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Weakening of cardiac function in patients with heart failure results from a loss of cardiomyocytes in the
damaged heart. Cell replacement therapies as a way to induce myocardial regeneration in humans could
represent attractive alternatives to classical drug-based approaches. However, a suitable source of precursor
cells, which could produce a functional myocardium after transplantation, remains to be identified. In the
present study, we isolated cardiovascular precursor cells from ventricles of human fetal hearts at 12 weeks of
gestation. These cells expressed Nkx2.5 but not late cardiac markers such as a-actinin and troponin I. In addition,
proliferating cells expressed the mesenchymal stem cell markers CD73, CD90, and CD105. Evidence for func-
tional cardiogenic differentiation in vitro was demonstrated by the upregulation of cardiac gene expression as
well as the appearance of cells with organized sarcomeric structures. Importantly, differentiated cells presented
spontaneous and triggered calcium signals. Differentiation into smooth muscle cells was also detected. In
contrast, precursor cells did not produce endothelial cells. The engraftment and differentiation capacity of green
fluorescent protein (GFP)-labeled cardiac precursor cells were then tested in vivo after transfer into the heart of
immunodeficient severe combined immunodeficient mice. Engrafted human cells were readily detected in the
mouse myocardium. These cells retained their cardiac commitment and differentiated into a-actinin-positive
cardiomyocytes. Expression of connexin-43 at the interface between GFP-labeled and endogenous cardiomyo-
cytes indicated that precursor-derived cells connected to the mouse myocardium. Together, these results suggest
that human ventricular nonmyocyte cells isolated from fetal hearts represent a suitable source of precursors for
cell replacement therapies.

Introduction

Heart failure, which develops after myocardial infarc-
tion or chronic hypertension, remains a major cause of

morbidity and mortality in developed countries. In the
damaged heart, weakening of cardiac function is essentially
due to a massive loss of cardiomyocytes. Ultimately, cardiac
transplantation remains the only therapeutic option for end-
stage heart failure. However, the low number of organ do-
nors and the side effects of immunosuppressive drugs limit
the access to a transplantation program to a few thousands of
patients a year. In this context, cell replacement therapies
could represent attractive alternative approaches. Cardiac
precursor cells (CPCs) could be transferred in the damaged
heart to produce new cardiomyocytes and recreate a myo-
cardium to restore cardiac function.1,2

In the classical view, cardiomyocytes are considered as
terminally differentiated cells that adapt to increased work-

load exclusively through hypertrophy. However, recent ob-
servations indicate that cardiomyocytes could be replaced
continually in the heart through a process involving differ-
entiation, maturation, senescence, and death.3,4 The discov-
ery of resident cells with stem cell characteristics in adult
tissues suggests that the heart demonstrates some regenera-
tive potential. Nevertheless, CPCs cannot be easily recog-
nized as no specific markers are currently available.
Therefore, surrogate markers, which are expressed on the
surface of hematopoietic stem cells, have been used to
identify CPCs in the heart. In the mouse, resident stem cells
have been isolated from the postnatal myocardium de-
pending on the expression of at least one of the following
markers: the stem cell factor receptor c-kit5 or the stem cell
antigen (Sca)-1.6 In addition, the ATP-binding cassette
transporter ABCG2 identifies a population of cardiac pre-
cursors based on its capacity to efflux Hoechst dye.7–9 To
produce a functional myocardium, CPCs must give rise to
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several different muscle and nonmuscle cell types, specifi-
cally cardiomyocytes, endothelial cells, and smooth muscle
cells (SMCs).10 Using a transgenic approach to trace the fate
of progenitors in the heart, Nkx2.5POS cells were shown to
give rise to cardiac cells and SMCs.11 Similarly, multipotent
cardiovascular progenitors expressing the Lin-1, Isl-1, Mec-3-
domain transcription factor Islet (Isl)-1 have been described
in the developing heart. Therefore, Isl1POS Nkx2.5POS cardiac
progenitors, also expressing the vascular endothelial growth
factor receptor-2 known as Flk1 in the mouse and KDR in
humans, were shown to produce the three main cardiac
lineages (cardiomyocytes, endothelial cells, and SMCs).12–14

Along these lines, mesodermal progenitors expressing Flk1
were demonstrated to contribute to both cardiac and skeletal
muscle development.15,16 Cardiogenic differentiation has
also been studied using mouse embryonic stem (ES) cells.
Multipotent cardiovascular progenitors derived from ES cells
express mesodermal markers such as Flk1 and then Isl1.17,18

Moreover, cardiovascular progenitors giving rise to the three
lineages have also been derived from c-kitNEG, KDRLOW

human ES cells.19 Finally, bone morphogenetic protein-2-treated
human ES cells were shown to express the stage-specific
embryonic antigen (SSEA)-1 and then the mesodermal mar-
ker brachyury and to commit to the cardiogenic lineage.20

This is reminiscent of what has been observed in multipotent
cardiovascular progenitors isolated from the neonatal and
adult rat hearts based on SSEA-1 expression.21 Whether
undifferentiated cardiac cells expressing these different
markers represent distinct CPCs subpopulations remains
unclear. Nevertheless, it is usually agreed that coexpression
of a stem cell marker and an early cardiac gene such as
Nkx2.5 represents a signature of CPCs.

