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Direct differentiation of atrial and ventricular myocytes
from human embryonic stem cells by alternating retinoid
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Although myocyte cell transplantation studies have suggested a promising therapeutic potential for myocardial in-
farction, a major obstacle to the development of clinical therapies for myocardial repair is the difficulties associated
with obtaining relatively homogeneous ventricular myocytes for transplantation. Human embryonic stem cells (hESCs)
are a promising source of cardiomyocytes. Here we report that retinoid signaling regulates the fate specification of
atrial versus ventricular myocytes during cardiac differentiation of hESCs. We found that both Noggin and the pan-
retinoic acid receptor antagonist BMS-189453 (RAI) significantly increased the cardiac differentiation efficiency of
hESCs. To investigate retinoid functions, we compared Noggin+RAi-treated cultures with Noggin+RA-treated cul-
tures. Our results showed that the expression levels of the ventricular-specific gene JRX-4 were radically elevated in
Noggin+RAi-treated cultures. MLC-2V, another ventricular-specific marker, was expressed in the majority of the
cardiomyocytes in Noggin+RAi-treated cultures, but not in the cardiomyocytes of Noggin+RA-treated cultures. Flow
cytometry analysis and electrophysiological studies indicated that with 64.7 + 0.88% (mean =+ s.e.m) cardiac differen-
tiation efficiency, 83% of the cardiomyocytes in Noggin+RAi-treated cultures had embryonic ventricular-like action
potentials (APs). With 50.7 £ 1.76% cardiac differentiation efficiency, 94% of the cardiomyocytes in Noggin+RA-
treated cultures had embryonic atrial-like APs. These results were further confirmed by imaging studies that assessed
the patterns and properties of the Ca’* sparks of the cardiomyocytes from the two cultures. These findings demon-
strate that retinoid signaling specifies the atrial versus ventricular differentiation of hESCs. This study also shows
that relatively homogeneous embryonic atrial- and ventricular-like myocyte populations can be efficiently derived
from hESCs by specifically regulating Noggin and retinoid signals.
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Introduction ular- and nodal-like cardiomyocytes can be differentiated
nonspecifically from hESCs [1-4]. Swine transplanta-

Using current technologies, embryonic atrial-, ventric-  tion studies have shown that implanted hESC-derived
cardiomyocytes have pace-making activities, which are

a potential cause of ventricular arrhythmias [5]. The ap-
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eral growth factors, such as activin A, bone morphoge-
netic protein 4 (BMP4), wnt-3a, basic fibroblast growth
factor (bFGF) and dickkopf homolog 1 (DKK1), pro-
mote cardiogenesis and are used in several hESC cardiac
differentiation protocols [2, 3, 7], there is no evidence to
date showing that these or other growth factors regulate
cardiac subtype specification during hESC differentia-
tion. Identifying the key regulators of cardiac subtype
specification is critical for reducing the heterogeneity of
the hESC-derived cardiomyocyte population. Reducing
the heterogeneity of this population will be important for
its later use in regenerative medicine or in drug testing
systems [1, 8].

BMP signaling is tightly controlled during mesoderm
and heart development. In mouse embryos, the BMP
antagonist Noggin is transiently but strongly expressed
in the cardiac crescent at embryonic day E7.5 to ES.0
[9]. Dkk1, a potent inducer of heart development [3, 10,
11], synergises with BMP antagonism to specify heart
tissue in non-cardiogenic mesoderm from Xenopus em-
bryos [12]. It has been shown that long-term treatment
of hESCs with BMP4 induces trophoblast-like cell dif-
ferentiation [13], while short-term treatment initiates
mesoderm formation [14]. Together, these results suggest
that inhibiting BMP signaling after mesoderm formation
facilitates cardiac development.

RA signaling restricts the cardiac progenitor pool,
and exposure of the anterior lateral plate mesoderm of
zebrafish embryos to the RA antagonist BMS-189453
causes uncommitted lateral mesodermal cells to become
myocardial progenitors [15, 16]. RA signaling also regu-
lates anterior-posterior polarisation of the heart [17].
Chicken transplantation studies have revealed that the
cardiogenic mesoderm from HH stages 4-6, originally
fated to be atria, is competent to develop into functional
ventricles, and vice versa [18, 19]. RA treatment of HH
stage 4 cardiogenic tissue activates the expression of
the atrium-specific gene AMHC] in anterior progenitors
fated to develop into out-flow track tissues [20]. Further-
more, in both mouse and chicken embryos, inhibition of
RA signaling within critical periods produces embryos
with oversized ventricles and smaller or missing atria,
and the exogenous addition of RA results in reverted
phenotypes [21, 22]. Furthermore, studies with mouse
embryonic stem cells indicate that retinoic acid promotes
the expression of atrial-related genes [23].

