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Review Article
Recent concepts for the roles of progenitor/stem cell
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Abstract: Progenitor/stem cell (PSC) has shown great promise for generation in failing heart. Advances in PSC biology
have greatly enhanced our understanding of how PSC self-renewal, migration, maintenance of stemness, and cell-fate
commitment depend on the balance of complex signals in their microenvironment. Endogenous PSC exists within
structural and functional units known as PSC niches, which play important roles in directing PSC behavior. Recent
years have witnessed great progress in our understanding of the PSC niche in cardiovascular biology. PSC based
therapy could lead to successful cardiac regeneration or repair. Realizing the potential of therapeutic strategies is
based on 1) differentiation of the PSC into all of the cellular constituents of the heart; 2) release of paracrine/
autocrine factors from the PSC; 3) fusion of the PSC with the existing constituents of the heart; and 4) stimulation of
endogenous repair (regeneration of PSC niches). Importantly, cardiac PSC niches contain supporting cells and these
cell-cell interactions have crucial regulatory roles in PSC based therapy. These findings have important implications
for heart development, bioengineering, and furthermore elucidate a broader dimension of PSC control within the
niche toward cardiomyocyte phenotype.
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Introduction

Ischemic heart disease remains a leading cause
of mortality and morbidity in the developed
world [1]. The infarcted myocardium is unable
to efficiently replace myocytes lost secondary to
myocardial infarction and heals itself by fibrosis
[2]. Ultimately these changes lead to worsening
cardiac performance and heart failure.

Endogenous cardiac stem cells, as PSC reser-
voirs, exist within structural and functional units
known as PSC niches [3-4]. Cell based therapy
could lead to successful cardiac regeneration or
repair by mechanisms that stimulate endoge-
nous repair by regulation of PSC niches [5]. PSC
niches provide a regulatory structure for PSC,
thereby controlling and balancing self-renewal,
manipulating cell migration and differentiation.
In addition, cardiac PSC niches contain support-

ing cells and cell-cell interactions have crucial
regulatory roles [5]. Adult mammalian cardio-
myocytes are considered terminally differenti-
ated and incapable of proliferation [6]. How-
ever, recent reports have shownthat adult car-
diac myocytes can be induced to reenter the cell
cycle with periostin [7], a p38 MAP kinase in-
hibitor [8], neuropeptide [9], and transforming
growth factor-B (TGF-B) [10]. Although the adult
heart has limited capacity for cardiomyocyte
proliferation, these new discoveries raise the
possibility that increasing the number of the
differentiated cardiomyocytes derived from PSC
by activating their proliferative potential and
changing the microenvironment of PSC niches
could repair damaged myocardium.

CXCR4 is a major regulator of PSC activities
[11]. The importance of the SDF-1a/CXCR4 sig-
naling is documented in CXCR4 knockout mice
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which die in utero, thereby indicating a funda-
mental developmental role for this receptor-
ligand axis [12]. Resident PSC existing in the
cardiac injured area can change the properties
of the microenvironment by secreting cytokines
that contribute to cell homing, proliferation, and
differentiation [13-15]. Therefore, the cardiac
PSC niche is valuable in enhancing the cardio-
myocyte proliferation, cell migration, and differ-
entiation from PSC into cardiomyocytes for car-
diac repair. Effective cell based therapy could
lead to restoration of these PSC niches. This
review discusses current understanding of the
role of endogenous and exogenous progenitor
cell niche in the treatment of ischemic heart
failure.

Endogenous stem cell niche in heart

Translation of PSC biology from bench to bed-
side has proceeded at a rapid pace in cardio-
vascular medicine. PSC cell-based therapy can
regenerate injured myocardium by three major
mechanisms: 1) differentiation of PSC into car-
diomyocyte-like cells; 2) fusion of PSC with car-
diomyocytes; and 3) secretion of paracrine fac-
tors to nourish the myocardium [16].

Adult PSC also participate in tissue generation,
maintenance, and repair by virtue of their sur-
rounding structures, referred to as the PSC mi-
croenvironment, or the PSC niche [17] (Figure
1).

It has been discovered that PSC niches are pre-
sent in heart [18], skin [19], bone marrow [20]
and other organs. For instance, in a porcine
model of myocardial infarction, allogeneic mes-
enchymal stem cells stimulated substantial im-
provement in the ejection fraction, reduction of
infarct size, and the growth of a rim of new car-
diac tissue in the region into which the mesen-
chymal stem cells were injected [21]. These
effects occurred in the absence of definitive
cardiogenic differentiation. After myocardial
infarction, porcine hearts exhibit evidence of
cardiac myocytes that have reentered the cell
cycle, angiogenesis, and reduced levels of apop-
tosis. These data, in addition to new insights
regarding the presence of endogenous cardiac
stem cells, strongly support the concept that the
heart contains PSC niches.

