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Abstract

Cardiomyocytes from common experimental animals rapidly exit the cell cycle upon isolation, impeding studies of basic cell biology and
applications such as myocardial repair. Here we examined proliferation of cardiomyocytes derived from human and mouse embryonic stem
(ES) cells. While mouse ES cell-derived cardiomyocytes showed little proliferation, human cardiomyocytes were highly proliferative under
serum-free conditions (15–25% BrdU+/sarcomeric actin+). The cells exhibited only a small serum dose-response, and proliferation gradually
slowed with increasing differentiation of the cells. Neither cell density nor different matrix attachment factors affected cardiomyocyte prolif-
eration. Blockade of phosphatidylinositol 3-kinase (PI 3-kinase) and Akt significantly reduced cardiomyocyte proliferation, whereas MEK
inhibition had no effect. Antibody blocking of the insulin-like growth factor-1 (IGF-1) receptor significantly inhibited cardiomyocyte prolif-
eration, while addition of IGF-1 or IGF-2 stimulated cardiomyocyte proliferation in a dose-dependent manner. Thus, cardiomyocytes derived
from human ES cells proliferate extensively in vitro, and their proliferation appears to be mediated primarily via the PI 3-kinase/Akt signaling
pathway, using the IGF-1 receptor as one upstream activator. This system should permit identification of regulatory pathways for human
cardiomyocyte proliferation and may facilitate expansion of cardiomyocytes from human ES cells for therapeutic purposes.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

The characterization of mammalian cardiomyocyte prolif-
eration has been based primarily upon developmental studies
of rodent species. While cardiomyocytes exhibit significant
proliferative potential during organogenesis, they perma-
nently withdraw from the cell cycle soon after birth. This rela-
tively brief period of cardiomyocyte proliferation (~2 weeks
for rodent species) and the tendency for isolated fetal cardi-
omyocytes from most species to cease proliferating in vitro
have made the mechanisms governing cardiomyocyte growth
difficult to study. Most insights into potential mechanisms

regulating cardiomyocyte proliferation have come from trans-
genic or knock-out mouse models that exhibit a cardiac hypo-
or hyperplasia phenotype. A comprehensive discussion of the
specific outcomes of various mouse models has recently been
reviewed [1]. Attempts to create permanent lines of prolifer-
ating cells that retain the proper cardiomyocyte phenotype
have met with limited success [2–5]. Although various mito-
gens have been purported to stimulate proliferation of cardi-
omyocytes in different model systems (see [6] and [1] for
thorough reviews), the limited availability of human cardi-
omyocytes has restricted study to relatively few investiga-
tions in vivo [7–9] or in vitro [10–13], and such studies were
dependent on the availability of human fetal tissue sources.

Human embryonic stem (ES) cell lines have recently been
established that are capable of differentiating into cell types
from all three germ layers, thus facilitating the development
of new cell-based therapies for human tissue repair [14].
Human ES cells spontaneously differentiate into cardiomyo-
cytes with normal transcription factor and structural protein
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expression profiles, as well as calcium handling and electro-
physiological properties [15,16]. Additional work has char-
acterized the methods to efficiently cultivate human ES-
derived cardiomyocytes, and protocols have been developed
to enrich for fractions of cells containing cardiomyocytes [16].
An interesting preliminary observation of cardiomyocytes
derived from human ES cells was the relatively high percent-
age of cells capable of proliferating in vitro, even after sev-
eral weeks of differentiation.A subsequent study also reported
a progressive decrease in the percentage of proliferating car-
diomyocytes derived from human ES cells as they matured
over time during differentiation [17].

