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Human cardiomyocyte progenitor cells:

a short history of nearly everything
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Abstract

The high occurrence of cardiac disease in the Western world has driven clinicians and cardiovascular biologists to look for alternative strat-
egies to treat patients. A challenging approach is the use of stem cells to repair the heart, in itself an inspiring thought. In the past
10 years, stem cells from different sources have been under intense investigation and, as a result, a multitude of studies have been
published on the identification, isolation, and characterization, of cardiovascular progenitor cells and repair in different animal models.
However, relatively few cardiovascular progenitor populations have been identified in human hearts, including, but not limited to, cardio-
sphere-derived cells [1], cKit+ human cardiac stem cells [2], Isl1+ cardiovascular progenitors [3], and, in our lab, cardiomyocyte progeni-
tor cells (CMPCs) [4, 5]. Here, we aim to provide a comprehensive summary of the past findings and present challenges for future
therapeutic potential of CMPCs.
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Location, isolation and characterization of CMPCs

Similar to the Isl1+ cardiovascular progenitors [3], CMPCs can be
found in the atria, atrial appendages, and, in addition, atrioventricular
region, intra-atrial septum and scattered within the subepicardial layer
of the ventricles [4]. In particular, atrial appendages from adult human
hearts, obtained as surgical waste, are routinely used to obtain adult

CMPCs [5, 6]. To isolate CMPCs from human foetal and adult hearts,
we have developed two different protocols, based on enzymatic disso-
ciation of cardiac tissue followed by clonal expansion or by magnetic
activated cell sorting (MACS) using an epitope that is recognized by a
Sca-1 antibody [6]. We obtained a highly proliferating population of
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cells that express Isl1, cKit, Nkx2.5, Gata4, Mef2c, CD31, Endoglin
(CD105), and telomerase, but do not express haematopoietic or
mesenchymal stem-cell markers or cardiomyocyte sarcomeric proteins
[4, 5]. In vitro, CMPCs appear as spindle-shaped cells with a high
nucleus-to-cytoplasm ratio, which is typical for progenitor cells
(Fig. 1A).

Cardiovascular potential of CMPCs
in vitro

To test the cardiomyogenic potential of CMPCs in vitro, we treated
CMPCs with 5-azacytidine for three consecutive days, followed by cul-
ture in medium containing a mix of growth factors [4, 6]. With regard
to future standard clinical practices, it is important that we do not need
to co-culture CMPCs with fully developed cardiomyocytes, which is
often required for cardiomyogenesis of other cardiovascular progeni-
tor populations. Within 3–4 weeks, spontaneously beating cells could
be observed and mRNA and protein analysis showed expression of
cardiomyocyte sarcomeric proteins and gap junction proteins [4]
(Fig. 1B). Despite its potent effect, the efficiency of cardiomyogenic
differentiation with 5-azacytidine treatment is relatively low (13.5%)
and therefore we exposed cells to cardiogenic inducing growth fac-
tors. When we added TGFbeta1 and/or BMP6 after 5-azacytidine treat-
ment, the CMCP differentiation efficiency was greatly increased (up to
95% [5]). TGFbeta1 or BMP alone, without 5-azacytidine, was not that
effective. CMPC-derived cardiomyocytes (CMPC-cm) express sarco-
meric proteins in the typical striated pattern. In addition, all the ion
channels required for a functional action potential and phosphorylated
connexin proteins at the cell membrane to form gap junctions are
present. Moreover, adherens junction and desmosomal proteins for
cell–cell interactions were detected. Electrophysiological analyses
showed that CMPC-cm have functional gap junctions, excitation-con-
traction coupling, a foetal ventricular cardiomyocyte-like action poten-
tial, and the capacity to react to adrenergic agents Interestingly,
CMPC-cm from foetal cells generally have a more immature pheno-
type than CMPC-cm form adult cells and often show spontaneous
beating, whereas adult CMPC-cm are able to form rod-shaped cardio-
myocytes that do not contract spontaneously, probably because of a
more stable resting membrane potential [5, 7, 8]. This suggests
that foetal and adult CMPCs are either intrinsically different upon
isolation (maybe due to the age of the tissue used), differentially
affected by the culture conditions, or both [8]. Based on their cardi-
omyogenic potential in vitro, we termed the cells ‘cardiomyocyte pro-
genitor cells’.

In addition to the cardiomyogenic capacity, CMPCs can also form
endothelial cells and smooth muscle cells in an in vitro angiogenesis
model [5]. However, foetal- and adult-derived CMPCs show a differ-
ent angiogenic potential, with foetal CMPCs forming relatively more
endothelial cells and less smooth muscle cells than adult CMPCs [8].
The underlying mechanism for the differences in foetal and adult
CMPC-cm discussed above remains unclear. Of note is the limited
potential of foetal CMPCs to undergo adipogenic differentiation
in vitro [8].

