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ABSTRACT: In vitro differentiation of embryonic stem cells is
tightly regulated by the same key signaling pathways that control
pattern formation during embryogenesis. Small molecules that
selectively target these developmental pathways, including Wnt,
and BMP signaling may be valuable for directing differentiation
of pluripotent stem cells toward many desired tissue types, but
to date only few such compounds have been shown to promote
cardiac differentiation. Here, we show that XAV939, a recently
discovered small molecule inhibitor of Wnt/β-catenin signaling,
can robustly induce cardiomyogenesis in mouse ES cells. Our
results suggest that a timely administration of XAV939 imme-
diately following the formation of mesoderm progenitor cells
promotes cardiomyogenic development at the expense of other
mesoderm derived lineages, including the endothelial, smooth
muscle, and hematopoietic lineages. Given the critical role that
Wnt/β-catenin signaling plays in many aspects of embryogenesis and tissue regeneration, XAV939 is a valuable chemical probe to
dissect in vitro differentiation of stem cells and to explore their regenerative potential in a variety of contexts.

Pluripotent stem cells, capable of self-renewal and differentia-
tion into multiple tissue types, are a promising source of cells

for repairing damaged adult tissues, including the heart.1,2 The
prospect for regenerative therapies using stem cells has been
greatly advanced by recent breakthroughs in induced pluripotent
stem (iPS) cells, derived from adult somatic tissues.3-8 However,
numerous formidable challenges remain before the regenerative
potential of stem cells can be harnessed. Foremost of these is a
dearth of robust methods and inexpensive small molecule
reagents to generate sufficient quantities of desired cell types
from pluripotent stem cells. A better understanding and small
molecule tools to direct differentiation of stem cells will provide
the framework for future efforts to harness their regenerative
potential.

Because differentiation of pluripotent stem cells in vitro utilizes
the same key developmental programs that guide differentiation
during embryogenesis, the ability to precisely control these
programs would be a powerful approach to achieve directed
differentiation in vitro. For instance, theWnt/β-catenin and BMP
(bone morphogenetic protein) pathways play central roles in
both embryonic patterning and in guiding differentiation of
pluripotent stem cells.9-12 We recently demonstrated that
dorsomorphin, a small molecule BMP inhibitor, could be used

for induction of cardiomyocytes in embryonic stem (ES) cells.13

In the context of ES cell differentiation via embryoid body (EB)
formation, small molecules offer two major advantages over
protein-based cell signaling modulators, such as Noggin and
DKK1, or neutralizing antibodies. First, small molecules can
readily penetrate multiple cell layers to modulate signaling through-
out the EB, yieldingmore consistent results, whereas much larger
proteins may not be able to access the protein core. Another
significant advantage of small molecules is that they are less
expensive than recombinant proteins, affording greater flexibility
in testing of different direct differentiation protocols and scale-up
production of desired cell types.

Versatility of a small molecule is particularly important for
functional dissection of developmental pathways, such as the
Wnt/β-catenin, which plays critical yet complex roles in regulat-
ing a number of diverse developmental events in embryogenesis
and ES cell differentiation. 11,14,15 Since inhibition of Wnt/ β-
catenin signaling appears to be crucial in cardiomyocyte forma-
tion across many models including Xenopus and chick embryos,

Received: August 19, 2010
Accepted: November 15, 2010



193 dx.doi.org/10.1021/cb100323z |ACS Chem. Biol. 2011, 6, 192–197

ACS Chemical Biology ARTICLES

zebrafish, and ES cells,9-11,15 we examined whether XAV939, a
recently discovered small molecule inhibitor of Wnt/β-catenin
signaling (Figure 1B), 16 could enhance cardiomyocyte induction
in ES cells. Here we show that timely administration of XAV939
robustly promoted cardiomyogenesis in mouse ES cells at the
expense of other mesoderm derived lineages, including endothe-
lial, smooth muscle, and hematopoietic lineages. Small molecule
modulators of developmental signaling such as XAV939 and
dorsomorphin show promise as valuable chemical reagents to
regulate differentiation of pluripotent stem cells and to probe
developmental programs involved in differentiation.

’RESULTS AND DISCUSSION

Timely Chemical Inhibition of Wnt/β-Catenin Signaling
Induces Cardiomyogenesis in Mouse ES Cells. To assess the
impact of XAV939 treatment in a more reproducible and
quantitative manner, we utilized the previously reported method
of forming EBs in 96-well microtiter plates.13 In brief, aliquots of
500 CGR8 mouse ES cells were distributed in uncoated round-
bottom microtiter plates in differentiation media, and cells were
allowed to aggregate at the bottom of each well by gravity or by
brief centrifugation. After 7-12 days of differentiation, any EB
that contained visible clusters of spontaneously contracting cells

was scored as a positive. Using this protocol, we administered
XAV939 (1 μM) at various time intervals during EB differentia-
tion. Particular attention was paid to the time window from day
2.5 to 5 of differentiation because administration of the protein
Wnt antagonist DKK1 starting around day 3 was reported to
promote cardiomyogenesis in mouse ES cells.10,11

