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Abstract

Murine embryonic stem cell (MESC)-derived cardiomyocytes represent a promising source of
cells for use in the development of models for studying early cardiac development as well as cell-
based therapies in postnatal pathologies. Here, we report a highly efficient cardiac differentiation
system in which high density embyoid body (EB) cultures leads to a marked increase of
cardiomyocytes production from multiple mESC lines without the addition of any cardiogenic
growth factors. Our results show that high density EB cultures significantly increase the yield of
functional cardiomyocytes, which express typical cardiac markers, exhibit normal rhythmic Ca2*
transients, and respond to both B-adrenergic and electric stimulations. During the differentiation
period, the inhibition of bone morphogenetic protein (BMP) signaling significantly attenuates the
increase of cardiac differentiation as well as the increased expression of cardiac-specific genes,
NK2 transcription factor related 5 (Nkx2.5) and myosin light chain 2v (Mlc2v) by high density EB
cultures. Therefore, we believe that we offer a novel and efficient means of cardiomyocyte
production for practical use of mESCs in cardiac regenerative medicine.
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1. Introduction

Embryonic stem cells (ESCs) are derived from the inner cell mass of blastocyst stage
embryos [1]. The remarkable property of ESCs to differentiate into any cell lineage of the
three embryonic layers - ectoderm, endoderm and mesoderm - has received a great deal of
interest for potential in therapeutic applications [2; 3]. Accordingly, there have been many
attempts to increase the efficiency of ESC differentiation toward specific cell lineages [4; 5;
6]. The cardiogenic capacity of ESCs has been thoroughly investigated; however, only a
very small portion of ESCs spontaneously differentiate into cardiomyocytes in conventional
culture strategies which induce differentiation through embyoid body (EB) formation [7].
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In order to capitalize on the potential of ESCs for cardiac repair and regenerative medicine,
a highly efficient and easily reproducible differentiation system must be established.
Investigations into the dynamic cardiac differentiation/development process have provided
critical guidance for improvement of the production of cardiomyocyte from ESCs. Previous
studies demonstrated that various signaling pathways, such as bone morphogenetic protein
(BMP) [8; 9] and Wnt/B-catenin [7; 10] signaling, regulate the differentiation of
cardiomyocytes in ESCs. Although modulating cardiogenic factors can increase the
efficiency of cardiac differentiation, their widespread implementation is likely to be
complex due to considerations like the maintenance of growth factor activity and the
logistics involved in the timing of cardiogenic factor administration. In certain cases, the
reproducibility of cardiac differentiation could be a challenging issue due to differences in
the systems and cell lines utilized [11]. Despite the fact that many established strategies
produce cardiomyocytes in sufficient quantities for small-scale experimental approaches, the
number of cardiomyocytes required for clinical application modeling is higher. Furthermore,
even if the requisite number of cardiomyocytes could be produced using the currently
available strategies, the cost of cardiogenic growth factors and equipment required for such
production would likely prove to be a significant obstacle.

We made the serendipitous observation during cardiac differentiation that EBs with higher
density in a local area showed stronger and wider contracting regions after differentiation
compared to those sparsely situated. Additionally, the spontaneous contraction of each EB
was synchronized when they contacted each other. These findings led us to hypothesize that
culturing EBs at high density can increase the efficiency of cardiac differentiation.

In this study, we established a novel strategy using high density cultures of EBs that
significantly improves cardiac differentiation of mMESCs. Because the majority of progress
made to date in the field of degenerative heart disease is dependent on animal studies,
significant emphasis is placed on knowledge gained from mouse developmental models and
stem cell research performed in mouse models. Consequently, the development of new
approaches allowing efficient, direct differentiation of mESCs into cardiomyocytes is of
growing interest. Our present study provides a highly efficient, simple and practical
approach for studying cardiac differentiation, therapeutics and regeneration.

4. Materials and Methods

2.1. Primary generation of mMESCs

In this study, two lines of primary mouse ESCs were used. Timed matings of C57BL/6
mouse were performed and on day 3.5 of pregnancy, the females were sacrificed and the
blastocysts were flushed from the uterine horns using M2 medium (Sigma-Aldrich, MO).
After washing with M2 medium, the zona pellucid was removed with acidic Tyrode’s
Solution (Sigma-Aldrich, MO). After washing, the blastocysts were plated onto mouse
embryonic feeder (MEF) cells for 7-10 days.