Cardiovascular potential of CMPCs
in vivo

To confirm the potential therapeutic effects in vivo, CMPCs and pre-
differentiated CMPM-cm were injected into the infarct border zone of
infarcted mouse hearts [9]. Twenty-eight days post-injection, cardiac
function was markedly improved compared with the vehicle control in
both groups, which continued up to 3 months post-injection. CMPCs

A

B

Fig. 1 Human foetal-derived cardiomyocyte progenitor cells (CMPCs)

cultures under proliferating conditions (A), and after differentiating by

5-aza and TGF-beta stimulation into beating cardiomyocytes (B). Beating
cells were stained for cardiac actinin (red), troponin T (green) and hoe-
chst (nuclei, blue).
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were able to differentiate into cardiomyocytes (~55%), SMCs (~11%)
and endothelial cells (~10%). CMPCs showed enhanced VEGF secre-
tion as compared with CMPC-cm, which resulted in greater vessel
density of the injured tissue. Otherwise, there were no substantial dif-
ferences upon CMPCs or CMPC-cm transplantation, indicating that
CMPCs do not need in vitro differentiation prior to injection. Impor-
tantly, CMPCs were able to migrate throughout the infarcted area
upon injection, which allows them to be most effective in places
where they are needed. Although these results are very promising,
only limited number of injected cells could be (4%) observed after
3 months. This opens the discussion for the true mechanisms for
observed functional improvements and allows further improvements
for transplantation strategies.

Apart from primary and second heart lineage progenitor cells, epi-
cardial cells (the cells on the outer layer of the heart) contribute to
cardiogenesis as well [10]. We hypothesized that human CMPCs and
epicardium-derived progenitor cells (EPDCs) together would provide
an even stronger approach to treat an injured myocardium. When co-
cultured in vitro, CMPCs enhanced EPDC proliferation, they stimu-
lated each other’s migration under normoxia, but not hypoxia, and
increased paracrine signalling under hypoxic conditions [11]. By
injecting the two populations together, the interactions resulted in
increased cardiac function upon cardiac injury as compared with
either cell type alone. This was partly due to a more pronounced para-
crine stimulation of angiogenesis in the CMPC-EPDC mixed group.

CMPCs in vitro; a cell model to
improve understanding and test
human cardiomyogensis

The cardiovascular potential of CMPCs in vitro makes them ideal tools
to investigate underlying mechanisms and/or develop alternative pro-
tocols to modulate proliferation, migration, paracrine signalling, or
cardiomyo- and vasculogenesis in vitro.

Cardiomyogenic differentiation

To develop an alternative to the use of 5-azacytidine, which may have
unknown side-effects, we have used a modulation of the cell mem-
brane potential, which is known to affect cellular proliferation and dif-
ferentiation [12, 13]. We showed that by co-culturing CMPCs with
HEK293 cell lines that have an engineered low membrane potential
(KWGF cells, �75 mV) [14], CMPCs differentiated into cardiomyo-
cytes [15]. Disrupting functional gap junction coupling between
KWGF cells and CMPCs suggested that the electrotonic application of
a low membrane potential in CMPCs, thereby hyperpolarizing the
membrane, was responsible for this effect. Indeed, when CMPCs
were exposed to medium with a low potassium concentration alone,
which effectively hyperpolarized their resting membrane potential,
cardiomyogenesis was induced, resulting in spontaneously contract-

ing cardiomyocytes after several weeks. The increase in intracellular
calcium and enhanced nuclear factor of activated T cells (NFAT) activ-
ity after exposure to medium with a low potassium concentration,
thereby hyperpolarizing the membrane, suggests that calcineurin sig-
nalling was involved in activating myogenic transcription factors, sim-
ilar to hyperpolarization-mediated myogenesis in skeletal myoblasts
[16]. Interestingly, TGFbeta1 stimulated hyperpolarization in CMPCs
as well, which suggests that hyperpolarization-mediated cardiomyo-
genesis plays a role in our standard 5-azacytidine/TGFbeta1 differenti-
ation protocol.

In an attempt to understand the cardiomyogenic differentiation of
the CMPCs, gene expression and micro RNA (miRNAs) arrays were
performed. When differentiated into CMPC-cm, cells expressed an
enrichment of known cardiac transcription factors and cardiac/struc-
tural genes. Interestingly, during differentiation, several mesodermal
and developmental genes are (re-)expressed and novel transcription
factors could be observed.