Over the past years, adult stem cells from several different
sources have been assayed for their capacity to generate
myocardial tissue after transfer into the injured heart. These
sources include unfractioned bone marrow cells, bone marrow-
derived mononuclear cells, bone marrow mesenchymal stem
cells, hematopoietic stem cells, circulating endothelial progen-
itor cells, and skeletal myoblasts. Results from these studies did
not unambiguously demonstrate a clinical benefit of the
transferred cells, suggesting that the functional improvement
of the failing heart following stem cell transplantation will not
be easily achieved. In this context, the use of mesodermal
progenitors or even precursor cells isolated from the heart itself
could facilitate the cardiogenic differentiation of these undif-
ferentiated cells. Indeed, CPCs isolated from the heart may be
more effective in generating new myocardium than progenitor
cells from other organs, because they might be already com-
mitted to the different cardiovascular lineages.5,6,9,11,12,14,21–27

For instance, CPCs have been shown to differentiate into car-
diomyocytes and to improve cardiac function in rodent models
of myocardial infarction.5,21–25 Recent publications described
human cardiac precursors isolated from the fetal heart based
on the capacity of antibodies directed against the mouse Sca-1
protein to bind to an unknown human cell surface protein.
Under differentiation conditions, these precursors gave rise to
cardiomyocytes, SMCs, and endothelial cells in vitro and in vivo
when injected into mice myocardium.27–29

In humans, the heart already begins to beat at stage 10
(roughly 28 days of development). Separation of atrial and
ventricular myocardium starts at 7 weeks of development and
is completed around the 12th week of development. At this

stage, the four-chamber heart is formed.30 In this report, we
decided to investigate whether the human fetal heart repre-
sents an appropriate source of human cardiac precursors for
cell replacement therapies. Heart tissues from healthy Cauca-
sian fetuses were obtained following voluntary abortion at 12
weeks of gestation. Proliferating Nkx2.5POS a-actininNEG CPCs
were readily isolated and maintained during several passages
in vitro. The vast majority of these cells expressed Nkx2.5 but
not Sca1, Isl1, or KDR. We then demonstrated the capacity of
these precursors to differentiate into cardiomyocytes and
SMCs. Moreover, CPCs were able to engraft into immunode-
ficient mouse heart, to retain their cardiogenic commitment,
and to produce a fully differentiated progeny.

Materials and Methods

Primary cell cultures

Human fetal hearts were collected from donation after
voluntary termination of pregnancy at 12 weeks of gestation.
The protocol received the authorization of the Hospital Ethi-
cal Committee. Ventricles were mechanically minced prior to
enzymatic digestion in buffer containing 0.45 mg/mL colla-
genase (Worthington Biochemical Corp.) and 1 mg/mL pan-
creatin (Invitrogen) (Fig. 5A). The cell population that
adhered in less than 24 h was named CPCs and cells that
remained in suspension after 24 h were discarded. Adherent
cells were expanded in culture in proliferation medium, a 3:1
mixture of DMEM 1 g/L glucose and Medium 199 (Invitro-
gen) supplemented with 10% Horse serum (Serotec), 5% fetal
bovine serum (Serotec), 100 U/mL penicillin (Invitrogen), and
100mg/mL streptomycin (Invitrogen). After three passages,
cells were switched to a serum-free differentiation medium.
Differentiation medium contained MEM alpha (Invitrogen)
supplemented with 1mM dexamethasone (Sigma-Aldrich),
50mg/mL ascorbic acid (Sigma-Aldrich), 10 mM b-glycer-
ophosphate (Sigma-Aldrich), 100 U/mL penicillin (Invitro-
gen), and 100mg/mL streptomycin (Invitrogen) and has been
described elsewhere.26

Analysis of differentiation marker expression
by immunofluorescence, reverse transcriptase–
polymerase chain reaction, real-time polymerase
chain reaction, and flow cytometry

The different markers used in this study are listed in
Supplementary Table S1 (Supplementary Data are available
online at www.liebertonline.com/tea). For detailed descrip-
tion of the protocol, see Supplementary Data.