Based on these previous studies, we hypothesised
that inhibition of the BMP pathway after the initiation of
hESC differentiation and blocking retinoic acid signaling
would promote cardiogenesis. Retinoid signaling may
also regulate the atrial versus ventricular differentiation
of hESCs. To test these hypotheses, we added Noggin,

RA and the RA inhibitor RAi to cardiac differentiation
cultures at different time intervals and investigated the
effects of these factors on the cardiogenesis and cardiac
subtype specification of hESC derivatives. Our results
indicate that the inhibition of both BMP and RA signals
with Noggin and RAi significantly promotes cardiogen-
esis, and retinoid signaling controls the atrial versus ven-
tricular specification of differentiated hESCs. In addition
to providing important insights into the mechanisms that
specify cardiac subtypes, our findings also demonstrate
the direct differentiation of relatively homogeneous
embryonic atrial- and ventricular-like myocytes from
hESCs.

Results

Noggin and the RA antagonist BMS-189453 promote the
cardiogenesis of differentiated hESCs

To investigate its functions in cardiac differentiation,
Noggin was systematically added at different time inter-
vals between days 2 and 5 to cardiomyocyte-differentiat-
ing hESC cultures generated by a protocol developed in
our laboratory (see Methods for a detailed description).
The results show that cardiac differentiation was slightly
repressed when Noggin was present between days 2 and
3, while differentiation was significantly promoted when
Noggin was present between days 2.5 and 4.5. The high-
est cardiac differentiation efficiency was achieved when
Noggin was applied between days 4 and 5 (Figure 1B).
Western blotting for phosphorylated Smad 1, 5 and 8 in-
dicated that Noggin reduced the downstream activities of
BMP signaling (data not shown). Therefore, the inhibi-
tion of BMP signaling promotes cardiogenesis in hESCs
after the initiation of differentiation.

Previous reports that RA signaling restricts the em-
bryonic cardiac progenitor pool raise the possibility that
inhibition of RA signaling during cardiac differentiation
of hESCs could promote cardiogenesis. Vitamin A, the
substrate for RA synthesis, and RALDH?2, the enzyme
responsible for RA synthesis [21], were both present in
our cultures (data not shown), suggesting that RA signal-
ing was potentially activated. Therefore, we tested the
effects of RA inhibition on hESC cardiac differentiation
by adding RAi to our cardiomyocyte-differentiating cul-
tures between days 4 and 9 (Figure 1C). Flow cytometry
analysis indicated that cardiac differentiation efficiencies
were markedly increased when RAi was added between
days 6 and 9 (Figure. 1C). These results demonstrated
that inhibition of RA signaling promotes cardiac differ-
entiation of hESCs.

Next, we combined Noggin treatment on days 4 and 5
with RAi treatment on days 6, 7 and 8. Flow cytometry
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analysis of CTNT" cells from day 14 cultures showed
that the differentiation efficiency with Noggin alone was
50 + 3.06% (mean = s.e.m.), and this efficiency increased
to 73 = 2.08% when the cells were treated with both RA1
and Noggin (Figure 1D). This result was confirmed by
quantitative RT-PCR analysis of day 14 cultures. The ex-
pression levels of both CTNT and NKX2.5 were signifi-
cantly higher in the Noggin+RAi-treated cultures than
in cultures treated with Noggin alone (Figure 1E). Im-
munostaining indicated the expression of typical cardiac
markers, including CTNT, a-Actinin, MLC-2A, MLC-
2V, and B-MHC, in these cultured cells (Figure 1F).

Alternative retinoid signals direct the differentiation of
hESCs into two distinct subtypes of cardiomyocytes

Qiangzhe Zhang et al. @

Chicken and mouse embryo studies indicated that
retinoid signaling regulates the fate specification of in-
flow and out-flow track tissues [17-22]. Therefore, we
hypothesized that the activation or inactivation of retin-
oid signaling directs the atrial vs. ventricular fate speci-
fication of differentiated hESC cardiac progenitors, and
such a mechanism could be used to efficiently generate
either hESC-derived atrial- or ventricular-like myocytes.