2.2. mESC culture

In this study, primary and commercially available mESCs (E14G) were cultured on MEF
feeder cells for 3 days in Dulbecco’s modified Eagle’s medium (DMEM; Invitrogen)
supplemented with 1% penicillin and streptomycin (Invitrogen), 2 mM L-glutamine
(Invitrogen), 0.1 mM nonessential amino acid (MEM-NEAA; Invitrogen), 1mM sodium
pyruvate (Invitrogen), 0.1 mM 2-mercaptoethanol (Sigma), LIF-conditioned media (1:500
dilution), and 15% Knock-out serum replacement (KO-SR; Invitrogen). To deplete the
feeder cells, 70% confluent mESCs cultures were dissociated into single cells with 0.25%
trypsin-EDTA (Invitrogen) and were cultured for two days on gelatin-coated 60 mm tissue
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culture dishes in Iscove’s modified Dulbecco’s medium supplemented with 2mM L-
glutamine, 1% penicillin and streptomycin, 0.1 mM 1-thioglycerol (Sigma), LIF-conditioned
medium, and 15% KO-SR.

2.3. mESC differentiation

mESC differentiation was induced by transferring approximately 540 cells in 15 pl
differentiation medium to the lid of a 100 mm petri dish and cultured for two days as a
hanging drop in order to form embroid bodies (EBs). Each dish contained around 80 EBs
that were cultured in differentiation medium containing IMDM supplemented with 2mM L-
glutamine, 0.1 mM 1-thioglycerol, and 15 % fetal bovine serum (Gemini bio-products or
Hyclone) [16; 34]. The day of hanging drop preparation was defined as EB day 0. At EB
Day 2, EBs were transferred to a 60 mm tissue culture dish for adhesion culture in the
presence of 5 ml differentiation medium before harvesting.

2.4. Fluorescence-activated cell sorting (FACS) analysis

After 10 days of EB culture in differentiation medium, EBs were dissociated into single cell
suspensions using a 1:1 solution of collagenase A and collagenase B (Roche) (6.67 mg/ml)
for 30 min with periodic pipetting followed by digestion with Accutase® (Invitrogen) for 5
min. Cells were fixed with 2% paraformaldehyde in PBS. Cells were blocked and
permeabilized with 10% normal goat serum (NGS; Invitrogen). Cells were then incubated
for 60 min with primary antibody and were incubated with FITC-conjugated secondary
antibody for 60 min. Samples were analyzed using FACSCalibur and Cell Quest software
(BD Pharmingen).

2.5. Immunocytochemistry

Cells were fixed with 4% paraformaldehyde in PBS and permeabilized for 10 min with
PBST. Cells were pre-incubated with 10% normal goat serum (NGS; Invitrogen) in PBST
for 45 min, and then incubated for 60 min with primary antibodies and were incubated for
60 min with FITC-conjugated secondary antibody. Samples were visualized with a
fluorescence microscope (Nikon) with a 100x objective.

2.6. Ca?* transient measurement

For Ca2* imaging, beating EBs were manually dissected and then dissociated with
Collagenase A and Collagenase B (6.67 mg/ml, Roche) and plated onto gelatin-coated cover
slips. After 2-3 days in culture, cells were loaded with 25 uM cell permeant Ca2* indicator
dye fluo-4 AM (Invitrogen) together with 0.1% Pluronic F-127 (Invitrogen) in Tyrode’s
solution containing 2.5 mM Ca2* at 37 °C for 30 min. The coverslips were mounted and
observed using an inverted fluorescence microscope (Nikon Diaphot-TDM). 30 uM
blebbistatin (Sigma) was used to arrest contraction of the cardiomyocytes. Data was
captured with a NeuroCCD camera (RedShirtimaging), acquired at 125 frames per second,
and analyzed with Neuroplex Software (RedShirtimaging). Fluorescence was measured by
manually defining each region of interest using the analysis software and quantified in
relation to baseline fluorescence (F/Fg). The samples were electrically stimulated by field
pacing (10v, 10 ms bipolar pulses at 1 - 4Hz). The samples were chemically stimulated with
the B-adrenoceptor agonist isoproterenol (Sigma), which was added to the chamber and
mixed for a final concentration of 500 nM.