Confocal calcium imaging

Cells were grown on gelatin-coated glass coverslips and
loaded with the fluorescent Ca2 + indicator fluo-3 by exposure
to fluo-3-AM (Biotium, 5 mM, 25 min, 10 min de-esterification).
Ca2 + imaging was performed on a laser-scanning confo-
cal microscope (Micro-Radiance, Bio-Rad) with a 40 · oil-
immersion objective. Fluo-3 was excited at 488 nm with an
argon ion laser, and emitted fluorescence was collected above
500 nm. Linescan images were recorded at a rate of 50 lines/s.
In field-stimulated cells, Ca2 + release events were elicited by
electrical stimulation with a custom-built field stimulator.
Triggering pulses were 2.5 m long with an amplitude of 1.5 ·
above threshold voltage (between 20 and 40 V). Different
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pacing frequencies between 0.1 and 1 Hz were tested. Chan-
ges in intracellular Ca2 + during electrical pacing were re-
corded in linescan images. Extracellular solution contained (in
mM) 140 NaCl, 5.4 KCl, 2 CaCl2, 1.1 MgCl2, 5 HEPES, and 10
glucose (pH 7.4). Confocal images were analyzed in Im-
ageSXM and further processed using IgorPro. Changes in
cytosolic Ca2 + levels are expressed as changes in fluorescence
(DF/F0).

Vector production and genetic labeling of cells

For detailed protocol, see Supplementary Data.

Experiments in vivo

To avoid rejection of transplanted human cells, immuno-
deficient mice were used (S/B6.CB17-PrKdc scid Ma SN1913;
The Jackson Laboratory). All animal procedures were ap-
proved by the Animal Ethics Committee. Mice were main-
tained under specific pathogen-free condition. Severe
combined immunodeficient (SCID) mice (9 weeks old) were
operated under general anesthesia with isoflurane (Baxter
Healthcare SA). Analgesia was performed with 0.1 mg/kg
subcutaneous injection of Temgesic (buprenorphine; Essex
Chemie AG). The heart was exposed through a left thora-
cotomy and three injections of a suspension of green fluor-
escent protein (GFP)-labeled single cells were performed in
the myocardium, in the left ventricle. Each injection con-
tained 3.3 · 105 cells suspended in 10mL of 0.09% NaCl.
Control animals received injections of 10 mL of 0.09% NaCl.
Two groups of mice were sacrificed either at 1 or 4 weeks

after injection. Hearts were collected and then embedded
in optimal cutting temperature for heart sectioning. Im-
munostaining for GFP, connexin 43 (Cx43), and either
Nkx2.5 or a-actinin was performed.

Statistical analysis

Analysis of the significance between different groups was
performed using Student’s t-test and one-way analysis of
variance.

Results

Isolation of cardiovascular precursors
from the fetal heart

Human fetal ventricles were isolated, minced, digested,
and processed into primary cultures (Fig. 1A). The cell
population that adhered in less than 24 h represents the
nonmyocyte population containing CPCs (Fig. 1B). These
cells were passaged several times and can be kept frozen.
To characterize the cells, reverse transcriptase–polymerase
chain reaction (RT-PCR), quantitative real-time RT-PCR,
immunostaining, and flow cytometry were performed af-
ter three passages in proliferation medium. Under these
conditions, proliferating cells expressed the early cardiac
transcription factors Nkx2.5, Gata4, Mef2C, and Isl1 (Fig.
1C). The late cardiac marker b-myosin heavy chain (b-
MHC) and cardiac troponin I were not expressed, whereas
some weak expression of a-MHC was detected. Cells also
expressed Cx43, a protein known to be expressed by dif-
ferentiated cardiomyocytes and by mesenchymal stem

