Mjaatvedt et al. 2001; Waldo et al. 2001).
Since the first and second heart fields lie contiguously
along their entire length (Abu-Issa and Kirby 2008), it is
likely that the molecules discussed above induce both
fields at the same time. Even if specified simultaneously,
differentiation of the second field is delayed relative to the
first, so that its cells are added later, when the heart has
begun to loop (Meilhac et al. 2003, 2004; Prall et al. 2007).
What is responsible for this delay? At least Wnt/b-catenin
signaling maintains second heart field cells in a prolifera-
tive state until they are needed to build the right ventricle
and outflow tract (Ai et al. 2007; Cohen et al. 2007; Klaus
et al. 2007; Lin et al. 2007). Given that a source of Wnts at
this time is the neural plate (e.g., Tzahor and Lassar 2001),
the medially located second heart field cells would be
expected to be exposed to higher and sustained Wnt levels
relative to their more lateral first heart field counterparts.
The spatial organization also suggests that a shift in the
balance of Wnts, BMPs, and Nodals to their inhibitors
during evolution of lower vertebrates might have titrated
signaling sufficiently to expand the domain of cardiac po-
tency to create the second heart field, and that this enabled
the development of paired atria and ventricles needed for
anatomically separated pulmonary and systemic blood flow.

Directed differentiation of myocardial precursors

Once progenitors become cardiac-committed, additional
signals support their proliferation and terminal differen-
tiation into the cardiac lineages. Although inhibitory
during gastrula-stage patterning, BMPs potently promote
differentiation of committed precursors in first and second
heart field explants (Schultheiss et al. 1997; Monzen et al.
1999; Schlange et al. 2000; Shi et al. 2000; Waldo et al.
2001). The prodifferentiation effect of BMPs contrasts
with the effects of FGFs, which have long been implicated
in the survival and proliferation of cardiac precursors,
although proliferation and differentiation are not neces-
sarily mutually exclusive and can be hard to distinguish
experimentally (Sugi et al. 1993; Sugi and Lough 1995;
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Alsan and Schultheiss 2002). For example, FGFs in the
epicardium control myocardial proliferation (Lavine et al.
2005; Merki et al. 2005), while FGF8 appears to be a critical
pharyngeal endodermal factor needed for the proliferation
of second heart field progenitors and, consequently, align-
ment of the outflow tract with the ventricles (Ilagan et al.
2006; Park et al. 2006). Moreover, reduced FGF8 and FGF10
expression in mice lacking Tbx-1 suggests that attenuated
proliferation is the disease mechanism for diGeorge syn-
drome in humans (Vitelli et al. 2002). A recent informatics
analysis proposes a model in which the homeodomain
transcription factor Msx1 operates at the fulcrum between
differentiation and proliferation, since the data show that
BMPs induce Msx1 to suppress FGF expression, thus atten-
uating proliferation and promoting differentiation (Tirosh-
Finkel et al. 2010).

Emerging data have elucidated FGFs, Sonic Hedgehog
(Shh), NRG1, and other factors as mediators of the effects
of epicardium and endocardium that support proliferation
and differentiation of cardiomyocytes, as well as enhance
the acquisition of mature physiological properties (Manner
et al. 2001; Limana et al. 2010). The epicardium has re-
ceived particular attention in the past few years, since
emerging data suggest that it is not only a rich source of
diffusible factors during development, but it might retain
beneficial paracrine functions in the adult that are en-
hanced after injury, or even be a source of cardiopoietic
cells capable of differentiation into vascular cells or car-
diomyocytes (Limana et al. 2010).

Cardiopoietic signals for postnatal heart-forming cells

Numerous types of adult progenitor and stem cells have
been deployed for cardiac repair, and the scope of clinical
trials in humans now entails >30 published studies and
1000 enrolled patients (Wollert and Drexler 2010). The
very first cells tried were skeletal myoblasts, which proved
ineffective, and subsequent trials focused on bone marrow
cells and their circulating derivatives (Dimmeler et al.
2005). For these, the results have been highly reproducible
despite differing methods of cell purification, preparation,
and delivery, with two or more years of clinical follow-up
now available in some cases (Assmus et al. 2010). However
the quantitative benefit to the heart’s function as a bio-
mechanical pump is small, at the margin of clinicians’
ability to measure with accuracy. Why so meager? One
explanation is that early exuberant claims of bone mar-
row’s trans-differentiation into cardiac muscle have been
subject to intense dispute, regardless of whether the in-
jected population is c-kit+ cells or mesenchymal stem cells
(MSCs) (Reinecke et al. 2008). An equally damning chal-
lenge to the trans-differentiation hypothesis is the lack of
persistence of injected cells within recipient hearts, even
though functional improvements can be seen weeks or
months after injection (Wollert and Drexler 2010). These
counterarguments undercut the hypothetical need for
trans-differentiation and have refocused attention on other
mechanisms, principally cell-nonautonomous effects me-
diated by even a short-lived presence in the treated hearts,
including benefits to host cell survival, wound healing,

angiogenesis, and activation of newly discovered endoge-
nous cardiac stem or progenitor cells.

