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Purpose: Human embryonic stem cells (hESCs) can proliferate
for a prolonged period and differentiate into cardiomyocytes
in vitro. Recent studies used bone morphogenetic protein 2
(BMP2) to generate cardiomyocytes from hESCs, however, all
those studies used early embryoid bodies (EBs) and did not
retrieve cardiomyocytes with a high yield. In this study, we
treated long-term cultured EBs with BMP2 in order to promote
differentiation into cardiomyocytes from hESCs. Materials and
Methods: hESC lines, including SNUhES3 and SNUES4,
were used in this study. Undifferentiated hESC colonies were
detached to form EBs and cultured for up to 30 days. These
long-term cultured EBs were differentiated into cardiomyocytes
in serum-containing media. In our protocol, BMP2 was
applied for 5 days after attachment of EBs. Cardiac specific
markers, beating of differentiated cells and electron microscopic
(EM) ultrastructures were evaluated and analyzed. Results:
Compared to 10-day or 20-day EBs, 30-day EBs showed a
higher expression level of cardiac specific markers, Nkx2.5
and a-myosin heavy chain (aMHC). Treatment of BMP2
increased expression of cardiac troponin (cTn) I and a-actinin
when evaluated at 20 days after attachment of 30-day EBs.
Beating of differentiated cells was observed from 7 to 20 days
after attachment. Moreover, EM findings demonstrated fine
structures such as Z bands in these differentiated cardio-
myocytes. These long-term cultured EBs yielded cardio-
myocytes with an efficiency of as high as 73.6% when
assessed by FACS. Conclusion: We demonstrated that the use
of long-term cultured EBs may enhance differentiation into

cardiomyocytes from hESCs when treated with BMP2.
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INTRODUCTION

Human embryonic stem cells, derived from inner
cell mass (ICM) of preimplantation embryos, can
proliferate for a prolonged period in vitro"* and
can differentiate into various cell types under
suitable environment. Therefore, hESCs are con-
sidered as a candidate cell source of cell-based
therapies for heart diseases. Since 2001, there have
been numerous studies of hESC-derived cardio-
myocytes,”"’ and these studies used spontaneous
differentiatiom,3’4’6’7’10 low-serum culture condition®’
and co-culture with endoderm-like cells.” However,
practical methods using specific signaling mole-
cules that are known to be efficient in differentia-
tion into cardiomyocytes from hESCs are still
limited.

Development of uncommitted mesodermal pre-
cardiac cells to early cardiomyocytes is regulated
by stimulatory signals that are secreted from
anterior primitive endoderm." Bone morphoge-
netic proteins (BMPs) signaling is main signaling
pathway regulating the cardiomyogenesis. Among
BMPs, BMP2 is known to play a crucial role in the
induction of heart formation of vertebrate
embryos.”* ™

In hESCs, BMP2 is known to be as an inducer
for mesoderm or cardiac differentiation. Tomescot
et al. showed that BMP2 treatment turned on
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expression of cardiac related genes in hESCs." In
addition, Pal et al. demonstrated that BMP2 with
low serum concentration could induce differen-
tiation into cardiomyocytes in many hESC lines."
These studies used short-term cultured EBs for
differentiation into cardiomyocytes. However, the
yield of differentiation was reported to be around
30%."

In this study, we used long-term cultured EBs
from hESC lines, SNUhES3 and SNUhES4, to
generate cardiomyocytes with BMP2 treatment in
order to enhance in vitro differentiation efficiency.

MATERIALS AND METHODS
Materials

Previously reported hESC lines, SNUhES3? and
SNUES4,"” were used in this study. SNUhES3
and SNUhES4 have a normal karyotype (46, XY)
and express undifferentiated hESC-specific markers
such as alkaline phosphatase, Oct4, SSEA3, SSEA4,
Tra-1-60 and Tra-1-81.

Human embryonic stem cell culture

Human embryonic stem cells were cultured
according to previously described methods.®
Undifferentiated hESCs were maintained on
mitomycin C-(Sigma, St. Louis, MO, USA) treated
STO (ATCC, Manassas, VA, USA) feeder layer.
Undifferentiated hESC colonies were dissected
and replated onto a fresh feeder layer every 7
days. DMEM/F12 (Invitrogen, Carlsbad, CA,
USA), supplemented with 20% knockout serum
replacement (KO-SR; Invitrogen), 1% nonessential
amino acids (Invitrogen), 0.1 mM [-mercaptoetha-
nol (Sigma), 0.4ng/mL basic fibroblast growth
factor (bFGF; Invitrogen), 50U/mL penicillin
(Invitrogen) and 50ug/mL streptomycin (Invi-
trogen), was used as hESC culture medium.