FIG. 1. Characterization of
CPCs after three passages in
proliferation medium. (A)
Experimental cell isolation
schema. (B) Bright-field im-
age of human CPCs in cul-
ture in proliferation
condition. (C) RT-PCR of
early cardiac markers (Gata4,
Nkx2.5, Isl1, Mef2c), late car-
diac markers (a-MHC, b-
MHC, cardiac troponin I),
Cx-43, and GAPDH as a
loading control in the human
fetal heart at 12 weeks of
gestation (fetal heart) and in
the isolated cells (CPCs in
proliferation). (D) Quantita-
tive real-time RT-PCR of the
cardiac markers a-MHC, b-
MHC, and cardiac troponin I
of the isolated cells relative to
the human fetal heart at 12
weeks of gestation. White
bars: fetal heart; black bars:
CPCs. (E) Staining of the
cells. Upper rows represent costaining for Nkx2.5 (green) and Ki67 (red). Middle rows stained for Nkx2.5 (red) and KDR
(green). Lower rows correspond to Nkx2.5 (red) and Isl1 (green); white arrowhead indicates double-stained cells. Nuclei were
stained with DAPI (blue). Scale bars: 25mm. The bars in D represent means – SD. Asterisks denote significant difference
compared with expansion medium (**p < 0.01; ***p < 0.001). CPCs, cardiac precursor cells; RT-PCR, reverse transcriptase–
polymerase chain reaction; MHC, myosin heavy chain; Cx, connexin; GAPDH, glyceraldehyde 3-phosphate dehydrogenase;
SD, standard deviation; DAPI, 4¢,6¢-diamidino-2¢-phenylindole.
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cells. Compared with fetal ventricles at 12 weeks of ges-
tation, the expression levels of a-MHC in proliferating
CPCs were significantly lower than that found in the hu-
man fetal heart (Fig. 1D). By immunostaining, Nkx2.5 ex-
pression was detected in a majority of cultured cells
( > 60%). Nkx2.5POS cells also expressed the proliferation
marker Ki67 (Fig. 1E). Among the Nkx2.5POS population,
cells expressed very occasionally KDR or Isl1 ( < 1%). CPCs
contained no cells expressing either CD45, CD34, CD31, c-
kit, or Sca-1 (Fig. 2). As human cells do not express Sca-1,
no staining against the mouse Sca-1 antigen was detected by
flow cytometry (Fig. 2). In contrast, all cells expressed the
mesenchymal markers CD73, CD90, and CD105 (Fig. 2). To
evaluate whether a population of cells expressing a pattern of
cardiac genes similar to that of the isolated cells could be
detected in the human heart at 12 weeks of gestation, we
performed a series of immunohistological analyses (Supple-
mentary Data). In the ventricles, a majority of the a-actinin-
positive cardiomyocytes express the transcription factor
Nkx2.5 (Supplementary Fig. S1A, a–c). Both Nkx2.5POS and
Nkx2.5NEG cardiomyocytes demonstrated organized sarco-
meric structures (Supplementary Fig. S1B). Endothelial cells
and SMCs were identified in small blood vessels using the
specific markers CD31 (PECAM-1) and smooth muscle-spe-
cific myosin heavy chain (smMHC) (Supplementary Fig. S2A).
No smMHCPOS cells expressed a-actinin (Supplementary Fig.
S2B) or Nkx2.5 (Supplementary Fig. S2C). KDR staining was
detected in capillary-like structures throughout the ventricles
(Supplementary Fig. S3). No cells coexpressed KDR and
Nkx2.5 in ventricles (Supplementary Fig. S3). Large vessels of
the outflow tract (aorta and pulmonary arteries) were also
revealed by antibodies directed against smMHC, a-smooth
muscle actin (SMA), and CD31 (Supplementary Fig. S4). Im-
munostaining of successive heart sections identified clusters of
Isl1POS cells in the area of the aorta and the pulmonary artery
(Supplementary Fig. S4A, a and b). These cells did not express
a-actinin (Supplementary Fig. S4A, a and b) or Nkx2.5 (Sup-
plementary Fig. S5A). In contrast, groups of Nkx2.5POS, a-
actininNEG cells were found at the interface between the
atrioventricular ring and the ventricles (Supplementary Fig.
S4A, c). Some of these cells expressed KDR (Supplementary

Fig. S5B). Most of the cells detected in the ventricles were a-
actininPOS and Nkx2.5POS.

Cardiogenic differentiation in vitro

Cardiogenic differentiation was induced by switching the
cells to differentiation medium, which was previously shown
to promote cardiogenic commitment in cardiac precursors
isolated from the neonatal heart.26 Gene expression of car-
diac genes Nkx2.5, troponin I, a-MHC, and b-MHC was in-
creased in cells stimulated for 1 week in differentiation
medium compared with cells in expansion conditions
(Fig. 3A). We then performed immunostaining to detect
a-actininPOS and Nkx2.5POS cells. Based on the expression
of these two markers, we identified different types of
a-actininPOS cells (Fig. 3B). A small population was charac-
terized by diffuse a-actinin staining and Nkx2.5 expres-
sion ( < 5%; Fig. 3B, upper row), whereas a vast majority of
a-actinin-stained cells demonstrated organized sarcomeres.
Among this group, most of the cells expressed also Nkx2.5
(Fig. 3B, middle row) and only a few cells were Nkx2.5
negative ( < 1%; Fig. 3B, lower row). A small percentage of
cardiomyocytes was detected by a-actinin immunostaining
after three passages under proliferation conditions, re-
presenting spontaneous differentiation (1.45%; Fig. 3B). In
contrast, a-actininPOS cells represented 20% of the total cell
number after induction of differentiation (Fig. 3C). As car-
diac precursors appeared to express mesenchymal markers,
we evaluated whether these surface proteins could be used
to isolate a subset containing cardiac precursors from pro-
liferating bulk cultures using fluorescence-activated cell
sorting (FACS). Therefore, early-passage cells were stained
with antibodies directed against CD73, CD90, and CD105,
sorted, and induced to differentiate into cardiomyocytes.
Approximately 80%–90% of the cells were positive for the
three markers (Supplementary Fig. S6A–C). Control of ex-
pression after sorting showed that all isolated cells expressed
CD73, CD90, and CD105 (not shown). Then, 1 week after
induction, cardiogenic differentiation was readily demon-
strated by increased late cardiac marker expression (a-MHC,
b-MHC, cardiac actin; Supplementary Fig. S6C) and by im-
munostaining (Nkx2.5, a-actinin; Supplementary Fig. S6D).