2.7. Statistical analysis

The results were reported as the mean + standard error (S.E.M.), and experiments were
analyzed by Student’s t-test. Statistical significance was defined as P values < 0.05.
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3. 1. High density EB cultures promotes cardiac differentiation

To compare the different culture densities of EBs during cardiac differentiation, we cultured
EBs from either one (low density) or three dishes (high density) of 80 EBs in each 60 mm
tissue culture dish (Details see Material and Methods). In order to quantify cardiac
differentiation, we used flow-cytometry analysis to determine the percentage of
cardiomyocytes based on the presence of cardiac specific marker, cardiac troponin T (cTnT)
[12] on EB day 10. As shown in Figure 1A and 1B, the percentage of cTnT™ cells was 7.7 +
1.1 % in low density cultures and 17.4 + 1.8 % in high density cultures. Cell counting
revealed that the total number of cardiomyocytes from three dishes of low density EB
cultures (80 EBs/60mm dish) is 1.03 + 0.02 x 105, while the total number of cardiomyocytes
from one dish of high density EB culture (240 EBs/60mm dish) is 2.08 + 0.24 x 106 (Figure
1B and 1C). The effect of high density cultures to promote cardiac differentiation was
reproducibly observed in different type of primary mESC line and E14G mESC line (Figure
S1A and S1B). These results suggest that cardiomyocyte differentiation is enhanced in high
density EB cultures compared to low density EB cultures. Enhanced cardiomyocyte
differentiation was also confirmed by cTnT staining. After enzymatic dissociation of EBs
cultured in low and high density, we replated 10 cells from each group in 12-well plate. As
shown in Figure 1C, more cTnT* cardiomyocytes were observed in wells plated with cells
from high density cultures. Larger areas of cTnT* cells and contracting cells were also
observed in EBs cultured in high density (Supplemental Figure 1C, Movie S1 and S2).
Taken together, cardiomyocyte differentiation is significantly enhanced by high density EB
cultures in mESCs.

3.2. Cardiomyocytes from low and high density cultures show comparable functional

properties

In order to determine the syncytial function of cardiomyocytes, we examined the expression
of cardiac junctional proteins. After enzymatic dissociation of beating EBs cultured in low
and high density, we replated cells. Immunofluorescence showed that there were no
significant differences in the expression of N-cadherin, a major isoform of cadherins in the
adherens junction or connexin 43 (Cx43), an important connexin isoform in gap junctions of
cardiomyocytes [13] (Figure. 2A and 2B).

In order to compare the contractile properties of cardiomyocytes derived from low and high
density EB cultures real-time intracellular Ca2* transients were measured. We assessed the
transient changes in intracellular Ca2* concentration of cardiomyocyte clusters by measuring
minimum (Ca2*min) and maximum (Ca%*max) [Ca2*]; using fluorescent microscopic
methods (Figure 3A). We observed periodic Ca2* oscillations in cardiomyocyte clusters
derived from both low and high density EB cultures. The duration and amplitude of the Ca2*
transients between low and high density cultures-derived cardiomyocyte clusters showed
modest differences, possibly due to compositional heterogeneity in the cluster. More
importantly, however, we found that both Ca2* transient amplitude and frequency in low
and high-density cultures-derived cardiomyocyte clusters were increased by isoproterenol
(500 nM) treatment (Figure 3B), suggesting the existence of functional p-adrenergic
signaling pathways. Additionally, [Ca2*]; oscillations responded to increasing frequencies of
external electrical field stimulation (Figure 3C), indicating that cardiac excitation-
contraction coupling, a key factor for the ultimate cardiac contractility, is present in
cardiomyocytes differentiated using either low or high density EB cultures.
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3.3. Inhibition of BMP signaling attenuates cardiogenesis associated with high density EB

cultures

It has been well-known that the BMP signaling positively regulates cardiogenesis [14] and
are expressed predominantly during ESC differentiation into cardiomyocytes [10]. In order
to test whether BMP signaling is required for the enhancement of cardiogenesis in high
density cultures, we performed flow cytometry on the basis of cTnT expression. EBs from
high density cultures were treated at the end of EB day 4 with dorsomorphin, a small
molecule which specifically blocks BMP-induced Smad activation [15] or Noggin, a BMP
antagonist which binds and inactivates BMP. Cardiomyocyte differentiation induced by high
density cultures was significantly attenuated by dorsomorphin or noggin treatment (Figure
4A). Consistent with flow cytometry analysis, immunoflurescence staining of cTnT showed
that the increased number of cTnT* cells was reduced in the group treated with
dorsomorphine (Figure 4B).