Another group led by Annarosa Leri has identi-
fied the components of cardiac niches, the con-
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Stem cell niche

Figure 1. Schematic representation of stem cell
niche. Niches are special microenvironments inter-
acting with stem cells to regulate stem cell fate. In-
teractions between stem cells and adhesion mole-
cules, extracellular matrix components, the oxygen
tension, cytokines, and physiochemical nature of the
environment including(PH, ionic strength etc.) are all
coordinated to enforce quiescence (Green signals)
and to tightly regulate self-renewal(White signals).

tribution of symmetric division of cardiac stem
cells (CSCs) to cardiac homeostasis and the
growth kinetics of CSCs by BrdU-retaining as-
says [18].

Previously, cardiomyocytes have been thought to
be incapable of renewing after the postnatal
period. However, through integration of the car-
bon isotope 14C (carbon-14) into DNA to estab-
lish the age of cardiomyocytes in humans, a
recent report demonstrated that the capacity to
generate cardiomyocytes still exists in the adult
human heart. The analysis suggests that cardio-
myocytes renew at a very slow rate (1% and
0.45% annually at ages 25 and 75 respectively),
with fewer than 50% of the cardiomyocytes in
the adult heart generated after birth. This result
is at odds with previous studies (largely in ro-
dent models) that have concluded that adult
cardiomyocytes retain a high mitotic renewal
rate in the post-natal period.

However, the identification of even a low level of
cardiomyocyte turnover in the adult human
heart is important, since this process could be
therapeutically exploited to slow or reverse vari-
ous forms of cardiac dysfunction. Further, ma-
nipulating of the cardiac niche to stimulate sig-
nificant cardiomyocyte turnover might be a fu-
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Figure 2. Stem cell homing mediated by upregulated SDF-1a can be seen as a model for communication between the
injured heart and bone marrow. Endothelial cells of the blood vessels translocate SDF-1a from the damaged heart via
the circulation into the bone marrow in a CXCR4-dependent manner. Presentation of the translocated SDF 1a by
bone marrow endothelial and other stromal cells recruits CXCR4-expressing immature progenitors and stem cells as
well as maturing leukocytes to the injured organ as part of host defense and organ repair.

ture strategy for endogenous cardiac repair.

SDF-1a /CXCR4: the key axis in progenitor/stem
cell homing

SDF-1q, also known as CXCL12g, is involved in
hematopoietic stem cells (HSCs) migration to
ischemic myocardium (Figure 2). SDF-lo/
CXCR4 axis has been well characterized as a
key player in bone marrow derived-MSC homing
due to its significant involvement in HSC hom-
ing. Nevertheless, BM-MSCs share different
properties with HSC regarding to the cell surface
expression of CXCR4, showing instability follow-
ing ex vivo expansion. Previously, it has been
shown that a subtype of BM-MSCs maintain cell
surface expression of CXCR4 [22, 23], but the
expression gradually declines after ex vivo ex-
pansion, reaching undetectable level on 4-5
passages. However, even after several pas-
sages, CXCR4 expression in BM-MSCs is main-
tained at a high level [24]. Furthermore, short-
term exposure of human FIk1* BM-MSCs to the
combination of cytokines (FIt-3 ligand, stem cell
factor (SCF), IL-6, hepatocyte growth factor
(HGF) and IL-3) have been shown to induce a
significant up-regulation of both cell surface and