Embryoid body formation

To form EBs, undifferentiated hESC colonies
were cultured for 5 days. Day 5 hESC colonies
were incubated with 2 mg/mL collagenase type

IV (Invitrogen) for 30 minutes at 37°C to detach
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colonies from dish bottom. Detached colonies
were transferred to bacterial dish and cultured for
10, 20, and 30 days in suspension. hESC culture
medium, excluding bFGF was used as EB medium.
Medium was changed every other day.

Differentiation into cardiomyocytes

After culture for 10, 20 and 30 days in suspen-
sion, EBs were transferred to gelatin pre-coated
tissue culture dishes. Knockout DMEM (Invitrogen),
supplemented with 20% fetal bovine serum (FBS;
HyClone, Logan, UT, USA), was used as a
differentiation medium for further differentiation,
and medium was changed every other day. Ten,
20 and 40ng/mL BMP2 (R & D Systems, Minneapolis,
MN, USA) was treated for 5 days after plating to
promote differentiation.

Immunostaining

Cells were washed with phosphate-buffered
saline (PBS; Invitrogen) and fixed with 4%
paraformaldehyde (PFA; Sigma) for 15 minutes at
room temperature (RT). After washing with PBS,
cells were incubated overnight with 3% bovine
serum albumin (BSA; Sigma) solution, including
0.1% Triton X100 (Sigma), at 4°C to prevent non-
specific reaction. After washing with PBS, mouse
anti-human Nkx2.5 (R & D Systems), goat anti-
Nkx2.5 (Santa Cruz Biotechnology, Santa Cruz,
CA, USA), mouse anti-human cardiac Troponin I
(cIn I, Chemicon, Billerica, MA, USA), goat anti-a-
myosin heavy chain (aMHC; Santa Cruz
Biotechnology), goat anti-human a-actinin (Santa
Cruz) and mouse anti-smooth muscle actin (SMA;
Chemicon) antibodies were added overnight at
4°C and then washed 3 times with PBST (PBS with
0.05% Tween 20). Each Alexa Fluor 488-labeled
donkey anti-mouse IgG, Alexa Fluor 488-labeled
donkey anti-goat IgG, Alexa Fluor 594-labeled
donkey anti-mouse IgG and Alexa Fluor 59%4-
labeled donkey anti-goat IgG (all from Molecular
Probes, Carlsbad, CA, USA) antibodies were applied
for 60 minutes at RT and washed three times with
PBST. 4'-6-diamidino-2-phenylindole (DAPI; Mole-
cular Probes) solution was added and incubated
for 30 minutes at RT for staining of nuclei. Stained
cells were analyzed using a confocal laser micro-
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scopy system (BioRad, Hercules, CA, USA).
Real-time quantitative PCR (Q-PCR)

Total RNA was isolated from EBs and
differentiated cells using RNeasy mini kit (Qiagen,
Valencia, CA, USA). cDNA was synthesized from
1 ng of total RNA using Superscript II first-strand
synthesis system (Invitrogen). Quantitative PCR
was performed in Rotor-Gene 3000 (Corbett Life
Science, Sydney, Australia) using QuantiTect
SYBR green PCR kit (Qiagen). Primers used for
the reactions are listed in Table 1. CT was
calculated under default settings of Rotor-gene 6
program (Corbett Life Science). Relative gene
expression was normalized to GAPDH expression.

Transmission electron microscopy (TEM)

Cells were fixed with 2.5% glutaraldehyde
(Sigma) for 20 minutes at RT. Cells were then post-
fixed with 1% osmium tetroxide (OsO4 Sigma) in
0.04 M phosphate buffer for 10 minutes at 4°C,
supplemented with 0.14M sucrose. Following
serial dehydration in ethanol and infiltration with
epoxy resin, cells were transferred to beam
capsules for polymerization. The capsules were
separated from the polymerized resin with a razor
blade. Embedded cells in hardened blocks were
observed under an optical microscope for ultra-
thin sectioning. Subsequently, ultra-thin sections
were obtained using an ultramicrotome (Sorvall
MT 6000). Cells were then observed under a
transmission electron microscope (JEM-1400; JEOL
Ltd.) at 50 kV.