In order to compare gene expression in low and high density EB differentiation, we
examined cardiac specific transcription factor, Nkx2.5, and myosin light chain 2v (Mlc2v)
which is a cardiac contractile protein gene [16] as key markers of cardiac differentiation.
Figure 4C and 4D showed that the expressions of these cardiac muscle transcription factor
genes were higher in high density experiments than low density and that their expressions
were significantly decreased after inhibition of BMP signaling. Our findings suggest that
BMP signaling is required for enhanced cardiac differentiation of high density EB cultures.

4. Discussion

In this study, we evaluated the effects of high density EB cultures in multiple mESC lines on
cardiac differentiation. Our results demonstrate that EBs in high density cultures markedly
promotes cardiogenesis and generate greater quantities of functional cardiomyocytes, which
expressed typical cardiac markers, exhibited normal rhythmic Ca2* transients, and
responded to both B-adrenergic and electrical stimulation.

Strategies that facilitate efficient generation of cardiomyocytes from ESCs are critical for
developing cell-based cardiac therapy [17; 18] because large amounts of cardiomyocytes are
necessary for such interventions. A number of groups have shown that cardiomyocyte
differentiation is regulated by diverse signaling pathways such as Wnt [19; 20], BMPs [9;
21];, Hedgehog [22] and Notch [23]. Although cardiomyocyte differentiation methods have
been designed based on these regulatory factors they are not efficient and are difficult to
reproduce [24]. In this study, we showed a marked increase in the yield of cardiomyocytes
by increasing EB culture density without adding ectopic cardiogenic factors. Although
previous studies have shown that EB-based differentiation of serum-stimulated ESCs
generates cardiomyocytes, the efficiency of this process is low (typically 1-3% from
mMESCs) [18]. In the present study, however, we showed that the yield of cardiomyocytes is
greatly improved solely by increasing EB culture density. Therefore, this study provides a
simple and reproducible tool for generation of cardiomyocytes from ESCs. Notably, the
baseline Ca?* transient duration and amplitude (Fig. 3B) between low and high density EB-
derived cardiomyocyte clusters showed modest differences possibly due to the existence of
non-cardiomyocytes within each beating cluster and/or the difference in differentiation state
of cardiomyocytes in the cluster. Future efforts will be needed to develop strategies to derive
highly purified, phenotypically mature cardiomyocytes from mESCs.

BMPs are reported to be strong cardiogenic factors [25; 26]. In this study, we have shown
that BMP signaling is required in high density EB cultures-enhanced cardiac differentiation
(Fig. 4). During development, BMPs secreted from adjacent tissues direct the lateral plate
mesoderm toward cardiac lineages by activating several important transcription factors [27].
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We hypothesized that BMPs secreted by cells within EBs in high density cultures contribute
to the significant increase observed in cardiomyocyte differentiation. Indeed, inhibition of
BMP signaling pathway significantly attenuated cardiomyocyte differentiation and cardiac
gene expression. Although it is highly unlikely that BMPs are the only factors necessary for
the improved cardiac differentiation in high density cultures, it is clear that BMP signaling
plays an important role in the increases in cardiac differentiation of cardiovascular
progenitor cells. It is possible that BMPs synergistically regulate cardiomyocyte
differentiation with other factors such as Wnt-11 [28], Chibby [29], retinoic acid [30],
ascorbic acid [31], nitric oxide [32].

There are significant advantages associated with high density EB culture such as
simplification of the differentiation step of ESC cardiac differentiation. Previously
established protocols suggest that ESC cardiac differentiation is comprised of 3 steps:
formation of EBs, collection and further cultivation of EBs in suspension, and plating/
induction of outgrowth of EBs in tissue culture plates [11; 33]. In this study, we directly
transferred EBs to adhesion culture and induced mESC differentiation. This protocol also
maximizes the production of differentiated cardiomyocytes from mESCs while minimizing
cost. In this study, we significantly improved cardiac differentiation by using FBS-based
differentiation medium instead of expensive growth factors. Therefore, we believe that we
offer an efficient means of cardiomyocyte production for practical use of mMESCs in cardiac
regenerative medicine.