77

intracellular CXCR4 [24]. This phenotype of BM-
MSCs is related to an upregulated migratory
capacity ex vivo in response to SDF-1a, and an
increase in the capacity to home to the bone
marrow of irradiated mice [24]. Therefore, it is
hypothesized that cytokines modulate the ex-
pression and distribution CXCR4. Correspond-
ingly, ectopic transgenic overexpression of
CXCR4 in rat BM-MSCs resulted in an increase
in their homing to infarcted myocardium follow-
ing intravenous injection [25]. However, block-
ade of CXCR4 did not affect the intramyocardial
migration of murine BM-MSCs to ischemic areas
in mice [26]. These results suggest that the SDF
-1a/CXCR4 axis is involved but not the only me-
diator for the recruitment of BM-MSCs to the
ischemic myocardium. Other researcher investi-
gated whether circulatory SDF-1a level is posi-
tively correlated with the number of PSC re-
cruited to the infarcted heart. Surprisingly, there
is no association between serum SDF-1« levels
and the number of circulating mesenchymal
stem cells in patients with ischemic heart dis-
eases. Therefore, although the role of the SDF-
10/CXCR4 axis in HSCs has been well recog-
nized, the role of this signaling axis in the hom-
ing of BM-MSCs remains to be elucidated. Re-
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cently, Smith-Berdan et al. [27] show that
Roundabout 4 (Robo4), a neuronal guidance
molecule, regulates engraftment and mobiliza-
tion and, in cooperation with CXCR4, localizes
HSCs to the niche. These findings give rise to an
exciting new line of investigation in stem/niche
cell interactions and raise many questions to be
answered in future work. One of the key ques-
tions is whether the pattern of Robo4 expres-
sion in human HSCs mimics that in mouse mod-
els and whether pharmacologic approaches
targeting Robo4 could be a useful strategy for
mobilization of HSCs. Mechanistically, the recip-
rocal loss of Robo4 and the upregulation of the
CXCI12/CXCR4 axis remain to be defined. Is
there a point where the two pathways intersect
in their downstream signaling? Given that
Robo4 is expressed in endothelium and func-
tions in vascular sprouting upon activation by its
ligand Slit2, it will be interesting to determine if
Robo4 in this context acts via Slit2 and if there
is an additional co-receptor. Activated Robo4
also stabilizes the vascular network through
inhibition of endothelial permeability [28]. Thus,
how loss of Robo4 affects the endothelial func-
tion will be an important topic to address in fu-
ture studies. Finally, where are the Robo4* HSC
in the BM normally localized and to where do
they home? Would Knockdown Robo4 promote
BM stem cells homing to the infarcted myocar-
dium and promote angiomyogenesis?

Oxygen and reprogramming of induced pluripo-
tent stem cells

In 2006, Takahashi and Yamanaka published
their hallmark strategy to reprogramme mam-
malian fibroblasts into induced pluripotent stem
cells (iPSCs) by overexpression of four transcrip-
tion factors (Oct3/4, Sox2, Klif4, and c-Myc) [29,
30]. The efficiency of reprogramming into iPSCs
is quite low in face of normxia. Because 1) early
stages of embryogenesis takes place in an hy-
poxic environment, and 2) several PSC lineages
resides in oxygen-poor niches; and 3) DNA dam-
age in reprogramming occursed through the
generation of ROS, the role of hypoxia in deter-
mining stem cell state was examined in iPSC
generation [31]. The researcher tranduced the
four pluripotent factors into MEF and human
somatic cells by retrovirus transduction in nor-
moxic (21% 02) and hypoxic (1% and 5% Oo)
conditions, and evaluate the efficiency of iPSCs
generation by Nanog-GFP reporter. The percent-
age of GFP-positive colonies was significantly
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higher in 5% 02, compared to normoxic and 1%
02 condition, and GFP-positive cells arose ear-
lier when cultured in hypoxia, indicating mild
hypoxia could promote reprogramming of iPSC.
Furthermore, hypoxia can reduce the number of
transduced pluripotent factors (only Oct3/4 and
KIf-4) [31]. These discoveries were consistent
with the poor oxygen tension in ESC microenvi-
ronment, implying the crucial role of oxygen in
retaining stem cell pluripotency. Since upregula-
tion of hypoxia inducible factors (HIF) is the key
transcriptional event for stem cells under hy-
poxia, the link between HIFs and stemness fac-
tors may provide the hint for enhanced repro-
gramming potency in anoxia. Previously, it was
reported that in ESCs, HIF-2a transactivates
Oct4 expression, leading to maintenance of the
stemness and the formation of ESC-derived
teratoma [32]. Moreover, culture at 20% oxy-
gen, resulted in a significantly reduced expres-
sion of SOX2, NANOG, OCT4, and silencing
HIF2a and HIF-3a (but not HIF-1a) was able to
duplicate this effect [33], implying that NANOG,
Oct4, and SOX2 are downstream targets of HIF-
20/HIF-3a. It is speculated that hypoxia is in-
volved in regulating PSC state via modulating
HIF-2a/HIF-3a expression, thus profiling of ge-
nomic binding sites of HIF-2a/HIF-3a in hypoxia
by ChlIP-seq (Chromatin immunoprecipitation
combined deep sequencing) may provide more
information on the role of anoxia in maintaining
stemness and pluripotency.