FIG. 2. Flow cytometry
profiles of CPCs after three
passages in proliferation me-
dium. Flow cytometric anal-
ysis of CD31, CD34, CD45,
CD117, CD73, CD90, and
CD105 of cultured CPCs after
three passages in expansion
medium. Histogram plots are
shown with the isotype con-
trol in gray and the specific
signal in white.
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FIG. 4. Ca2 + signals in CPC-
derived cardiomyocytes. (A)
Gene expression analysis of
Cav1.2, RYR2 and SERCA2b in
differentiated CPC-derived
cardiomyocytes (quantitative
real-time RT-PCR). Black bars:
cells in expansion medium;
white and gray bars: cells in
differentiation medium. (B)
Linescan image of spontane-
ous Ca2 + release events in a
population of fluo-3-loaded
CPC-derived cardiomyocytes.
Details in (a) and (b) show the
linescan and line profiles of
different forms of Ca2 + signal
propagation across the re-
spective cells. (C) Re-
presentative recordings of
triggered Ca2 + release during
electrical stimulation. Cells
were field-stimulated at
0.1 Hz. Linescan and global
line profile show temporally
and spatially synchronized
Ca2 + transients across the cell.
(D) Detailed view of a global
Ca2 + transient during elec-
trical pacing. Three line pro-
files of different areas within
one cell (a–c) are shown. Note
the highly synchronized and
rapid onset of Ca2 + release (arrow) despite the variability in peak amplitude and decay of the Ca2 + transient. The bars in A
represent means – SD. Asterisks denote significant difference compared with expansion medium (***p < 0.001).

FIG. 3. Differentiation of
CPCs into cardiomyocytes
in vitro. (A) Quantitative real-
time RT-PCR analysis of a-
MHC, b-MHC, cardiac tro-
ponin I, and Nkx2.5 expres-
sion in CPCs. Expression in
differentiation medium was
compared with expansion
medium. Black bars: cells in
expansion medium; white
bars: cells in differentiation
medium. (B) Costaining for
a-actinin (red), Nkx2.5
(green), and nuclei (DAPI in
blue). Scale bars: 25mm. (C)
Quantification of the number
of cardiomyocytes (a-acti-
ninPOS cells) in the culture;
the three cell types identified
were considered for quantifi-
cation. Data are presented as the percentage of a-actininPOS cells over the total number of cells (DAPIPOS nuclei). The bars in A
and B represent means – SD. Asterisks denote significant difference compared with expansion medium (*p < 0.05; ***p < 0.001).
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Spontaneous and triggered calcium release events

To test CPC-derived cardiomyocytes for their cardiogenic
functionality and their ability to respond to electrical stim-
ulation, we investigated Ca2 + signaling in resting and in
field-stimulated cells (Fig. 4). We first determined whether
differentiated cells express L-type calcium channel (Cav1.2),
ryanodine receptor (RyR2), and sarcoplasmic reticulum cal-
cium ATPase (SERCA2b). Expression of these calcium-
handling proteins was stimulated during differentiation
(Fig. 4A). Calcium signals were then monitored in undif-
ferentiated and differentiated cells. Cells maintained under
proliferation conditions showed no sign of calcium activity
(not shown). After 1 week in differentiation medium, a few

cells (4% of tested cells) responded to electrical pacing with
Ca2 + transients that were in rhythm with the stimulation
frequency, whereas after 2 weeks, cells were highly active in
their Ca2 + signaling events (70% of tested cells). Depending
on their degree of differentiation, CPC-derived cardio-
myocytes presented a variety of spontaneous Ca2 + signals.
Figure 4B shows a linescan image through a cluster of fluo-
3-loaded cells at rest. Increase in fluorescence indicates an
increase in cytosolic Ca2 + levels at spontaneously active
sites. Detailed linescans a and b show different types of
spatial and temporal Ca2 + signal propagation in two in-
dependent cells. In a, Ca2 + rise starts in the center of the cell
and propagates into both directions before release stops. In
b, Ca2 + release starts on one end of the cell and spreads in