Based on the preliminary reports regarding human ES cell-
derived cardiomyocyte proliferation, we sought to examine
in vitro conditions that might influence the proliferation of
enriched cardiomyocyte cultures and investigate signaling
pathways that might significantly affect cardiomyocyte pro-
liferation. We report here that the high proliferative ability of
early human cardiomyocytes appears to be independent of
typical exogenous signals such as serum, attachment factors
or plating density. This high level of human ES cell-derived
cardiomyocyte proliferation appears to be driven largely by a
cell-autonomous pathway involving phosphatidylinositol
3-kinase (PI 3-kinase) and Akt, and utilizing insulin-like
growth factor (IGF) receptor as one of the upstream activa-
tors.

2. Materials and methods

2.1. ES cell culture and Percoll enrichment

Mouse and human ES cells were cultured and Percoll
enrichment of differentiating human ES cells was performed
similar to previously established techniques [16,18–20] (see
Section 2 in the Online Data Supplement for details of cul-
ture and enrichment methods).

2.2. Proliferation assay

Human embryoid body (EB) outgrowths were dissociated
after 10–47 days of differentiation and following Percoll sepa-
ration, fraction IV cells (the densest of the cell fractions con-
taining the highest percentage of cardiomyocytes) were typi-
cally re-plated at a density of ~3.5–5.0 × 104 cells per cm2 in
two-well plastic chamber slides (Nunc) pre-adsorbed with
gelatin. The cells were plated overnight in differentiation
media containing 20% FBS to allow the cells to attach before
the samples were switched the following day to the appropri-
ate treatment conditions. The cardiomyocytes were cultured
for 3 days after Percoll separation prior to the addition of
BrdU (10 µmol/l), and then cultured an additional 24 hours
(for a total of 4 days post-Percoll). The samples were fixed
with ice-cold methanol for 10 min and immunostained (as
described below). Each experimental condition was assayed
in triplicate, and a minimum of 500 cardiomyocyte nuclei

was counted per well. Only flattened, adherent cardiomyo-
cytes (sarcomeric actin+) with clearly discernible nuclei were
included in cell counts, and small round cells that sometimes
attached on top of cardiomyocyte clusters were omitted to
ensure confidence in the accuracy of the counts. The results
are reported as the mean percentage of BrdU+ cardiomyo-
cyte nuclei ± the standard deviation, and statistically signifi-
cant differences were detected between the treatment groups
by performing a Student’s t-test (P < 0.05). Results are
reported in terms of cell nuclei, as opposed to cell number,
due to the fact that the cardiomyocytes primarily attached
and grew in colonies, making it difficult to clearly delineate
the edges of individual cell boundaries by immunostaining.
The majority of the experiments described herein were con-
ducted with the H7 human ES cell line, although a limited
number of comparable experiments were performed in par-
allel with the H1 line to corroborate significant experimental
findings.

2.3. Attachment factors

For some experiments, two-well chamber slides were
coated with fibronectin, laminin or Matrigel (Becton Dickin-
son) by incubating them overnight at 4 °C at a concentration
of 5, 10 or 100 µg/ml in serum-free DMEM media, respec-
tively.Alternatively, substrates were briefly coated with 0.67%
gelatin (Sigma) at room temperature, the protein solution was
aspirated and the chamber slides were air-dried before use.
Unless otherwise stated, the majority of the experiments were
performed with gelatin-coated substrates.

2.4. Inhibition assays

The PI 3-kinase inhibitors LY294002 (10 µmol/l) and wort-
mannin (500 nmol/l), the MEK (MAP kinase-kinase) inhibi-
tor PD98059 (40 µmol/l), and the Akt inhibitor (catalog #
124005, 10 µmol/l) were obtained from CalBiochem. Con-
trol samples were treated with an equal volume of the vehicle
(DMSO, Sigma) alone. Blocking antibodies for erythropoi-
etin (EPO), the EPO receptor and appropriate isotype con-
trols (10 µg/ml) were obtained from R&D Systems, and the
blocking antibody for the IGF-1 receptor (1 µg/ml) was
obtained from Oncogene Research Products. Each of the can-
didate molecules was added individually to the enriched cul-
tures of cardiomyocytes in serum-free conditions at a con-
centration approximately equal to 10 times the normal
effective dose for 50% inhibition (ED50), in order to ensure
near-maximal inhibition. The estimated ED50 values for each
molecule were based upon reported values from the commer-
cial vendor as well as published reports. The blocking anti-
bodies were diluted in serum-free media containing 0.1% BSA
(Sigma). The blocking reagents were added to the enriched
cardiomyocyte cultures 48 hours after re-plating (24 hours
before the BrdU pulse).