To test this hypothesis, either RA or its antagonist,
RAI, was added to the Noggin-treated cultures between
days 6 and 8 in parallel experiments (Figure 1A). After
14 days of differentiation, the frequencies of CTNT " cells
in the Noggin+tRA- and Noggin+RAi-treated cultures
were 50.7 = 1.76% and 64.7 £ 0.88%, respectively (Fig-
ure 2A). While there was only a 14% difference in the
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Figure 1 Noggin (Ngn) and RA inhibition promote hESC cardiac differentiation. (A) An outline of the protocol used for the dif-
ferentiation of hESCs to cardiac lineages. (B) Frequencies of CTNT" cells at day 14; cardiac-induced cultures with addition of
Ngn at the time intervals indicated; the basic protocol (BP) was used as a control. (C) Frequencies of CTNT" cells in day 14
cardiac-induced cultures with addition of the RA inhibitor, RAI, at the indicated time intervals; the BP was used as a control.
(D) Flow cytometry analysis of CTNT" cells in cultures with the BP used as a control; BP cultures with Ngn added at days 4
and 5, and BP cultures with Ngn added at days 4 and 5 and RAi added from day 6 to day 8 (Ngn+RAi). (E) Quantitative RT-
PCR gene expression analysis on day 14 BP, Ngn-treated, and Ngn+RAi-treated cultures, as indicated in (D). The average
expression, normalized to GADPH, is shown. (F) Immunostaining analysis of cardiac-induced cultures. Where shown, bars
represent the standard error of the mean of three independent experiments. CM, conditioned medium. P compared with the
BP control or otherwise indicated: *P < 0.05, **P < 0.005, ***P < 0.0005.
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differentiation efficiencies, the size of the beating cardio-
myocytes in the Noggin+RA-treated cultures was smaller
than that of those in the Noggin+RAi-treated cultures
(Figure 2B and 2D). The beating rate of the cardiomyo-
cytes in the Noggint+RA-treated cultures was also faster
than that of those in the Noggin+RAi-treated cultures
(Figure 2C and Supplementary information, Movies S1,
S2), suggesting that there were two different subtypes of
cardiomyocytes present in these two different cultures.
Next, we examined the expression of ventricular-
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Figure 2 Morphologies and beating rates of differentiated cardi-
omyocytes. (A) Flow cytometry analysis of CTNT" cells from day
14 cultures differentiated with the BP plus treatments with Ngn
at days 4 and 5, and RA (Ngn+RA) or RAi (Ngn+RA.I.) treatment
from days 6 to 8. (B) The size of single cardiomyocytes from
60-day-old cultures treated with Ngn+RA (n = 35) and Ngn+RAi
(n = 31), measured with ImageJ software. (C) The beating rates
(beat/minute) of 60-day-old differentiated cultures treated with
Ngn+RA or Ngn+RAi (n = 4). (D) Immunostaining of single cells
from 60-day-old differentiated cultures treated with Ngn+RA or
Ngn+RAi. **P < 0.005, ***P < 0.0005.
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Figure 3 Characterization of hESC-derived cardiomyocytes
induced by Ngn+RA and Ngn+RAi. (A) Quantitative RT-PCR
analysis of the kinetics of IRX4 gene expression in Ngn+RA and
Ngn+RAI treated cultures. The average expression, normal-
ized to GAPDH, is shown. (B) Immunostaining of 60-day-old
Ngn+RA- and Ngn+RAi-induced cultures demonstrated MLC-
2V expression in the majority of CTNT" cells of Ngn+RAi-treated
cultures but not in those of Ngn+RA-treated cultures. (C) West-
ern blotting of 60-day-old Ngn+RA- and Ngn+RAi-treated cul-
tures indicated that even though CTNT is evenly expressed in
both cultures, MLC-2V is strongly expressed in Ngn+RAi-treated
cultures, but not in Ngn+RA-treated cultures. ***P < 0.0005.

specific genes (/[RX4 and MLC-2V) in the two cultures
[22, 24, 25]. Quantitative RT-PCR showed that in the
Noggint+RAi-treated cultures, /RX4 expression started
to rise at day 8, and it was 10-fold greater by day 14
than the Noggin+RA-treated cultures (Figure 3A). Im-
munostaining of 60-day-old cultures showed that MLC-
2V was expressed in the majority of CTNT" cells in the
NoggintRAi-treated cultures, but not in the Noggin+RA-
treated cultures (Figure 3B). This result is consistent
with the results from western blotting experiments that
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indicated that although CTNT was expressed at similar
levels in these two cultures, MLC-2V was strongly and
only expressed in the Noggin+RAi-treated cultures (Fig-
ure 3C).