FIG. 5. Differentiation of
CPCs into smooth muscle cells
and endothelial cells in vitro.
(A) Quantitative real-time RT-
PCR analysis of smMHC and
CD31 expression in CPCs. Ex-
pression in differentiation me-
dium (black bars) was
compared with expansion me-
dium (white bars). (B) Cost-
aining for smMHC (red), a-
actinin (red), and nuclei (DAPI
in blue). Scale bars in upper
rows: 100mm; in middle and
lower rows: 25mm. (C) Quan-
tification of the number of
SMC (smMHCPOS) in the cul-
ture. Data are presented as the
percentage of smMHCPOS cells

over the total number of cells (DAPIPOS nuclei). The bars in A and C represent means – SD. Asterisks denote significant
difference compared with expansion medium (**p < 0.01; ***p < 0.001). smMHC, smooth muscle-specific myosin heavy chain.

FIG. 6. Cell engraftment in
SCID mice heart and cardio-
genic differentiation. Con-
focal images (0.5 mm width)
of heart sections of SCID mice
at 4 weeks after myocardial
injection of CPCs labeled
with GFP. (A, B) Heart sec-
tions were stained for GFP
(green), DAPI (blue), and a-
actinin (red). Scale bars:
25mm. GFP, green fluorescent
protein; SCID, severe com-
bined immunodeficiency.
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form of a Ca2 + wave across the entire cell, resulting in a
global Ca2 + signal. Figure 4C shows linescan and line
profile of a field-stimulated CPC after 2 weeks of differen-
tiation. Electrical pacing at 0.1 Hz triggered synchronized
global Ca2 + transients across the entire cell, demonstrating
that CSC-derived cardiomyocytes present all molecular re-
quirements for functional excitation-contraction (EC)-cou-
pling. In Figure 4D, the Ca2 + signal dynamics of three
spatially separated locations in a single cell (a, b, c) are
shown in the respective line profiles. Despite a highly
synchronized rise of the Ca2 + transient (indicated by the
dashed line) in all three regions, indicative of a well-de-
veloped EC-coupling mechanism, the Ca2 + signal differed
in the maximal amplitude, duration, and decay, consistent
with a state of differentiation corresponding to an early
developmental stage.

Differentiation into smooth muscle
and endothelial cells

Differentiation into smooth muscle was assessed by ana-
lyzing expression levels of smMHC, which was largely upre-
gulated in cultures maintained under differentiation conditions
(Fig. 5A). Accordingly, differentiated cells expressing smMHCs
were readily detected by immunostaining (Fig. 5B). These cells
represented 4% of the total population, whereas no smMHCPOS

cells were stained in proliferation medium (Fig. 5C). Further,
approximately a third of the smMHCPOS cells coexpressed a-
actinin (Fig. 5B). Expression of CD31 was not stimulated in
differentiating cultures (Fig. 5A). Therefore, we did not observe
any cells staining positive for CD31 under differentiating con-
ditions. To definitely establish the lack of differentiation po-
tential of CPCs toward the endothelial lineage, CPCs were
cultured in an endothelial cell differentiation medium.21 Even
under these conditions, no endothelial differentiation could be
detected (not shown). These findings were confirmed using
cells isolated based on mesenchymal marker expression (Sup-
plementary Fig. S6E, F).

Cell engraftment in the mouse heart

The engraftment, survival, and differentiation capacities of
proliferating cells were tested in vivo in transplantation ex-
periments using immunodeficient SCID mice to reduce the
risk of graft rejection. To identify the injected cells after
transfer into mouse hearts, cells were transduced with a
lentivirus expressing GFP under the control of the human
PGK promoter. Immunostaining indicated that the GFPPOS

cells still expressed Nkx2.5 after lentiviral infection (Sup-
plementary Fig. 7A). Therefore, single-cell suspension was
injected at three sites of the left ventricle. Engraftment was
analyzed at 1 and 4 weeks postinjection. GFP expression was
detected in all transplanted mice at 1 week and in 60% of the
animals at 4 weeks after injection. One week after transfer,
some GFPPOS cells retained Nkx2.5 staining (Supplementary
Fig. S7B). At that time, engrafted GFPPOS cells were essentially
a-actinin negative and similar to the transferred CPCs (Sup-
plementary Fig. S7C). In sharp contrast, GFPPOS a-actininPOS

cells were readily detected 4 weeks postinjection using confocal
microscopy (Fig. 6 and Supplementary Fig. 8). Nonspecific
autofluorescence was eliminated using a window of detection
corresponding to the GFP-specific fluorescence emission ex-
cluding the autofluorescence emission spectra.31 Lower-mag-
nification analysis indicated that GFPPOS, a-actininPOS cells
formed large patches of engrafted cells (Supplementary Fig.
S8A, B). Some cells retained Nkx2.5 expression (Supplementary
Fig. S8C). Importantly, staining for Cx43 demonstrated the
presence of gap junction between human engrafted differenti-
ated cardiomyocytes and the mouse myocardium (Fig. 7).