FACS analysis

Cells were washed with PBS and treated with
0.25% trypsin-EDTA (Invitrogen) for 40 minutes at
37°C to dissociate them into single cells. After
washing with PBS, 3% BSA solution, including
0.05% Triton X100, was added for 20 minutes at
RT. Mouse anti-human Nkx2.5 (R & D Systems)
and goat anti-aMHC (Santa Cruz Biotechnology)
antibodies were applied for 60 minutes at RT and
then washed 3 times with PBST. Alexa Fluor
488-labeled donkey anti-goat IgG and Alexa Fluor
594-labeled donkey anti-mouse IgG (all from
Molecular Probes) were applied for 60 minutes at
RT and washed 3 times with PBST. Cells were
then analyzed using BD FACS Calibur System™
(BD Sciences, San Jose, CA, USA).

RESULTS

Evaluation of pluripotent characteristics of
undifferentiated hESCs

Schematic process of differentiation into cardiac
cells is presented in Fig. 1. Briefly, EBs were
formed from hESCs at day 6, differentiated in
suspension for 30 days and attached for further
differentiation. From 7 days after attachment,
beating clusters started to appear and lasted for
as long as 30 days. We first examined the expres-
sions of alkaline phosphatase, Oct4, SSEA4, Tra-
1-60 and Tra-1-81 in undifferentiated hESCs. All
pluripotent hESC specific markers were highly
expressed in undifferentiated hESC colonies (Fig.
2). Expressions of cardiac specific markers were

Table 1. Primer Sequences and Conditions Used for RT-PCR and Real-time quantitative PCR

Sequences
PCR Gene
Forward Reverse
Real GAPDH GGCGTTCTICTTTGGAAAGGTGTTC GTACTCAGCGGCCAGCATCG
eal-time
quantitative Brachyury TGCTTCCCTGAGACCCAGTT GATCACTTCTTTCCITTGCATCAAG
PCR Nkx2.5 TTGCGACGGGAGAGTTTGT GCCCGACGAGCTCAGTCCCAGTT
aMHC AGTGCTTCGTGCCCGATGAC TGCTGCAACACCTGTCCTC

RT, reverse transcription; PCR, polymerase chain reaction.

Yonsei Med J Vol. 49, No. 5, 2008



EM obs?rvation Fig. 1. A schematic presentation of in vitro dif-

ferentiation strategy for induction of cardio-
myocytes from human embryonic stem cells
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evaluated in undifferentiated hESC colonies to
test specificity of each marker. Cardiac specific
markers, cTn I and aMHC, were not expressed in
undifferentiated hESCs. Only nuclei were stained
with DAPI (Fig. 2). These results indicated that
hESCs maintained their pluripotent characteristics
stably in witro.

Characterization and evaluation of cardiogenic
potential of long-term cultured EBs

Undifferentiated hESC colonies of SNUES3
and SNUhES4 were detached to form EBs. These
EBs were cultured in suspension for 10 days, 20
days, and 30 days to induce differentiation into
cardiomyocytes, and mRNA expression in
suspension cultured EBs was then evaluated.
Expression of mesoderm lineage markers, such as
Brachyury and cardiac specific markers, Nkx2.5
and aMHC, was evaluated by Q-PCR (Fig. 3C).
Brachyury expression was the highest at day 30.
Nkx2.5 and aMHC were also highly expressed in
day 30 EBs. Based on these results, 30-day EBs
were used for cardiomyocyte differentiation (Fig.
3A-a). Reattached EBs differentiated into cardiac
lineage precursor cells (Fig. 3A-b). Immunostaining
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bodies (EBs) treated with BMP2.

Fig. 2. Expressions of pluripotent hESC- and
cardiac specific markers in hESCs. (upper panel)
Alkaline phosphatase (AP), Oct4 and SSEA4
were highly expressed in undifferentiated hESCs,
Bars: 500 um. Lower panel) Tra-1-60 and Tra-1-
81 were also highly expressed in undifferentiated
hESCs. However, cardiac troponin (cTn) I and a-
myosin heavy chain (aMHC), cardiac specific
markers, were not expressed in undifferentiated
hESCs. Merged picture showed only nuclei
stained with DAPIL Bars: 200 um.

showed that cardiac specific transcription factors,
such as Nkx2.5, proteins ¢cIn I and aMHC, were
expressed in differentiated cells (Fig. 3B). Although
differentiated cells expressed specific markers,
however, their expression levels were not high in
both cell lines. Expression of ¢Tn I in differen-
tiated cells was restricted to small area.

Morphological and functional assessment of
differentiated cardiomyocytes

Various concentrations of BMP2, 10, 20 and 40
ng/mL, were administered to promote differentia-
tion into cardiomyocytes for 5 days after attach-
ment. Among the concentrations, 10 ng/mL was
most effective for inducing differentiation.