Optimizing mobilization by modulating progeni-
tor/stem cell niche

The anchoring of PSC depends mainly on adhe-
sion via integrins to stromal cells and to ex-
tracellular matrix proteins such as (e.g.VLA-4/
fibronectin). This multiple-step process has in-
volved many different adhesion molecules (e.g.
VLA-4/VCAM-1) that are activated by a range of
modifiers, which may explain for selective mi-
gration of stem cells/progenitor cells to specific
places.

Within the bone marrow, PSC are anchored to
stromal cells and ECM via integrin binding to
cell adhesion molecules or ECM proteins, and
via interaction with cell surface- or matrix-bound
cytokines (e.g. SDF-1a/CXCR4; SCF/c-kit) [34].
Disruption of this interaction showed the under-
lying mechanism of several currently applied
mobilization strategies, e.g. by the CXCR4 inhibi-
tor AMD3100, or by colony-stimulating factors
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(CSFs) such as granulocyte or granulocyte-
monocyte colony-stimulating factor (G-CSF, GM-
CSF, respectively) [35, 36]. The second underly-
ing mechanism of stem cell/progenitor libera-
tion is the guidance of progenitor/stem cells in
the blood by chemotactic agents in a gradient-
dependent manners. A variety of growth factors
have been used to elevate circulating progenitor
cell levels, among them VEGF and erythropoi-
etin (Epo) [37, 38]. G-CSF, currently the most
widely used agent in clinical trials for stem cells
mobilization, affects both mechanisms of PSC
mobilization, i.e. the interruption of anchoring
mechanisms (by down-regulation of SDF-la
expression, activation of the protease CD26
(Dipeptidyl peptidase-IV, DPP-IV) which cleaves
SDF-1a N-terminus, thereby rendering it unable
to bind CXCR4, and by attenuating B1 integrin
function), as well as increasing serum levels of
further cytokines and growth factors [39]. Con-
sistently, G-CSF treatment provides a restorative
benefit in ischemic animal models, but on the
contrary, experimental studies in mice and early
-phase clinical trials in patients with coronary
artery disease suggest that G-CSF may promote
atherosclerosis with the potential for adverse
outcomes in these patients [40-42].

Reconciliation between mobilization and recruit-
ment

Bone marrow stem cell liberation from bone
marrow is the first step in stem cell recruitment
to the heart. The dual role of SDF-1a (retension
in bone marrow as well as recruitment to the
heart) implies that interrupting anchoring/
adhesion molecules and reducing homing effi-
ciency are both sides of the “sword” when liber-
ating stem cell from bone marrow. Currently, the
clinical trials administrating granulocyte colony-
stimulating factor (G-CSF) for stem cell mobiliza-
tion showed negative result in ameliorating
heart function [43, 44]. The underlying reason
might be attribute to the interruption of G-CSF
with SDF-1a/CXCR4 signaling, impairing the
homing and engraftment of the mobilized stem
cell to the infarcted heart [45].

A recent clinical study shows that timing of ad-
ministration is a critical point for enhanced
stem homing [46]. In one study, authors com-
pared the short- and long-term effect of CXCR4
blockade, showing that CXCR4 inhibitor
AMD3100 carried dual effect on enhanced PSC
liberation from the bone marrow, and their re-
cruitment to the infarcted heart, beneficially
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affecting cardiac vascularity and survival in a
mouse model of myocardial infarction (MI). Nev-
ertheless, continuous CXCR4 blockade in-
creased PSC liberation from bone marrow, but
reduced their engraftment and stimulated car-
diac remodeling [46]. Hence, targeting both cell
liberation and homing might be a more efficient
strategy in regenerating myocardium and im-
proving cardiac performance post-myocardial
infarction [47].

Recently, Zaruba et al. demonstrated that syn-
ergy between retarding the degradation of SDF-
1a and mobilization of stem cells by G-CSF en-
hanced homing of CD34+/CXCR4+cells to
ischemic heart and attenuated subsequent
ischemic cardiomyopathy [48]. This dual target-
ing linked DPP-IV during G-CSF treatment and
prevented cleavage SDF-1a, while G-CSF in-
duced progeitor/stem cell liberation. Dual ad-
ministration of G-CSF and DPP-IV inhibitor
(sitagliptin/diprotin A) showed increased hom-
ing of mobilized stem cell from bone marrow to
the injured myocardium, improved myocardial
regeneration after Ml and enhanced survival in
the pre-clinical setting [47].