We also compared the expression levels of CTNT and
MLC-2V in Noggin+RAi-, Noggin- and Noggin+RA-
treated cultures by immunostaining and western blots.
The results show that in the Noggin-only-treated cul-
tures, only approximately 35% of the CTNT" cells were
also MLC-2V positive, with weak MLC-2V expression
detected by western blots (Supplementary information,
Figure S1). Collectively our results indicate that the ma-
jority of the cardiomyocytes in the Noggin+RAi-treated
cultures are embryonic ventricular-like myocytes, while
the cardiomyocytes differentiated in the Noggin+RA-
treated cultures are either embryonic nodal- or atrial-like
myocytes that do not express MLC-2V. We also exam-
ined the expression levels of B-MHC, MLC-2A, and
atrial natriuretic factor (ANF) in RA- and RAi-treated
cultures by western blotting, and the results showed that
B-MHC is evenly expressed in the two cultures. How-
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ever, MLC-2A and ANF are expressed at higher levels
in the Noggin+RA-treated cultures compared to the
Noggin+RAi-treated cultures (Supplementary informa-
tion, Figure S2).

Electrophysiological characterization identifies embry-
onic atrial- and ventricular-like cardiomyocyte popula-
tions induced by alternative retinoid signals

Due to a lack of endogenous early atrium-specific
genetic markers in mammalian systems [22], we chose
to use electrophysiological characteristics to rigorously
identify these two cardiac sub-populations. Based on the
morphology and classification of AP properties (Table
1) [1, 26], three major types of AP (nodal-like, atrial-
like, and ventricular-like) were observed in our study
(Figure 4A). However, the ratios of the three major
types of AP were different between the NoggintRA- and
Noggint+RAi-treated cultures. In the cultures treated with
NoggintRAi, 83% of myocytes (n = 23) possessed ven-
tricular-like APs (Figure 4A and 4C), and the duration of
the APs could be shortened by the application of the cal-
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Figure 4 AP morphologies and Ca” release properties of cardiomyocytes induced by Ngn+RA and Ngn+RAi. (A) Three
major types of APs were observed in hESC-derived cardiomyocytes: nodal-like, atrial-like, and ventricular-like. The duration
of the ventricular-like APs was greatly reduced by the application of nifedipine (B, left); no significant effect of nifedipine on
atrial-like AP duration was observed (B, right). (C) The percentages of the AP types recorded from Ngn+RA- and Ngn+RA-
treated cultures are indicated. (D) Typical Ca®* images recorded from cardiomyocytes in Ngn+RA cultures (left) and Ngn+RAi
cultures (right). Fluorescence profiles (bottom) were taken from the images (at positions indicated by arrows). The properties
of typical Ca**-release events recorded from cardiomyocytes in Ngn+RA- and Ngn+RAi-treated cultures are summarized in (E)
(98 sparks from 18 cells in Ngn+RA-treated cultures and 348 sparks from 14 cells in Ngn+RAi-treated cultures were meas-
ured). *P < 0.05. All cells used in electrophysiological studies were 60 to 90 days old. N-like, nodal-like AP; A-like, atrial-like

AP; V-like, ventricular-like AP.
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Table 1 AP parameters recorded from hESC-derived cardiomyocytes
n(cell) Vmax(V/s) APA(mV) APD90(ms) MDP(mV)
Nodal-like 6 73+42 74.5+8.9" 147.6 £ 26.8° 513+82
Atrial-like 36 12.8+3.1% 81.6+11.5" 168.8 £ 26.8° 555465
Ventricular-like 42 11.4+2.8% 86.8 + 12.4" 285.8 +52.6° -623+8.6

Data are means + se. n indicates the number of cells tested. Vmax, maximum rate of AP increase; APA. AP amplitude; APD90, AP dura-
tion measured at 90% repolarisation; MDP, maximum diastolic potential. ‘P < 0.05 compared with nodal-like; “P < 0.05 compared with
each other; *P < 0.01 compared with each other; and 'P < 0.05 compared with each other.