Discussion

In this study, we investigated whether the human fetal
heart could represent a suitable source of CPCs. At 12 weeks
of gestation, most of the ventricular a-actininPOS cardio-
myocytes expressed Nkx2.5, suggesting that, at this devel-
opmental stage, cardiomyocytes still presented an immature
cardiac phenotype.32 In the ventricles, Nkx2.5POS cells that

FIG. 7. Connection of en-
grafted cells to the mouse
myocardium. Staining of heart
sections from SCID mice at 4
weeks after myocardial injec-
tion of CPCs labeled with
GFP. (A, B) Heart sections
were stained for GFP (green),
DAPI (blue), a-actinin (red),
and Cx43 (white). Arrows in-
dicate the presence of Cx-43 at
the intercalated disc between
a human and a mouse cell.
Scale bars: 25 mm.

204 GONZALES ET AL.



did not express a-actinin were hardly detected. However,
some a-actininNEG, Nkx2.5POS cells were detected in the
atrioventricular ring. Some of these Nkx2.5POS cells coex-
pressed KDR, but KDRPOS cells were mostly observed in
small myocardial capillaries in the developing ventricles, as
previously described.33 Finally, cells expressing Isl1, a mar-
ker of cells originating in the secondary heart field, which
eventually give rise to the outflow tract,12,34 were identified
in the vicinity of the aorta and pulmonary arteries.13 These
cells are reminiscent of the recently described Isl1POS cells
present in the atrial septum of the postnatal human
heart.12,13 We next isolated a cell population from the ven-
tricles of human fetal hearts. These cells did not significantly
express late cardiac markers a-MHC, b-MHC, or troponin I
and were also negative for a-actinin staining. Further, we
could not detect any expression of smooth muscle, endo-
thelial, and hematopoietic markers. In contrast, isolated cells
expressed early cardiac markers Gata4, Mef2c, and Nkx2.5.
We consider that, therefore, these cells represent precursors
committed to the cardiogenic lineage. The vast majority of
the cells were clearly Nkx2.5POS, whereas the actual number
of cells demonstrating significant Isl1 or KDR staining in vitro
was very low. Cultured Nkx2.5POS cells expressed the pro-
liferation marker Ki67 and could be expanded in vitro. Dif-
ferentiation into a-actininPOS cardiomyocytes could be easily
obtained. Interestingly, a significant amount of SMCs were
produced upon induction of differentiation, but no endo-
thelial cells. Some a-actininPOS cells also stained for sm-
MHC, representing intermediate state in the maturation
process. All together these data indicate that precursors
might represent bipotential Nkx2.5POS, Isl1NEG, KDRNEG

precursors, common to the cardiogenic and smooth muscle
lineages. Moreover, it has been recently published that in the
mouse the decision to enter either the cardiac or the SMC
program is made at the level of precursors expressing
Nkx2.5.11,14 On the functional level, differentiated CPCs
presented a variety of spontaneous and triggered calcium
signals. Importantly, with increasing degree of differentia-
tion, CPC-derived myocytes showed consistent responsive-
ness to electrical stimulation followed by rapidly rising and
subcellularly synchronized Ca2 + transients, which are in-
dicative of a reliable functional EC-coupling mechanism.
These findings are consistent with the observed expression of
Cx43 on engrafted human cardiomyocytes, indicating that
electromechanical coupling takes place between the CPC-
derived cells and the endogenous mouse myocardium.

Several groups have isolated CPCs from developing,
postnatal, and adult heart samples based on various proto-
cols.5,6,9,11,12,14,21–27 In some instances, isolation of CPCs re-
lied on surface markers that are expressed on hematopoietic
stem cells, such as c-kit and Sca-1. Therefore, c-kitPOS CPCs
have been identified in the rat adult heart. These cells were
reported to be clonogenic and able to differentiate into car-
diomyocytes, SMCs, and endothelial cells.5 Similarly, c-kitPOS

cardiac progenitors were isolated from human adult ventri-
cles. These Nkx2.5NEG cells were able to give rise to the three
main cardiac lineages (cardiomyocytes, endothelial cells, and
SMCs) in vitro and in vivo.25 In other studies, CPCs, which
grew in self-adherent clusters named cardiospheres, were
isolated from subcultures of postnatal human biopsies. These
mixed populations expressing c-kit, CD31, CD34, and KDR
were claimed to represent a source of cardiomyocyte precur-

sors.22,23 In the present study, the isolated Nkx2.5POS CPCs
did not appear to express c-kit or endothelial markers. It is,
therefore, likely that they represent a different precursor
population or a different stage in the cardiogenic differentia-
tion pathway.