2.5. Stimulation assays

Recombinant human IGF-1 and IGF-2 were obtained from
R&D Systems and diluted in serum-free media containing
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0.1% BSA. The enriched cultures were treated with 0.1, 1, or
10 ng/ml of IGF-1 (reported ED50 ~ 1 ng/ml) or 1, 10 or
100 ng/ml of IGF-2 (reported ED50 ~ 10 ng/ml) during the
final 48 hours of culture.

2.6. Immunostaining

Chamber slide samples were blocked with a 1.5% solu-
tion of goat serum in PBS. The samples were incubated over-
night at 4 °C with a primary antibody against sarcomeric actin
(5C5, 1:5000, Sigma), followed by a secondary biotinylated-
goat anti-mouse antibody at room temperature for 1 hour
(1:400, IgM, Vector) and an avidin/biotinylated alkaline phos-
phatase complex for 30 min at room temperature (ABC-AP,
Vector). The enzymatic reaction was developed with the addi-
tion of the alkaline phosphatase substrate Vector Red (Vec-
tor). Antigen retrieval for BrdU was performed by incubating
with 1.5 N HCl at 37 °C for 15 min and rinsing twice with
0.1 mol/l Borax buffer (pH 8.5) for 5 min. The samples were
incubated with a peroxidase-conjugated anti-BrdU antibody
(1:50, Roche) overnight at 4 °C prior to development with
3,3′-diamino benzidine tetrahydrochloride (DAB). The cells
were counterstained with hematoxylin, rinsed with acid alco-
hol briefly, incubated in Scott’s blue and mounted with Aqua-
mount mounting media before coverslipping. In parallel stud-
ies, fractionated cells were immunostained with an antibody
for fast skeletal myosin heavy chain (MY32) in order to spe-
cifically detect the presence of any mature skeletal muscle
cells. In agreement with previously published reports, the cul-
tures were consistently negative for skeletal muscle (see
Supplementary Information Fig. 1), indicating the 5C5 anti-
body for sarcomeric actin can be used confidently as a reli-
able means of identifying cardiomyocytes.

Pelleted EB sections were immunostained similarly to the
chamber slides, with the following exceptions. In some
instances, an antibody for sarcomeric myosin heavy chain
(MF20, ATCC) was used in lieu of the sarcomeric actin anti-
body. A secondary biotinylated-horse anti-mouse antibody
was incubated for 1 hour at room temperature (1:400, Vec-
tor), followed by an avidin/biotinylated horseradish peroxi-
dase complex for 30 min at room temperature (ABC, Vector)
and developed with DAB. BrdU staining was developed with
VIP (Vector) and nuclei were counterstained with methyl
green.

3. Results

3.1. Comparison of mouse and human ES cell-derived
cardiomyocyte proliferation

Mouse EB outgrowths containing beating cell foci (indica-
tive of cardiomyogenesis) were observed typically between
9 and 12 days of differentiation and analyzed immunohis-
tochemically at various time points during the course of dif-
ferentiation (4–17 days). Clusters of cardiomyocytes were

clearly identified by sarcomeric myosin heavy chain or sar-
comeric actin staining, and the number and size of cardiomyo-
cyte colonies appeared to increase with time. However, very
few of the cardiomyocytes (< 1%) at any stage of differentia-
tion incorporated the BrdU label, indicating that prolifera-
tion rates were very low (Fig. 1A). This suggested that com-
mitted cardiomyocytes differentiated from mouse ES cells
and readily identifiable by immunohistochemical labeling,
possessed a limited capacity to proliferate. These results are
similar to findings that mouse cardiomyocytes differentiated
from ES cells rapidly exit the cell cycle upon differentiation
[21]. In contrast, a readily identifiable number of cardiomyo-
cytes from human EB outgrowths were clearly BrdU+
(Fig. 1B). Thus, future studies focused on characterizing the
proliferation of cardiomyocytes derived from human ES cells.