cium channel blocker nifedipine (Figure 4B, left). How-
ever, 94% of the myocytes (n = 19) from Noggin+RA-
treated cultures exhibited an atrial-like AP, and the dura-
tion of the AP could not be shortened by nifedipine (Fig-
ures 4A, 4B right and 4C). These results demonstrate that
the majority of the cardiomyocytes in the Noggin+RA-
treated cultures were embryonic atrial-like myocytes, and
the majority of those in the Noggin+RAi-treated cultures
were embryonic ventricular-like myocytes. Interestingly,
in both the Noggin+RA and NoggintRAi-treated cul-
tures, we did not observe the high percentages of cardio-
myocytes bearing nodal-like APs that were reported in
previous studies [1, 4].

There are important kinetic differences in Ca’"
sparks, the elementary unit of cardiomyocyte Ca" sig-
naling, in atrial versus ventricular myocytes [27, 28].
Ca”" sparks are significantly larger and longer lasting in
atrial myocytes compared to ventricular myocytes [28,
29]. The results of imaging studies indicated that in the
NoggintRAi-treated culture, 87.5% (14/16) of the cells
tested displayed Ca’" sparks with a relatively low ampli-
tude, fast rise time, short half time decay and small size.
These are typical Ca™" spark properties of ventricular-like
myocytes (Figures 4D and 4E). On the other hand, in
Noggint+RA-treated cultures, 81.8% (18/22) of the cells
tested displayed Ca’" sparks with a higher amplitude,
slower rise time, longer half time decay and larger size
(Figure 4D and 4E), suggesting that the myocytes from
Noggin+RA-treated cultures were atrial-like myocytes.
The kinetic study of Ca’" release and the ratios of cardio-
myocytes bearing those two patterns in the two cultures
are consistent with and support previous AP phenotyp-
ing-based cardiac subtype categorization.

Discussion

Our results show that inhibition of BMP signaling af-
ter the initiation of cardiac differentiation promotes the
cardiogenesis of hESCs. This finding is partially consis-
tent with studies on mouse embryonic stem cells (mESCs)
that demonstrate that the administration of Noggin before

the initiation of differentiation promotes cardiogenesis
[9]. Further comparing Noggin-treated cells with non-
treated cells revealed that granulocyte colony-stimulating
factor (G-CSF) promotes the proliferation of develop-
ing cardiomyocytes derived from mESCs [30]. Noggin
sustains the undifferentiated proliferation of hESCs [31],
and BMP4 is required for mESC self-renewal [32]. These
different self-renewal mechanisms may be the cause of
the differences observed in the cardiac differentiation
studies of human and mouse embryonic stem cells.

Even though western blots revealed the differential ex-
pression of ANF and MLC-2A, both genes are expressed
in 60-day-old Noggin+RA- and Noggin+RAi-treated
cultures (Supplementary information, Figure S2). This
result is consistent with Dr Rosenthal's statement, which
indicated that there is no early atrial-specific marker in
the mouse system. Instead, they used a proximal 840-bp
quail SMyHC3 promoter to label the sino-atrial tissue
from the earliest stage of heart development [22].

Previous studies of chicken and mouse embryos have
proposed that RA signaling determines sinoatrial cell
fate, whereas ventricular fate is specified in the absence
of RA [17]. Our study shows that blocking RA signaling
induces the expression of the ventricle-specific marker
MLC-2V in major hESC-derived cardiomyocytes, and
these cells possess APs and Ca”" sparks typical of ven-
tricular myocytes. Exogenous RA treatment directs the
differentiation of hESCs into myocytes that retain the
characteristic atrial-like APs and large Ca’" sparks or
Ca”" transients. Our results demonstrate that the activa-
tion or inhibition of retinoid signals instructs the atrial
versus ventricular specification of differentiating hESCs,
respectively. By contrast, a previous study demonstrated
that RA enhances the development of ventricular cardio-
myocytes derived from mESCs [33]. This result could
represent differences between the differentiation culture
systems used in the two studies, the embryoid body pro-
cedure versus the flat culture system, or the timing of RA
administration.