Highlights

High density embryoid body cultures increase the yield of functional cardiomyocytes.
These cardiomyocytes exhibit cardiac markers and electrophysiological activities. The
cardiogenic effect of high density cultures requires BMP signaling.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

The abbreviations used are:

BMP bone morphogenetic protein
cTnT cardiac troponin T

Cx43 connexin 43

EB embryoid body

ESC embryonic stem cell

MEF mouse embryonic fibroblast

Ml myocardial infarction

MLC2v myosin light chain 2v

Nkx2.5 NK2 transcription factor related 5
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Fig 1.

High density EB cultures promotes cardiac differentiation. (A) Flow cytometry profile of
differentiated mESCs on EB day 10. Differentiated EBs were dissociated into single cells
and analyzed for cTnT expression as described in Materials and Methods. Numbers
represent the percentage of cTnT™ cells within the indicated region and the figure is
representative of six independent experiments using primary mESC line. (B) Graph depicts
the percentage of cTnT* cells cultured in low density and high density culture condition. (C)
Graph shows that total number of cardiomyocytes from 3 dishes of low density EB cultures
(85 EBs/60mm dish) and 1 dish of high density EB culture (255 EBs/60mm dish). Data are
expressed as mean x S.E.M. of six independent experiments. (D) Immunostaining showing
the cTnT* cells (green fluorescence) of enzymatically dissociated EBs from low and high
density EB cultures. Scale bar, 100 pM.
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Cardiomyocytes derived from low and high EB cultures shows comparable N-cadherin and
connexin43 (Cx43) protein expression. Immunocytochemistry showed that N-cadherin (A)
and Cx43 (B) are expressed in dissociated cTnT™ cardiomyocytes derived from low and high
density EB cultures. Insets represent magnified views of the white boxes and show that N-
cadherin (white arrow heads) and Cx43 (red arrow heads) are expressed at cell-cell

interface. Scale bar, 50 um.
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Fig 3.

Cardiomyocytes derived from low and high EB cultures shows comparable real time [Ca?*];
transients. Cardiomyocyte clusters derived from beating EBs were loaded with the cell
permeant Ca2* indicator dye fluo-4 AM. Fluorescence was measured by manually defining a
region of interest centered on spontaneously beating clusters and comparing that
measurement to baseline fluorescence (F/F0). (A) Representative fluorescence and pseudo-
colored images of spontaneous cardiomyocyte clusters showing minimal (Ca2* i) and
maximal (Ca2*ay) fluo-4 fluorescence intensity. Circles indicate the area used to measure
Ca?*. (B) Increase in [Ca2*]; transient amplitude and frequency in cardiomyocyte clusters
derived from low and high density EB cultures during isoproterenol stimulation (500 nM).
(C) Ca?* transients of cardiomyocyte clusters from low and high density EB cultures in
response to electrical pacing at various frequencies (1-4 Hz).
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Fig 4.

Inhibition of BMP signaling attenuates increase of cardiac differentiation in high density EB
cultures. (A) Representative FACS profile of differentiated mMESCs on EB day 10. EBs were
cultured in low density or high density. DMSO vehicle control, small molecule BMP
antagonist dorsomorphin (2 uM) or peptide antagonist Noggin (100 ng/ml) were added to
the culture from EB day 5 to day 10. Differentiated EBs were dissociated into single cells
and analyzed for cTnT expression. Data are expressed as mean + S.E.M of three
independent experiments. *P<0.05 vs. low density cultures; *P<0.05 vs. high density
cultures; ¥P<0.05 vs. high density cultures+DMSO. Data are expressed as mean + S.E.M.
(B) Immunostaining showing the cTnT* cells (green fluorescence) of enzymatically
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dissociated EBs cultured in low, high density or high density with dorsomorphin. 106 cells
from each condition were replated onto gelatinized culture plate after dissociation into single
cells. Scale bar, 100 pM. (C-D) Quantitative RT-PCR analysis showing Nkx 2.5 and Mlc2v
MRNA expression. EBs were cultured in low, high density, or high density with
dorsomorphin and were harvested for RNA isolation on the indicated EB days. Values were
normalized to GAPDH and EB day 0 values were arbitrarily set to 1.0. *P<0.05 vs. low
density cultures, #P<0.05 vs. high density cultures. Data are expressed as mean + S.E.M.
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