Using a similar approach, Sca-1POS cells that could dif-
ferentiate into cardiomyocytes were isolated from the adult
mouse heart.6 Our own data suggested the presence of Sca-
1POS CPCs in the neonatal mouse heart.26 Further, a cardiac
side-population isolated by FACS according to Hoechst dye
exclusion, and expressing Sca-1, was also shown to produce
differentiated cardiomyocytes.8,9 This stem cell marker could
represent a suitable marker for the identification and puri-
fication of CPCs. However, the ortholog of the mouse ly6A/E
gene does not exist in humans. Nevertheless, a recent report
described human cardiac precursors isolated from the fetal
heart based on the capacity of antibodies directed against the
mouse Sca-1 protein to bind to an unknown cell surface
protein. These cells expressed Isl1 and CD31, and a signifi-
cant percentage also expressed c-kit. Under differentiation
conditions, these precursors gave rise to cardiomyocytes,
SMCs, and endothelial cells in vitro and in vivo.27–29 It is,
however, difficult to evaluate whether the Nkx2.5POS CPCs
described herein correspond to a distinct or an identical
precursor population. On the one hand, both fetal precursor
populations could differentiate into cardiomyocytes and
SMCs and might then represent common precursors to these
two cardiovascular lineages. On the other hand, these two
CPC populations can be distinguished based on different
profiles of marker expression. Indeed, the CPCs described in
the present article were negative for c-Kit and CD31. Further,
these cells were not recognized by antibodies directed
against the mouse Sca-1 antigen. Finally, they were not able
to produce endothelial cells. All together, these data suggest
that the two populations might be representative of distinct
intermediates within the cardiac precursor population in the
developing human heart. Interestingly, a cardiac population
identified based on the expression of the mesenchymal
markers CD73, CD90, and CD105 contained cardiogenic
precursors, suggesting that these surface markers could be
used to isolate precursors from human cardiac biopsies.

In a series of experiments in the mouse, cardiovascular
progenitor cells expressing the transcription factors Nkx2.5
and Isl1 as well as Flk-1 were identified in the postnatal heart
and shown to contribute to the cardiomyocyte, the smooth
muscle, and the endothelial cell lineages.12,14 According to
the proposed cellular hierarchy, Isl1 is downregulated as
soon as the cell enters the differentiation program. Therefore,
Nkx2.5POS, Isl1POS, Flk1POS precursor cells eventually ex-
pressed Nkx2.5 and Isl-1 only and, at a later stage, produced
Nkx2.5POS Isl1NEG cellular intermediates that gave rise to
cardiomyocytes and SMCs.14 In a parallel study and in ac-
cordance with these findings, Nkx2.5POS myocardial and
vascular smooth muscle precursors were isolated from the
developing mouse heart.11 As our study identifies a popu-
lation of Nkx2.5POS, Isl1NEG KDR (Flk-1)NEG fetal precursors,
which are able to generate cardiomyocytes and SMCs, it is
likely that these cells represent human equivalents of the
bipotential precursors described in the mouse. This is also
supported by the fact that differentiating Nkx2.5POS CPCs
described herein produced cells expressing both a-actinin
and smMHC. Interestingly, KDRLOW c-kitNEG human
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cardiovascular precursors obtained after induction of dif-
ferentiation in ES cells generated intermediate cells coex-
pressing cardiac troponin T and SMA and ultimately
cardiomyocytes and SMCs.19

When injected into the mouse heart, Nkx2.5POS CPCs were
able to engraft, survive, and maintain their cardiac commit-
ment in vivo. At 1 week after transfer, the injected cells were
detected as undifferentiated (Nkx2.5POS, a-actininNEG) pre-
cursors. In contrast, these cells differentiated into a-actinin-
expressing cardiomyocytes at 4 weeks after injection into the
myocardium. Similar to what has been observed in vitro, hu-
man CPC-derived cardiomyocytes demonstrated organized
sarcomeres in the mouse heart. Several patches of engrafted
GFPPOS, a-actininPOS cells were detected in different areas of
the ventricles, indicating that engrafted cells were not solely
located at the sites of injection. This suggests that the injected
cells exhibited some capacity to invade the host myocardium.
Because of the low numbers of human cells found in ventricles,
precursor engraftment is unlikely to produce significant im-
provement of function in a damaged heart. Nevertheless, these
data confirmed that human fetal heart-derived progenitors
have the potential to generate a new myocardium that is
structurally coupled to the host myocardium. Interestingly, the
isolated cells appear already committed to the cardiovascular
lineages, although retaining a proliferative capacity that allows
amplification in vitro. Provided that these cells would be suf-
ficiently amplified in culture and significant amounts can be
implanted in the heart, they may represent a suitable source of
precursors for cell therapies of heart diseases in humans.
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