The potential risk of ventricular arrhythmias caused
by the heterogeneity of hESC-derived cardiomyocytes
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is one of the major hurdles for the application of hESCs
to cardiac repair [1, 5, 6]. The application of relatively
homogeneous ventricular myocytes derived from hESCs
in myocardial repair has a great potential to reduce this
risk by removing one of the major barriers for develop-
ing hESC-based myocardial repair strategies. Recent ad-
vances in tissue engineering, including mouse ventricular
progenitor cell isolation from mESC derivatives using
a genetic labelling approach to generate functional ven-
tricular muscles [34], suggest that human functional ven-
tricular heart muscles can be generated with embryonic
ventricular-like myocytes that are directly differentiated
from hESCs. With a chemically defined culture system
and no genetic manipulation, the direct differentiation
procedures that we have developed could be easily em-
ployed in clinical studies of myocardial repair. Another
challenge for developing hESC-based myocardial repair
strategies is the development of biotechnology to rap-
idly generate the large amounts of ventricular myocytes
required for transplantation. Our study demonstrated
the efficient differentiation of embryonic atrial- and
ventricular-like myocytes from hESCs by eliminating the
embryoid body procedure, a time-consuming step com-
monly used in the cardiac differentiation of embryonic
stem cells. If combined together with induced pluripotent
stem (iPS) cell technology [35, 36], the programmed dif-
ferentiation of atrial- and ventricular-like myocytes may
not only be used to develop safe cell sources for person-
alised cardiac repair but also provide cellular models for
the study of genetic atrial or ventricular diseases.

Materials and Methods

Maintenance and differentiation of hESCs

The undifferentiated hESC line H7 (WiCell Research Institute)
was maintained on matrigel-coated plates, as previously described
[37]. In the basic cardiac induction protocol (BP), undifferenti-
ated hESCs were seeded on gelatin-coated plates at a density of
1-5 x 10’ cells/cm® and cultured with mouse embryonic fibroblast-
conditioned medium for 3 days until fully confluent. To initiate
cell differentiation, the medium was changed to RPMI1640 and
supplemented with B27 (Invitrogen). The cells were treated with
25 ng/ml BMP4 and 6 ng/ml bFGF at day 1 100 ng/ml activin A
at day 2, and 200 ng/ml DKK1 (R&D Systems) from day 6 to day
11. The medium was changed every 3 days after day 11 (Figure
1). Noggin (250 ng/ml), RA (1 uM, Sigma) or RAi (1 uM) were
added to the cell cultures at the times specified in Figures 1A-1C.
Spontaneous beating clusters were typically observed on days 10
and 11. Cardiac differentiation efficiency was analysed on day 14
with CTNT antibody staining and flow cytometry analysis.

Single-cell preparation of hESC-derived cardiomyocytes
Differentiated cultures that were 60 to 90 days old were washed

in a low Ca’* solution and then incubated in an enzyme solu-

tion for 20 min at 37 °C. The dissociation was completed in KB
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solution by gently shaking for 40 min at room temperature. The
isolated cells were resuspended in DMEM plus 10% FBS, trans-
ferred to 0.1% gelatin-coated glass coverslips, and then kept in
an incubator at 37 °C and 5% CO,. The composition of the low-
Ca” solution was as follows: 120 mM NaCl, 5.4 mM KCI, 5 mM
MgSO,, 5 mM Na pyruvate, 20 mM glucose, 20 mM taurine, and
10 mM HEPES. The pH was adjusted to 7.3 with NaOH. The KB
solution contained 85 mM KCI, 30 mM K,HPO,, 5 mM MgSO,,
1 mM EGTA, 2 mM Na,ATP, 5 mM Na pyruvate, 20 mM glucose,
20 mM taurine, and 5 mM creatine. The pH was adjusted to 7.3
with KOH.

Electrophysiological measurements and confocal Ca’" im-
aging

The APs of cardiomyocytes were recorded in a whole-cell
patch clamp configuration using an Axon 200B amplifier (Axon
Instruments) at room temperature. Data were digitised at 20 kHz,
filtered at 2 kHz, and analysed by the PClamp 9.0 program. Patch
pipettes (2-4 MQ resistance) were filled with an intracellular solu-
tion containing 50 mM KCI, 60 mM K-aspartate, 1 mM MgCl,,
3 mM Na,ATP, 10 mM EGTA, and 10 mM HEPES. The pH was
adjusted to 7.3 with KOH. Normal Tyrode’s solution was used as
an extracellular solution and contained 140 mM NaCl, 5 mM KCI,
1 mM CaCl,, 1 mM MgCl,, 10 mM glucose, and 10 mM HEPES.
The pH was adjusted to 7.4 with NaOH.