3.2. Serum titration

Human cardiomyocytes exhibited high levels of prolifera-
tion under standard culture conditions, typically averaging
20–40% BrdU+ cells after a 24-hour labeling period. Dose-
response studies showed only a modest dependency on serum,
such as the reduction from 39.7 ± 3.3% BrdU+ cardiomyo-
cytes with 20% FBS to 26.3 ± 3.6% in serum-free media, after
3 weeks of differentiation (Fig. 2). This modest serum-
dependence was consistently observed for the enriched cul-
tures of cardiomyocytes at various stages of differentiation.
A progressive decrease in the overall level of cardiomyocyte
proliferation was observed with increasing maturity of the
differentiating cells (Fig. 2). This suggested that the enriched
cultures of cardiomyocytes were proliferating in an autono-
mous fashion that decreased over time with increasing differ-
entiation of the cells. Mitotic figures within BrdU+ cardi-
omyocytes were readily evident throughout the cultures
(Fig. 1C, D). Few, if any, bi-nucleated cardiomyocytes were
apparent at any time, suggesting that BrdU incorporation
accurately reflects cytokinesis and not simply DNA synthe-
sis in the absence of cell division.

In some instances, there was considerable variability in
the baseline of cardiomyocyte proliferation between separate
experiments; however, there was no apparent correlation
between the purity of the cardiomyocyte cultures in indepen-
dent experiments and the baseline levels of proliferation (i.e.
proliferation scaling directly or inversely with purity). In gen-
eral, it appeared that cardiomyocytes derived from lower pas-
sage ES cells exhibited higher levels of proliferation than car-
diomyocytes differentiated from older passage ES cells. Due
to the inherent variability between separate preparations of
ES cell-derived cardiomyocytes, it was often difficult to make
comparisons between distinct experiments. Thus, all of the
subsequent studies analyzing factors that influenced prolif-
eration were internally controlled by studying single batches
of Percoll-enriched cells and then repeated to ensure the valid-
ity of the findings. Based on the higher levels of proliferation
observed for the less mature cardiomyocytes, all subsequent
experiments were performed with cultures of cardiomyo-
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cytes enriched by Percoll centrifugation after 17–21 days of
differentiation.

3.3. Attachment factors

Cardiomyocytes were plated onto substrates pre-coated
with different attachment factors to examine the potential role

of the extracellular matrix in influencing proliferation.
Although small reproducible trends were noted in indepen-
dent experiments, no statistically significant differences were
observed in cardiomyocyte proliferation based upon the nature
of the adhesive molecules pre-adsorbed to the culture sur-
faces. In general, the highest rates of proliferation were

Fig. 1. A and B. Comparison of mouse and human ES-cell derived cardiomyocyte proliferation. Mouse ES cells were differentiated for 12 days (A) and human
ES cells were differentiated for 14 days (B). The cultures were pulsed with BrdU and sections from cell pellets were immunostained for myosin heavy chain
(mouse) or sarcomeric actin (human) to detect cardiomyocytes; cell nuclei were counterstained with methyl green. BrdU+ cardiomyocytes (brown cytoplasm,
blue nuclei) were rarely seen in differentiating mouse ES cultures, whereas numerous BrdU+ cardiomyocytes were detected in differentiating human ES
cultures, as noted by the arrows. Scale bar = 50 µm. C and D. Mitotic figures and BrdU incorporation in human ES cell-derived cardiomyocytes. H7 human ES
cells were differentiated for 19 days before Percoll separation and fraction IV cells were cultured for an additional 4 days with 20% FBS. Cells were stained for
sarcomeric actin (red) and BrdU (brown), and nuclei were counterstained with hematoxylin (blue). Multiple BrdU+ cardiomyocytes were evident; mitotic
cardiomyocytes in metaphase (C) and telophase (D) are shown by the arrows.