The revelation that cardiac progenitor or stem cells
exist in the postnatal mammalian myocardium was un-
anticipated, given the very small extent of verifiable re-
generation. However, the finding of such cells, now repro-
duced widely, constitutes one of the major breakthroughs
of the past decade, and suggests that mobilizing these cells
could be a novel avenue to augmenting heart repair. No
consensus view has emerged on markers that precisely
define the cells, nor on their capacity for self-renewal and
potential for forming cardiomyocytes versus other lineages
(e.g., endothelial or smooth muscle cells). Hence, here we
refer to them as stem or progenitor cells. Part of the chal-
lenge has been that purity and potency are hard to gauge,
since differentiation is inefficient in vitro and is difficult to
quantify in vivo. Nonetheless, the populations express an
overlapping set of cardiogenic markers—including GATA4,
NKX2.5, TBX5, and MEF2c—regardless of the markers
used for their enrichment: c-kit (Beltrami et al. 2003; Bearzi
et al. 2007), stem cell antigen-1 (Sca-1) (Oh et al. 2003;
Matsuura et al. 2009), an unknown human epitope that
cross reacts with anti-Sca1 (Goumans et al. 2007), the side
population (SP) dye efflux phenotype (Martin et al. 2004;
Pfister et al. 2008), residual expression of the transcription
factor gene Isl1 (Laugwitz et al. 2005; Domian et al. 2009),
epicardial-derived progenitor cells (Limana et al. 2007), or
growth in tissue culture as ‘‘cardiospheres’’ analogous to
the neurospheres produced by neural stem cells (Messina
et al. 2004; Smith et al. 2007).

Like Janus, the two-faced Roman god, adult cardiac
progenitor cells possess two aspects, having a variety of
stem cell markers (e.g., MSC markers and telomerase, in
addition to features already mentioned) but being un-
ambiguously distinguished from bone marrow cells by
expressing many heart-forming transcription factors (in-
cluding NKX2.5, MEF2C, and GATA4) even in their basal
undifferentiated state. Arguably, therefore, cardiac pro-
genitor/stem cells resemble a forme fruste of cardiac
mesoderm, an intermediate that exists transiently in
embryos and ESC-derived embryoid bodies.

From a developmental perspective, the existence of
such cells poses several paradoxes. If cardiac transcription
factors of known importance are already present, why
aren’t their target genes turned on? And, given that little
is known of the normal developmental circuits that
control this final transition into the cardiac muscle fate,
what molecules or genes might be tested most fruitfully
to trigger this transition for therapeutic purposes, by cell
activation ex vivo or within the diseased heart muscle
itself?

To date, in comparison with the wealth of information
concerning directed differentiation of mouse ESCs and
hESCs, there has been a paucity of mechanistic studies on
cardiac lineage decisions by cells from the adult bone
marrow, circulation, or heart (Fig. 2). As one early sign that
developmental signals of cardiogenesis might be reused in
an adult context, an essential role was shown for the BMP
receptor Alk3 in mouse cardiac Sca-1+ cells, as differenti-
ation in culture is abolished by Cre-mediated deletion of
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the floxed receptor gene (Oh et al. 2003). Sca-1+ cells also
require FGF2, but, in contrast to predictions from devel-
opmental and ESC biology, FGF2 in adult progenitor cells
is predominantly in differentiation, not in pool expansion
(Rosenblatt-Velin et al. 2005), suggesting that similar fac-
tors may play differential roles in different contexts.

Potential involvement of a third pathway, Notch, in
adult cardiac progenitor cells has also been suggested. The
receptor Notch1; its ligand, Jagged1; its mediator, RBPJ;
and its target, Hes1 were all up-regulated during the phases
of pathological heart growth and, later, heart failure in both
cardiomyocytes and nonmyocytes. An in vivo function of
Notch1 might be to dampen pathological remodeling after
hypertensive stress, as revealed by an exacerbated response
in cardiomyocyte-specific Notch1 deletion by Mlc2v-Cre
(Croquelois et al. 2008). In addition, a regenerative re-
sponse was suggested by the presence of activated Notch1
on cycling nonmyocytes, some of which expressed Nkx2.5.
Treatment with a g-secretase inhibitor, which suppresses
the cleavage of full-length transmembrane Notch to the
active intracellular form, enhanced differentiation of these
noncardiomyocytes in culture. Thus, two functions are
proposed for Notch: evoking a cardiomyocyte-autonomous
beneficial effect on pathological remodeling, and promot-
ing proliferation of putative progenitors with regenerative
potential.