For Ca’" confocal imaging, myocytes were incubated with
Fluo-4AM (10 uM/L; Molecular Probes) for 10 min at room tem-
perature and then perfused with extracellular buffer for approxi-
mately 30 min. Ca®* imaging studies were performed on a Leica
SP5 confocal microscope equipped with an argon laser (488 nm)
at a magnification of 40x using a 1.25 NA oil immersion objec-
tive. Spontaneous Ca’* sparks and Ca’' transients were recorded
using linescans that were obtained at 0.5 ms per line. Images were
processed and analysed using both MATLAB 7.1 software (Math-
Works) and ImagelJ (Scioncorp). Detection criteria of 3.8x SD for
Ca’" sparks were set, and automated counting of Ca®" sparks was
performed using the Sparkmaster plug-in for ImagelJ [38].

Flow cytometry

Differentiated cell clusters were dissociated into single cells
with 0.25% trypsin-EDTA and were then fixed and stained with
anti-human CTNT antibody (R&D Systems) and goat anti-mouse
FITC-conjugated secondary antibody (Santa Cruz) in PBS plus
0.5% BSA and 0.1% saponin (Sigma) at 4 °C. Stained cells were
kept in 4% paraformaldehyde for subsequent quantitative analysis.
Data were collected using a FACScalibur (Becton Dickinson) and
analysed with FlowJo software (Treestar).

Real-time RT-PCR

Total RNA was isolated from a single well of a 24-well plate of
differentiated hESCs using Qiagen’s RNeasy Plus Mini kit. Then,
1 pg of total RNA was reverse transcribed with the SuperScript
I First-Strand Synthesis System (Invitrogen). RT-PCR was per-
formed using rTaq DNA Polymerase (Takara). Real-time PCR was
performed in triplicate using the 2x QuantiFast SYBR Green |
PCR Master Mix (Qiagen) on a Rotor Gene 6200 Real-Time PCR
Machine (Corbett) with an annealing temperature of 60 °C. The
expression of each gene was normalized to GAPDH gene expres-
sion. Primer sequences are listed in Table 2.
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Table 2 Primer sequences used for gPCR
Gene Forward Primer Reverse Primer Tm
NXK2.5 acctcaacagctccctgactct ataatcgccgecacaaactetee 60 °C
CTNT ttcaccaaagatctgctccteget ttattactggtgtggagtggetatee 60 °C
IRX4 ttecgttctgaagegtggte tgaagcaggcaattattggtgt 60 °C
GAPDH gaaatcccatcaccatcttccagg gagccccagccttctceatg 60 °C
Immunofluorescence cytes derived from human embryonic stem cells in pro-

Differentiated cultures (60 days old) were digested with 0.25%
trypsin-EDTA, and the cells were plated on gelatin-coated cov-
erslips for 5 days to allow full attachment to occur. Cells were
then fixed in 4% paraformaldehyde and incubated with primary
antibodies: anti-human CTNT (R&D systems), mouse anti-human
a-Actinin (Sigma), mouse anti-human f-MHC (ATCC), mouse
anti-human MLC-2A (Synaptic Systems), or rabbit anti-human
MLC-2V (ProteinTech Group). Goat anti-mouse secondary anti-
body conjugated with DyLight 488 (Santa Cruz Biotechnology)
and goat anti-rabbit secondary antibody conjugated with Tritc
(Santa Cruz Biotechnology) were used as needed. After the nuclei
were counterstained with 4',6-diamidino-2-phenylindole (DAPI;
Sigma), immunofluorescence images were visualised and recorded
using an Olympus microscope system X51 or Olympus LSCM
FV1000.

Western blotting

One well of a 24-well plate of 60-day-old differentiated cells
was lysed with RIPA lysis buffer (Biomiga) for western blot-
ting. Blots were incubated with mouse anti-human CTNT, mouse
anti-human f-MHC, rabbit anti-human MLC-2V, goat anti-ANF,
mouse anti-human MLC-2A, mouse anti-human p-actin, rabbit an-
ti-phospho smad1/5/8 and rabbit anti-smad1/5/8 separately. Blots
were then incubated with HRP-conjugated goat anti-mouse or anti-
rabbit antibody.
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