Thirty-day EBs (Fig. 4A-a and e) were reat-
tached for further differentiation. Two or three
days after plating, differentiating cardiac potential
cells started to appear in reattached EBs (Fig. 4A-b
and f), and myocyte-like cells were also observed
at the periphery of reattached EBs (Fig. 4A-f).
Contractile cluster-like cells were distinguishable 5
days postplating (Fig. 4A-c) and became distinct
as differentiation progressed (Fig. 4A-g). Contrac-
tile clusters were observed from 7 days to 20 days
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Fig. 3. Evaluation of mesoderm- and cardiac-specific markers in long-term cultured EBs. (A) Morphology of a 30-day
EB (a) in suspension and (b) after attachment. Bars: 500 pm. (B) Expressions of cardiac lineage markers in spontaneously
differentiated cells from SNUES3 (upper panel) and SNUES4 (lower panel). At 20 days after plating, differentiated
cells from both hESC lines were positively stained with cardiomyocyte-specific markers, Nkx2.5, aMHC and cTn I,
however, their expression was not high and showed a scattered pattern. Bars: 200 ym. (C) Relative expression of
mesoderm- and cardiac-lineage markers in long-term cultured EBs from SNUhES3 by Q-PCR. 10-, 20- and 30-day EBs
were compared in terms of expression of Brachyury, Nkx2.5 and aMHC, which showed the highest level at day 30 for
all three markers.

after plating of EBs. Clusters showed regularity in significantly increased by treatment with BMP2.
beating and the beating lasted more than 30 days Immunostaining demonstrated the expressions of
in vitro (Fig. 4A-d and h, Supplementary Fig. 1). transcription factor Nkx2.5, structural protein a

Expressions of cardiac specific markers were MHC (Fig. 4B, upper panel) and cardiac specific
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Fig. 4. Evaluation of mesoderm- and cardiac
specific markers in cardiomyocytes differen-
tiated from BMP2-treated cells (SNUES3).
(A) Morphologies of long-term cultured em-
bryoid bodies (EBs) and cardiomyocytes
differentiated from BMP2-treated cells. Phase
j contrast microscopic appearance of 30-day

EBs (a and e) in suspension and (b and f) after
attachment, of hESC-derived cardiomyocytes
4 days (c) and 11 days after attachment (g),
and contractile clusters derived from BMP2-
treated differentiated cells (d and h) Bar: a-g,
500 um; (h) 200 um. (B) Expression of cardiac
specific markers in differentiated cardio-
myocytes. Differentiated cells were evaluated
20 days after plating and nuclei were stained
with DAPIL. Top panel, expression of tran-
scription factor Nkx2.5 and protein aMHC;
Middle panel, expression of Nkx2.5 and cTn
I; Bottom panel, expression of Nkx2.5 and a-
actinin (arrow of Fig 4A-h). Bars: 100 pm. (C)
Expression of Nkx2.5 and smooth muscle
actin (SMA), which is abundant in peripheral
cells of cardiomyocyte cluster (yellow box of
Fig. 4A-g). Bars: 100 um. (D) Relative expres-
sion of cardiac lineage markers evaluated by
Q-PCR. Differentiated cells showed signi-
ficant expression of Brachyury, Nkx2.5 and a
MHC. At 10 ng/mL of BMP2, aMHC expres-
sion was the highest, and beating cells were
observed in this group (Suppl. Fig. 1). (E)

|

protein cTn I (Fig. 4B, middle panel). Alpha actinin
(a-actinin) was also detected in BMP2-treated cells
(Fig. 4B, bottom panel). Intriguingly, when myocyte-
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Ultrastructures of differentiated cells ob-
served by transmission electron microscopy
(TEM). Red arrows, (a) Z bodies (dense
spots), which are the precursors of Z bands.
(b) unorganized Z bands. Many unorganized,
unconnected bands were observed in many
parts. (c and d) organized Z bands. Magnifi-
cation, a, x 12K; b, x 30K; ¢, x 60K; d, x 100K.

like structures located around the clusters were
evaluated, these cells were positively stained with
SMA (Fig. 4C).
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Q-PCR analysis showed that the expression of DISCUSSION

Nkx2.5 and aMHC was increased in BMP2-treated
group more than untreated group. Especially,
BMP2 treatment strikingly increased the expres-
sion of structural protein aMHC (Fig. 4D).

Ultrastructures of hESC-derived cardiomyocytes
were observed using transmission electron micro-
scopy. Differentiated cells were analyzed to
confirm the possession of Z bands. Z bodies,
which are precursors of Z bands, and unorganized
sarcomeric structure were abundant in differ-
entiated cells (Fig. 4E-a). Differentiated cells from
BMP2-treated group showed many unorganized
(Fig. 4E-b) as well as organized (Fig. 4E-c and d)
Z bands. This ultrastructural analysis showed
various stages of Z band development even in a
single cell, suggesting that high proportion of cells
was in progress for differentiation.