Fig. 2. Serum-dependence of human ES cell-derived cardiomyocyte proliferation. H7 human ES cells were differentiated for varying times (19, 33, or 47 days)
before Percoll separation, and fraction IV cells were cultured for an additional 4 days at various FBS concentrations (0%, 1% or 20%). The percentage of BrdU+
cardiomyocytes was moderately sensitive to the concentration of FBS and decreased as the cells were differentiated for longer periods of time.
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observed on gelatin-coated substrates followed by laminin-
and fibronectin- and then Matrigel-coated wells (see Supple-
mentary Information, Fig. 2). All subsequent experiments
were performed with gelatin-coated substrates.

3.4. Cell density

The enriched fraction of cardiomyocytes was plated at
varying densities to assess whether a paracrine factor pro-
duced within the cultures potentially stimulated prolifera-
tion. The percentage of BrdU+ cardiomyocytes remained con-
stant over a 10-fold range of plating density, suggesting
paracrine stimulation was not responsible (see Supplemen-
tary Information, Fig. 3).

3.5. Inhibition studies

Based on the persistently high proliferation of human car-
diomyocytes under serum-free conditions, a series of inhibi-
tion experiments was conducted to decipher important sig-
naling pathways and potential growth factor receptors that
significantly influenced the cardiomyocyte proliferation. The
PI 3-kinase inhibitor LY294002 significantly decreased the
number of BrdU+ cardiomyocytes from 15.0 ± 1.9% (DMSO
vehicle alone) to 3.2 ± 0.7%, whereas the MEK inhibitor
PD98059 did not affect the percentage of proliferating cardi-
omyocytes (Fig. 3). Subsequent studies with an additional
inhibitor of PI 3-kinase (wortmannin) and an inhibitor of Akt
(a downstream target of PI 3-kinase) also significantly
decreased the proliferation of the human cardiomyocytes to a
similar extent (Fig. 4). No significant cell death was observed
in the cultures treated with the inhibitory compounds at the
concentrations used.

Based upon the results of the PI 3-kinase inhibition experi-
ments, we attempted to inhibit growth factors and growth fac-
tor receptors that are reported to signal through the PI3 kinase

pathway in order to determine which, if any, might signifi-
cantly influence cardiomyocyte proliferation. Initial experi-
ments blocking either the PDGF or EGF receptors with small
molecule inhibitors (AG1296 and AG1478, respectively) did
not decrease the percentage of cardiomyocyte proliferation
(see Supplementary Information, Fig. 4). Similarly, the addi-
tion of heparin to the serum-free culture media to inhibit FGF
signaling did not decrease proliferation. In subsequent experi-
ments, enriched cultures of cardiomyocytes were treated with
blocking antibodies to EPO, the EPO receptor or the IGF-
1 receptor. Only treatment with the IGF-1 receptor-blocking
antibody significantly inhibited cardiomyocyte proliferation,
although the levels of inhibition achieved were not as exten-
sive as with the PI 3-kinase inhibition (Fig. 5).

3.6. Stimulation studies

Based upon the results of the blocking studies with the
IGF-1 receptor antibody, recombinant human IGF-1 or IGF-
2 were added to serum-free cultures of hESC-derived cardi-
omyocytes to determine whether proliferation could be fur-
ther stimulated. Addition of either IGF-1 or IGF-2 (Fig. 6)
increased the percentage of proliferating cardiomyocytes in
a dose-dependent manner from 23 ± 6.4% to 37.5 ± 0.4% or
24.0 ± 2.8% to 34.7 ± 1.2%, respectively; statistically signifi-
cantly increases were observed at concentrations roughly
equal to 10 times the reported ED50 value for both mol-
ecules. IGF-1 at a concentration of 10 ng/ml increased cardi-
omyocyte proliferation (37.5 ± 0.4% BrdU+) to an even
greater level than 20% FBS treatment (31.0 ± 2.4%).