Presently, nothing has been reported of the potential role
for other known positive and negative regulators of cardiac
myogenesis on postnatal heart-derived cells, including
Activin, Nodal, Wnts, Hedgehogs, Dkk1, Cer1, and retinoic
acid. Reports have shown differentiation in response to
less-defined culture conditions; for instance, 5-aza-cytidine
plus TGFb (Smits et al. 2009). 5-Aza-cytidine nonselec-
tively activates genes due to DNA promoter hypomethy-
lation; thus, the specific mediators are unknown, but the
system is amenable to exploration and may involve auto-
crine BMPs (Oh et al. 2003). A number of developmentally
familiar pathways have been scrutinized in adult bone
marrow cells or their circulating derivatives in pursuit of
means to promote cardiac muscle creation more efficiently
than by just grafting noncardiac cells in their native state.
Cardiac differentiation was triggered in human circulating
progenitor cells by coculture with rat cardiomyocytes, was
associated with Notch activation, and was blocked by
interfering with Notch signals (Koyanagi et al. 2007). In
endothelial progenitor cells (EPCs), the b-catenin-inde-
pendent Wnt5a and Wnt11 induce cardiac differentiation
(Koyanagi et al. 2005), whereas human circulating meso-
angioblasts already express cardiogenic transcription fac-
tors and progress to cardiac differentiation if treated in-
stead with a b-catenin-dependent Wnt, Wnt3a (Koyanagi
et al. 2009).

A complex cocktail comprising Activin A, BMP4,
FGF2, insulin-like growth factor-1 (IFG-1), interleukin-6
(IL-6), retinoic acid, a-thrombin, and TGFb1, guided by
prior work in ESCs, was found to direct human MSCs to
cardiopoiesis (Behfar et al. 2007, 2010). Interestingly, the
combination of the three TGFb family members plus ret-
inoic acid could induce NKX2.5 and MEF2C as stable pro-
teins, but the transcription factors remained cytosolic

unless IGF-1 and FGF2 were added. This combination, in
turn, was growth-arrested, necessitating the addition of
a-thrombin and IL-6 to promote proliferation. The ulti-
mate combination induced sarcomeric proteins (a-actinin
and cardiac troponin I), mitochondrial maturation, and
rhythmic calcium transients in response to electrical
pacing.

Forward reprogramming

The discovery that a minimal number of transcription
factors can reprogram somatic cells to iPSCs, which
resemble ESCs in terms of totipotency, toppled the view
that development can only proceed unidirectionally, and
suggest that it might be possible to convert noncardio-
myocytes directly into cardiomyocytes. Takeuchi and
Bruneau (2009) found that GATA4 and a BAF (BRG/brm-
associated factor) chromatin remodeling protein, BAF60c,
can initiate ectopic cardiogenic differentiation in mouse
embryos. BAF60c functioned better than did other BAF
complex proteins in permitting GATA4 to bind cardiac
genes, suggesting that the cardiac-selective BAF60c might
recognize chromatin of cardiac genes to enhance target
selectivity, resembling the proposed mechanism of BAF
complex subunits in directing lineage-specific transcrip-
tion (Wu et al. 2009). Inclusion of Tbx5 in the transfection
cocktail caused further differentiation and formation of
ectopic-beating foci, suggesting that GATA4 and TBX5
plus BAF60c can bootstrap cardiogenic differentiation, at
least in competent progenitors. Accordingly, GATA4, TBX5,
and MEF2c were found to induce cardiomyocyte-like cells
from postnatal cardiac and dermal fibroblasts (Ieda et al.
2010), resembling successes in reprogramming of pancre-
atic exocrine into b cells and fibroblasts into hematopoi-
etic progenitors (Zhou et al. 2008; Szabo et al. 2010). Since
induced cardiomyocytes directly reprogrammed in vitro
or in vivo might be applicable for regenerative purposes
(Fig. 1), it will be of great interest to learn whether key
physiological properties are faithfully reproduced after re-
programming by these or other factors, especially since
Ieda et al. (2010) found substantial differences between the
gene profiles of induced and native cardiomyocytes, and
since vestiges of the starting cell type and/or persistence
of reprogramming factor expression might compromise dif-
ferentiated cell function. Nonetheless, these pioneering
studies provide the basis for exploring the therapeutic
potential of reprogramming for heart disease.