Yield of cardiomyocytes differentiated from
long-term cultured EBs

To find out the efficiency, the proportion of
cardiac specific marker-positive cells was evaluated
by FACS analysis. Proportion of cardiac lineage
specific cells was significantly higher than those in
untreated differentiated cells (data not shown). As
high as 73.6% of cells in BMP2-treated group
(range, 10.8-73.6%) were doubly positive for
Nkx2.5 and a MHC (Fig. 5). These results clearly
show that BMP2 could be an effective inducing
factor for differentiation into cardiomyocytes, and
the use of long-term cultured EBs may enhance
the yield.

To our best knowledge, this is the first study
that used long-term cultured EBs in differentiation
into cardiomyocytes from hESCs. When these long-
term cultured EBs differentiated by treatment
with BMP2, their differentiation efficiency was as
high as 73.6%. This figure is higher than that in
previous reports.'® This high yield of differentia-
tion demonstrated the use of long-term cultured
EBs with BMP2 treatment may enhance differen-
tiation into cardiomyocytes in the cell lines used.
In addition, our protocol generated healthier,
vigorous, contracting clusters, and the beating
lasted more than 30 days in vitro. We also demon-
strated that differentiated cells from long-term
cultured EBs with BMP2 possessed many unor-
ganized and organized Z bands. These findings
suggest that differentiation was ongoing from
precursors of Z bands to organized mature forms.

To date, many methods have been utilized for
generation of cardiomyocytes from hESCs, such as
spontaneous differentiation,>*®” co-culture with
END-2 cell line®® and serum-free or low-serum
culture condition®" As for cardiac lineage in-
ducing agents, 5'-aza-deoxycytidine and BMP4
were among a few molecules that are known to
work in differentiation into cardiomyocytes from
hESCs.* BMPs are well-known morphogen that
contribute to differentiation into cardiac lineage;
e.g., BMP signaling is crucial in mesodermal
induction and cardiac formation in vertebrate."*
Tomescot et al. used BMP2 to induce differentia-
tion into cardiac committed cells that were used
in a rat infarct model,15 and Pal et al. showed that
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BMP2 is another effective molecule for in wvitro
differentiation into cardiomyocytes from hESCs in
low serum condition.' However, these researchers
used short-term cultured EBs, and one of these
reports retrieved a yield of about 30%."

In this study, we tried to generate cardiomyo-
cytes from our established hESC lines, SNUhES3”
and SNUhES4."” When treated with BMP2, both
cell lines showed comparable differentiation into
cardiomyocytes. To determine the optimal time
point of differentiation induction initiation, EBs
were cultured in suspension for 10 days, 20 days
and 30 days. Brachyury, which is known to be
expressed at precursor stage,” and cardiac specific
markers, Nkx2.5 and aMHC, were highly ex-
pressed in 30-day EBs. Accordingly, we were able
to obtain a high yield by using this stage's EBs.

Interestingly enough, each cluster among many
hESC-derived contractile clusters showed different
frequencies of contraction (23 -62/minutes). In
addition, contractility of these hESC-derived
cardiac cells was found to be sensitive to tempera-
ture: contractility was significantly reduced when
exposed to lower temperature and beat rhythm
was recovered when temperature rose.

At the periphery of contractile regions, elongated
myocyte-like cells were observed. These cells were
connected to contractile clusters and contracted
when the cluster beat (Fig. 4A-c and g). These cells
were identified as smooth muscle cells. Smooth
muscle cells are derived from common progenitor
with cardiomyocytes and known to contribute to
formation of the mature heart.” Our findings
suggested that differentiation from hESCs into
cardiomyocytes is accompanied by differentiation
of smooth muscle cells, which were abundant at
the peripheral region of clusters.

We used serum-containing media for the induc-
tion of differentiation. Reduced concentration of
serum did not effectively generate cardiomyocytes
in our cell lines (data not shown). Role of serum
in cardiomyocytes differentiation is still contro-
versial, although many studies adopted serum-
free or low-serum culture conditions in cardiac
differentiation.*'’ Therefore, the effects of serum
concentration should be the subject for further
studies.

In conclusion, we demonstrated that the use of
long-term cultured EBs with BMP2 treatment may

Yonsei Med J Vol. 49, No. 5, 2008

enhance differentiation into cardiomyocytes from
2 hESC lines, confirmed by increased expression
of cardiac specific markers, and observation of
contractile clusters and Z bands in differentiated
cells.
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