In order to directly demonstrate that IGF stimulation of
proliferation was mediated via the PI 3-kinase pathway, IGF-
1 and LY294002 were added independently and in combina-
tion to enriched cardiomyocyte cultures. Similar to previous
results, treatment with LY294002 inhibited cardiomyocyte
proliferation, whereas addition of IGF-1 stimulated BrdU
incorporation. When IGF-1 and LY294002 were added
together, a significant decrease in proliferation was attained
compared to IGF-1 treatment alone (from 44.6 ± 1.9% to
20.5 ± 9.0%), indicating that IGF-stimulated proliferation was
mediated via the PI 3-kinase pathway (Fig. 7).

4. Discussion

These results represent the first report of the molecular
mechanisms governing the proliferation of cardiomyocytes
derived from human ES cells. Similar to other recent reports,
we found that cardiomyocytes differentiating from human ES
cells exhibit a high level of proliferation, which progres-
sively decreases as the cells mature in culture [16,17]. In stark
contrast, cardiomyocytes derived from mouse ES cells
appeared non-proliferative using similar experimental tech-
niques. Human cardiomyocyte proliferation was largely inde-
pendent of the concentration of serum in the culture media,
attachment to various extracellular matrix factors and the cell

Fig. 3. Signaling pathway inhibition of human ES cell-derived cardiomyo-
cyte proliferation. H7 human ES cells were differentiated for 19 days before
Percoll separation, and fraction IV cells were cultured for an additional 4 days
in serum-free media with various signaling inhibitors. The inhibitors were
added for the final 48 hours of culture prior to fixation. Only the PI 3-kinase
inhibitor (LY294002) significantly inhibited human ES cell-derived cardio-
myocyte proliferation (* = P < 0.05).
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density at which they were plated. These findings suggest the
cultures may produce an autocrine/paracrine factor(s) that
stimulates cell growth. Lastly, based upon inhibition and
stimulation studies, signaling via the IGF/PI 3-kinase/Akt
pathway appears to mediate the proliferation of cardiomyo-
cytes derived from human ES cells, and addition of IGF-1 or
IGF-2 can stimulate cardiomyocyte proliferation in a dose-
dependent manner.

Previous studies in mice and rats have clearly established
the role of IGF, PI 3-kinase and Akt signaling in cardiomyo-
cyte hyperplasia, hypertrophy and survival. IGF signaling
stimulates cardiomyocyte DNA synthesis in vitro [22] and
the decrease in cardiomyocyte proliferation during post-

natal development is coupled with decreased levels of the IGF
ligands and receptor [23]. Cardiac-specific overexpression of
IGF-1 leads to an increased number of myocytes in the heart
[24] and in a transgenic model of cardiomyopathy, prevents
dilation and stimulates cardiomyocyte proliferation [25].
Transgenic mice with cardiac-restricted expression of consti-
tutively active PI 3-kinase or Akt exhibit increased heart size,
whereas dominant-negative forms of PI 3-kinase or kinase-
deficientAkt reduce heart size and weight [26,27]. These con-
sequences were attributed to cardiomyocyte hypertrophy,
rather than hyperplasia, presumably due to the choice of pro-
moter (a myosin heavy chain), which may not be active dur-
ing the stage of development in which hyperplastic cardi-