Challenges and strategies for implementing a stem
cell therapy

A key concern in implementing a stem cell transplanta-
tion therapy for heart disease is the selection of the cell,
in particular its developmental stage, since this will
determine safety and efficacy after engraftment. Segers
and Lee (2008) argued that additional preclinical research
is needed to understand whether and/or how each cell
type affects cardiac performance as a function of cardiac
pathologies. In addition, new methods for delivery and
enhancing functional engraftment are needed, since most
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studies to date cite poor persistence of cells after engraft-
ment, with the physical movement of the ventricular wall
and the inflammatory environment of infarcted myocar-
dium as potential factors in low retention rates (Laflamme
and Murry 2005; Segers and Lee 2008). Tissue engineering
of grafts to support appropriate structural and electrome-
chanical integration of myocytes with host tissue and
development of vasculature seems essential to achieve
long-term benefits from a transplantation approach. Al-
though beyond the scope of this review, notable advances
in engineering of extracellular matrices, including some
that can be injected via catheter, suggest that develop-
ment of materials should improve the survival and in-
tegration of transplanted cells so that they can contribute
to functional heart muscle (Davis et al. 2005; Chen et al.
2008).

A pharmacological approach shares many of the same
questions, such as what cell type to target and whether
stimulating proliferation or differentiation of progenitors
and immature myocytes will be best to regenerate func-
tional myocardium. Ultimately, a combination of phar-
macological approaches, tissue engineering, and cell trans-
plantation might yield the most promising therapies.

Conclusion and prospects

If adult cardiac stem cells reside in mammalian hearts,
including human ones, with a convincingly proven abil-
ity to adopt the cardiac muscle fate, the question arises:
Why is cardiac injury so devastating? Why don’t cardiac
stem cells work better than they do? The answers are
speculative but informative in the context of this review.
An evolutionary perspective might emphasize that no
selection pressure occurred for most of human existence
to rebuild the myocardium after myocardial infarction,
largely a recent disorder of affluent societies in which the
causes of earlier demise have been obviated. A numerical
perspective might emphasize the rarity, for instance, of SP
cells, which comprise just 300 cells per million in adult
mouse hearts (Oh et al. 2003), and the progenitor cells’
greater abundance in the atria than the left ventricle
(Itzhaki-Alfia et al. 2009), which is by far the most relevant
chamber for ischemic injury. A topographic perspective
might question the distance over which the relevant re-
cruitment signals can operate within the heart, or seek to
define inhibitory signals in the cardiac stem cells’ micro-
environment (cf. Lymperi et al. 2010; Voog and Jones 2010).

The expedient question is how to achieve therapeutic
regeneration. Given the utility of applying developmental
insights, additional research is needed to fill the gaps in
myocardial development that are most pertinent to stim-
ulating proliferation and enhancing differentiation of adult
cardiac stem and progenitor cells. Much is known about
creating cardiogenic progenitors during development, but
less is known about the signals that subsequently convert
committed cells into cardiomyocytes themselves, and nearly
nothing is known about mechanisms that drive myocyte
maturation, including acquisition of the adult electrical
and physical properties characteristic of the heart as
a biomechanical pump, although interactions with non-

myocytes are important clues to the latter (Narmoneva
et al. 2004; Kim et al. 2010). Accelerated progress will
undoubtedly come from applying high-throughput tech-
nologies to the comprehensive screening of signaling mol-
ecules and pathways for cardiogenic activity using hESC-
and hiPSC-derived progenitors, and even using isolated
progenitors from adult heart, followed by application of
these novel signals and pathways to restoring heart func-
tion. Unbiased genetic and chemical biology approaches
might expose restorative mechanisms for creating cardio-
myocytes from adult progenitor cells or even reverting
adult cardiomyocytes to a primitive phenotype that is
competent for cycling, suggested by lineage analysis of car-
diosphere outgrowths (Zhang et al. 2010). Hence, an aus-
picious approach to this problem incorporates adult progen-
itors, and even terminally differentiated cells, in large-scale
screens of chemical, siRNA, and microRNA libraries to
identify critical signaling pathways and druggable targets
that control regenerative processes. Beyond merely improv-
ing cardiomyocyte production ex vivo as research reagents
and potential products for therapeutic grafting, the ultimate
goal is the development of pharmacological interventions
that enhance the heart’s own regenerative response.
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