Convincing data also showed that the combina-
tion of MSC patch (transgenic overexpressing
CXCR4) with DIP pretreatment inhibits cell
death post-myocardial infarction, increases tis-
sue angiogenesis, and enhances cell engraft-
ment, leading to improved LV mechanical func-
tion after MI [49]. These findings have changed
the design of clinical trials since the key issue of
all therapeutic stem cell approaches is stem cell
homing. More recently, a clinical trial called SI-
TAGRAMI (sitagliptin plus granulocyte-colony-
stimulating factor in patients suffering from
Acute Myocardial Infarction) has tested this hy-
pothesis and a recent report has reported the
feasibility and safety of this approach [50].

In a pre-clinical study, the combination of G-CSF
and HGF had a significant synergistic effect,
suggesting that mobilization of bone marrow
derived stem cells to peripheral circulation com-
bining their recruitment to the ischemic area
could potentiate angiogenesis and vasculogene-
sis [51].

Future perspective
We can manipulate cell fate forwards (PSC dif-

ferentiation into somatic cells) or backwards
(reversing the fate of a differentiated cell to em-
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bryonic stem cells) just by “playing” with a cou-
ple of transcription factors. Whether fate
switches from stem to progenitor cells are re-
versible in normal homeostasis of adult verte-
brate tissues, such as cardiac tissue? Is still
unknown if dedifferentiation happen naturally in
adult myocardium to maintain the normal ho-
meostasis of residential cardiac progenitor cells
pool? These questions remain to be answered
in future work.

Many patients resorting to regenerative medi-
cine and stem cell-based therapies are older
individuals suffering from ischemic heart dis-
eases. Therefore, one of pivotal questions that
we need to address is how aging influences
stem cells and the niche. Is niche aging
insufficient to replenish these patients with
“robust” stem cells? Do we need to co-
transplant niche with stem cell in aging pa-
tients? A deeper understanding of the mecha-
nism of niche aging will open a new avenue for
cardiac regeneration.

For successful tissue regeneration by endoge-
nous PSC homing, it is necessary to direct pro-
genitor/stem cells to find their way home and
provide homed PSC with a local environment of
artificial ECM (where they can proliferate and
differentiate efficiently). Advances in biomate-
rial design and engineering are converging to
enable a new generation of instructive materials
that bear complex information coded in their
physical and chemical structures. Release tech-
nology often enhances the in vivo stability of
information cues and related molecules (e.g.,
homing factors) and prolongs the maintenance
of biological functions for the efficiency of stem
cell homing and tissue regeneration. Elucidating
the molecular complexity of cell chemotaxis,
identifying both the essential molecules that
dictate stem cell trafficking and their dosing
criteria, improving the pharmacokinetics and bio
-distribution of bioactive cues released from an
implanted biomaterial, and developing products
tailored to different pathologies are but a few of
the challenges in the design of medical devices
that conduct sufficient PSC homing and robust
tissue regeneration, thereby, improving the
benefit to individuals suffering from severely
injured tissues. Addressing each of these issues
will lead to a future in which navigational cues
and growth factors will be delivered solely to the
place where they are needed and only at the
levels and time at which they are required,
thereby creating an innovative, biologically-
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based generation of clinical treatments that
utilize endogenous cell homing to regenerate
tissues.

Although several reports [52-55] have indicated
that cardiomyocytes derived from iPSCs improve
heart function, and reverse cardiac remodeling,
the risk for cancer is still a key concern for
translational medicine3®. To address safety
problem, several other approaches have been
devised to generate iPSCs, including non-
integrating adenoviral approaches [57, 58], the
piggyBac transposon system (removals of the
transgenes from established iPSC lines after
inducing pluripotency [59, 60], the Cre/loxP
recombination system [61], non-integrating
“episomal” vectors to create iPSCs free of vec-
tor and transgene DNA [62], and zinc finger nu-
clease technology [63]. All of these methods,
however, are based on the transfer of foreign
DNA into the target cell and still carry the risk of
carcinogenesis. Recently, protein-based meth-
ods have been successfully developed and im-
plemented [64, 65]. However, so far, there have
been no reports of methods that involve purely
niche-reprogrammed iPSCs. Future work should
address this issue and verify this finding as fact
or artifact since purely niche-reprogrammed
iPSCs would be of tremendous clinical value.

In conclusion, the niche has attracted more and
more attention in cardiac regenerative medi-
cine; unraveling its internal organization and
integration could contribute greatly to not only
mechanistic insight of stem cell biology, but also
stem cell-based therapies in the clinical setting.
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