Fig. 4. PI 3-kinase inhibition of human ES cell-derived cardiomyocyte proliferation. H7 human ES cells were differentiated for 18 days before Percoll separa-
tion, and fraction IV cells were cultured for an additional 4 days in serum-free media with various signaling inhibitors. The inhibitors were added for the final
48 hours of culture prior to fixation. Cells were stained for sarcomeric actin (red) and BrdU (brown), and nuclei were counterstained with hematoxylin (blue).
A–D) Significantly fewer BrdU+ cardiomyocyte nuclei were apparent in the treated cultures (panels B–D) as opposed to the control (DMSO vehicle alone;
panel A). Scale bar = 50 µm. E) Quantification of the data indicated that the PI 3-kinase inhibitors, LY294002 and wortmannin, and the Akt inhibitor signifi-
cantly inhibited human ES cell-derived cardiomyocyte proliferation compared to the control (* = P < 0.05).
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omyocyte growth occurs. Subsequent studies from the same
group have demonstrated that IGF and PI 3-kinase activity
are also involved in physiological hypertrophy of cardiomyo-
cytes [28,29]. Another mouse model of cardiac IGF-1 over-
expression has demonstrated that, while initially stimulating
physiological cardiac hypertrophy, prolonged expression of
IGF-1 in the heart progressively leads to a pathological hyper-
trophic condition [30]. IGF-1 and PI 3-kinase activation can
protect primary cardiomyocytes from apoptosis [31,32], and
IGF-1 signaling via PI 3-kinase and Akt has been shown to
reduce cardiomyocyte apoptosis in vitro [33].Adenoviral gene
delivery of constitutively active PI 3-kinase or Akt inhibits
apoptosis of primary cardiomyocytes in vitro [33,34] and con-
stitutively active Akt can protect cardiomyocytes from apop-

tosis after ischemia reperfusion injury in vivo in mice [34] or
rats [35].

PI 3-kinase signaling has previously been reported to be
essential for differentiation of cardiomyocytes from mouse
ES cells [36,37]. Treatment of differentiating mouse ES cell
cultures with the PI 3-kinase inhibitor LY294002 reduced the
number of alpha-actinin positive cardiomyocytes and the num-
ber of embryoid bodies containing beating foci. Recent work
also suggests that cardiotrophin-1 stimulated proliferation of
mouse ES cell-derived cardiomyocytes is mediated by PI
3-kinase [38]. However, cardiomyocytes derived from mouse
ES cells exhibit a relatively low level of proliferation which
ceases entirely by 21 days of differentiation [21]. This short
period of proliferative activity during murine cardiomyogen-
esis makes the mouse system more challenging to interrogate
molecular mechanisms governing cardiomyocyte prolifera-
tion than working with human ES cells. The disparate behav-
ior between the two species could be attributed to differences
in the concentrations of IGF, the isoforms of IGF expressed,
or to differences in their downstream signal transduction path-
ways. Such possibilities are the focus of ongoing studies. This
example highlights just one of the many differences that may
exist between murine and human ES cells and the behavior
of their differentiated progeny.

It was recently reported that fetal sheep cardiomyocytes
demonstrated an increase in BrdU+ myocytes upon treat-
ment with IGF-1. Stimulation by IGF-1 could be blocked by
PI 3-kinase inhibition using the LY294002 compound [39].
However, the maximum amount of stimulation achievable was
only about 5% of the cells, which is much lower than the
levels observed in the current study with human ES-derived
cardiomyocytes. In contrast to human ES-derived cardiomyo-
cytes, fetal sheep cardiomyocyte proliferation could also be
inhibited with a MEK inhibitor (ERK pathway), although the
same exact inhibitor was not examined in the current study.

Fig. 5. Antibody blocking of growth factor receptors. H7 human ES cells
were differentiated for 20 days before Percoll separation, and fraction IV
cells were cultured for an additional 4 days in serum-free media with various
signaling inhibitors. The inhibitors were added for the final 48 hours of cul-
ture prior to fixation. Only the PI 3-kinase inhibitor (LY294002) and the
IGF-1 receptor blocking antibody significantly inhibited human ES cell-
derived cardiomyocyte proliferation (* = P < 0.05), whereas antibodies to
the EPO ligand or receptor had no effect.