Several myogenic inducing miRNAs, such as miR-1, 133a, and
133b, could not be observed in our proliferating CMPCs; however,
they become highly enriched in the CMPC-cm. In addition, we
observed that miR-499 was highly enriched; a miRNA with a
previously unknown function [17]. In addition to its presence in
CMPC-cm, miR-499 was highly expressed in human and mouse
cardiomyocyte. By introducing miR-1 and 499 into our CMPCs, we
could enhance their myogenic differentiation by increased appear-
ance of spontaneous beating and increased expression levels of
Nkx2.5, Gata4, cardiac actinin, Mlc-2v and troponin T. By using
miRNA inhibitors, cardiomyogenic differentiation could completely
be prevented, demonstrating the prerequisite of these miRNAs for
differentiation. HDAC4 and Sox6 were identified as potential targets
for miR-1 and 499, respectively, and by using a RNAi knock-down
approach, we observed that Sox6 efficiently drives cardiomyocyte
differentiation [17].

Cellular proliferation and survival

CMPCs are exposed to a hypoxic environment upon transplantation
into infarcted hearts and hypoxia is known to have different effects on
cell proliferation, migration, paracrine signalling, differentiation and
engraftment [18–20], consistently with studies in mesenchymal and
haematopoietic stem cells and skeletal muscle satellite cells [21–23];
increased proliferation was observed in CMPCs exposed to hypoxia
[24]. CMPCs did not differentiate into cardiomyocytes or vascular
cells in response to hypoxia, but secretion of the pro-inflammatory
cytokines MCP-1, TGFbeta and Il-8 was decreased, while pro-angio-
genic VEGF-A secretion was increased. Further investigation revealed
that thrombospondin-1 and -2, were up-regulated in hypoxic CMPCs,
thereby allowing these enzymes to facilitate CMPC migration through
a collagen matrix.

In addition, hypoxia enhanced expression of the pro-survival and
mitogenic factor Survivin in CMPCs. By introducing or knocking-down
Survivin in CMPCs, we could confirm that Survivin was indeed stimu-
lating and required for CMPC proliferation (P. van Vliet, A. M. van
Oorschot, A. M. Smits, Z. Liu, J. P. G. Sluijter, I. E. Hoefer, P. A.
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Doevendans, and M. J. Goumans, unpublished data), respectively.
Lack of Survivin resulted also in early apoptosis, likely due to a cell
cycling defect. Unexpectedly, adenoviral Survivin overexpression also
resulted in reduced migration and paracrine signalling in CMPCs, but
not in HUVECs, probably via a reduced VEGF-A secretion.

Despite the differential expression of miR-155 in CMPCs [17], we
did not find evidence that miR-155 influenced CMPCs proliferation,
differentiation or angiogenesis in several follow-up studies. However,
upon oxidative-stress, miR-155 is up-regulated as well, indicating a
potential role of miR-155 in the stress response in CMPCs [25]. By
ectopic introduction of miR-155 into CMPCs, oxidative stress-stimu-
lated necrotic cell death via exposure to H2O2 is significantly reduced.
In addition, we could observe that a death domain protein, receptor
interacting protein1 (RIP1), is required for activating necrosis in
CMPCs and a target for miR-155. Interestingly, miR-155 protects
CMPCs from necrotic cell death independently of common PI3K-Akt
survival and apoptosis pathways [25]. These findings demonstrate
the cyto-protective role of miR-155 in CMPCs and suggest the possi-
bility of utilizing miR-155 or target analogues to optimize cell engraft-
ment for cellular transplantation therapy.

Paracrine effects

In addition to the true regenerative potential of CMPCs by replacing
damaged myocardium, forming new cardiomyocytes, endothelial and
smooth muscle cells, also the high secretory potential of the cells
could be beneficial. One of the potential mechanisms of the observed
in vivo effects upon transplantation of the CMPCs could be the para-
crine release of growth factors, cytokines and chemokines, which are
known to be strong modulators of tissue growth, angiogenesis and
inflammatory responses. Injection of conditioned medium from ESC-
derived MSCs was shown to reduce infarct size and improve cardiac
function in a porcine model of ischaemia/reperfusion [26]. The activ-
ity of the conditioned medium was mediated by cell-released exo-
somes [27]. Exosomes are small membranous vesicles with a lipid
bilayer, secreted by many, if not all, cells, and described to be

involved in numerous processes, including immune modulation,
angiogenesis and migration of cells. Exosomes contain many different
proteins, including growth factors and cytokines, and coding and
non-coding RNA molecules. Recently, we demonstrated that CMPCs
do release exosomes into their environment, which are functionally
active and can stimulate migration of endothelial cells in an in vitro
scratch wound assay [28].

Perspective

Cardiac-derived progenitor cells, like the CMPCs, are a promising cell
type that can be obtained, cultured and used for cell transplantation
therapy to restore function of damaged myocardium. They have been
shown to have true differentiation potential in vitro and in vivo
towards cardiomyocytes and vascular cells, without the need for co-
culture. In addition, these cells can be used to study human cardio-
myogenesis in vitro or for testing new approaches to improve cell
transplantation studies, like the use of tissue engineering approaches,
to stimulate cardiac repair.
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