Fig. 6. Stimulation of human ES cell-derived cardiomyocyte proliferation.
H7 human ES cells were differentiated for 17 days before Percoll separa-
tion, and fraction IV cells were cultured for an additional 4 days in serum-
free media. Various concentrations of recombinant human IGF-1 or IGF-
2 were added for the final 48 hours of culture prior to fixation. IGFs increased
cardiomyocyte proliferation in a dose-dependent manner to levels greater
than treatment with 20% FBS (* = P < 0.05).

Fig. 7. IGF stimulation of human ES cell-derived cardiomyocyte prolifera-
tion is mediated via PI 3-kinase. H7 human ES cells were differentiated for
21 days before Percoll separation, and fraction IV cells were cultured for an
additional 4 days in serum-free media with various treatments for the final
48 hours of culture prior to fixation. The PI 3-kinase inhibitor LY294002 si-
gnificantly inhibited and IGF-1 significantly stimulated hESC-derived car-
diomyocyte proliferation (** = P < 0.01 and * = P < 0.05, respectively), simi-
lar to previous results. Dual treatment with IGF-1 and LY294002 significantly
inhibited proliferation (P < 0.05) compared to treatment with IGF-1 alone,
suggesting that IGF-1 stimulated proliferation is mediated via the PI 3-kinase
pathway.
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The apparent conservation of the IGF/PI 3-kinase/Akt path-
way in cardiomyocyte proliferation and hypertrophy sug-
gests that these molecules act consistently to promote cardi-
omyocyte growth. Future studies should focus on elucidating
the molecular mechanisms whereby signaling via these
growth pathways transitions from a hyperplastic to a hyper-
trophic phenotype. One hypothesis is that cardiomyocytes are
pre-programmed for a particular number of cell divisions from
the onset of differentiation. A second notion is that intrinsic
molecular mechanisms to inhibit proliferation are activated
at a specific stage of cardiomyocyte differentiation. Determi-
nation of why and how cardiomyocytes lose their prolifera-
tive capacity, and if the process is reversible, are remaining
challenges that need to be addressed in order to allow these
cells to be responsive to proliferative signals for expansion
purposes.

One caveat to this experiment is the fact that our cell prepa-
ration, though enriched, does not consist purely of cardiomyo-
cytes. Previous reports have demonstrated that retinoic acid
and EPO can stimulate cardiomyocyte proliferation in a non-
cell autonomous manner by acting upon epicardial cells
[40,41]. In order to resolve whether cardiomyocyte prolifera-
tion is truly cell-autonomous, highly pure cultures of human
ES-derived cardiomyocytes would need to be examined by a
similar series of experiments. Thus, the technical challenge
of improving the purity of cardiomyocyte cultures derived
from human ES cells is the focus of ongoing studies in the
laboratory.

In addition, although IGF promoted cardiomyocyte prolif-
eration, it is not necessarily the only mitogen capable of stimu-
lating cardiomyocyte proliferation via the PI 3-kinase/Akt
pathway. This is suggested by the fact that inhibition of IGF
signaling with a blocking antibody did not reduce the levels
of proliferation as much as blockade of downstream PI
3-kinase did with the LY294002 compound. Thus future stud-
ies to define additional growth factors or combinations of
cytokines capable of stimulating human ES-derived cardi-
omyocyte proliferation are underway.

In conclusion, these results suggest that molecular-based
approaches to stimulate the IGF/PI 3-kinase/Akt signaling
pathways may be used in conjunction with enhanced purifi-
cation techniques to augment the production of cardiomyo-
cytes from differentiating human ES cells for therapeutic and
diagnostic purposes. In addition to providing the first molecu-
lar insights into human cardiomyocyte proliferation, this work
also supports the notion that targeting of the IGF signaling,
PI 3-kinase and/or Akt pathways could be used to stimulate
cardiomyocyte proliferation for cardiac repair applications.
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