Of the various time intervals examined, we found that XAV939
treatment from day 3 to day 5 of differentiation resulted in over
95% of EBs that beat spontaneously by day 10 (Figure 1A andC).
Similarly robust cardiomyocyte induction was observed in
XAV939-treated R1 mouse ES cell line, indicating that the
procardiogenic effects of XAV939 was not cell line-restricted
(Supplementary Figure 1). By contrast, only about 3% of DMSO
vehicle-treated EBs (Figure 1C) and 5% of EBs treated with
RF03922, a structural analogue of XAV939 without Wnt inhibi-
tory activity, beat (Supplementary Figure 2A and B).
XAV939, a tankyase1/2 inhibitor, stimulates β-catenin degrada-

tion by stabilizing Axin, a component of the β-catenin degradation
complex.16 As expected for aWnt inhibitor, treatmentwithXAV939
(1 μM) significantly reduced the β-catenin protein level in ES cells
and resulted in 95.8% and 92.8% reduction in expression of the
Wnt/β-catenin responsive genes Axin 2 and Cyclin D, in compar-
ison toDMSO treatment (Figure 1D and Supplementary Figure 3).
Moreover, consistent with prior reports,10,11 treatment with DKK1
during the same day 3 to 5 time window also resulted in similarly
high percentage of EBs that beat (Figure 1C). Taken together, our
results suggest that the procardiogenic effects of XAV939 were
mediated through Wnt inhibition.
Interestingly, IWR-1-endo,17 another recently reported small

molecule Wnt inhibitor that also promotes β-catenin degrada-
tion by stabilizing Axin-scaffolded destruction complex, failed to
significantly induce cardiomyogenesis in ES cells (Supplemen-
tary Figure 2C andD). The reason for this difference is unknown,
but since DKK1 could also induce cardiomyogenesis in this
model, we do not believe that the difference reflects off-target
effects of XAV939. Rather, we speculate that IWR-1-endo, which
does not yet have a known cellular target, unveils additional cell
transduction events that counteract the procardiogenic effects of
the canonical Wnt signaling.
Robust Induction of Cardiomyogenesis by XAV939. To

aid in gauging the extent of cardiomyogenesis, we used CGR8-
Dsred cells, a derivative of the CGR8 mouse ES cells that stably
express the nuclear red fluorescent protein gene (DsRed-Nuc)
under the control of R-myosin heavy chain (R-MHC) promoter.
ES cells exposed to XAV939 from day 3 to 5 of differentiation
formed large, synchronously beating areas containing numerous
DsRedþ cells by day 10 of differentiation (Figure 2A), whereas
DMSO-treated ES cells produced tiny beating areas containing
very few DsRedþ cells (Figure 2B). Overall, an average of 55.6%
of cells in XAV939-treated cells were DsRedþ, whereas 1.8% of
DMSO-treated cells were DsRedþ, representing an approxi-
mately 30-fold increase in the relative abundance of cardiomyo-
cytes following treatment with XAV939 (Figure 2C). Increased
formation of cardiomyocytes was confirmed by immunostaining
for the cardiac sarcomere proteins Troponin-T and R-actinin
(Figure 2D).
Consistent with a robust cardiac induction, the XAV treatment

of ES cells from day 3 to 5 of differentiation led to huge increases
in the expression of several cardiac genes, as measured by
quantitative real-time PCR (Q-PCR). For example, XAV treat-
ment resulted in a 22-fold increase in the cardiac myosin heavy
chain gene (Myh6) expression and a 6.1-fold increase in the

Figure 1. Inhibition of Wnt/β-catenin signaling with the small mole-
cule XAV939 promotes formation of spontaneously beating embryoid
bodies. (A) Critical time window for ES cell cardiomyocytes induction
with XAV939 (XAV). XAV treatments from day 2.5 to 4, day 2.5 to 5,
day 3 to 4, day 3 to 5, and day 4 to 5 are represented by red horizontal
bars, and the percentages of embryoid bodies (EBs) that beat sponta-
neously at day 10 of differentiation are shown on the right. Results were
obtained from at least 48 EBs for each time point. (B) Chemical
structure of XAV939 (3,5,7,8-tetrahydro-2-[4-(trifluoromethyl)phenyl]-
4H-thiopyrano[4,3-d]pyrimidin-4-one). (C)When administered during
the day 3 to 5 window, both DKK1 and XAV939 greatly promoted
formation of spontaneously beating EBs in comparison to DMSO (P =
0.001 for both, P-value was calculated using a two-tailed Student’s t test
with paired samples throughout this paper, unless otherwise indicated).
Results were obtained from at least 48 EBs in three independent
experiments, and standard error was used for graphic plotting through-
out this paper, unless otherwise indicated. (D) Western blot confirmed
that β-catenin level was effectively down-regulated in XAV treated EBs
(day 5 samples).
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cardiac marker Nkx2.5 expression at day 10 of differentiation, in
comparison to DMSO treatment (Figure 3A and B). Moreover,
Western blotting with cardiac Troponin-T antibody showed a
much higher cardiac Troponin-T protein level in XAV939-
treated EBs than in DMSO control-treated EBs (Figure 3C).
Cardiomyocyte induction by XAV939 treatment was further

quantified by FACS analysis. At day 10 of differentiation, EBs
treated with XAV939 or DMSO were dissociated and stained with
anti-R-actinin and secondary AlexaFluor-488 antibodies. FACS
analyses showed that approximately 58% of XAV939-treated ES
cells were positive for sarcomere protein R-actinin, whereas only
about 2.1% of DMSO-treated cells were positive for R-actinin,
representing an approximately 28-fold increase in the abundance of
R-actininþ cells (Figure 3D andE). Thus, by a number ofmeasures,
cardiac induction by a timely treatment of ES cells with XAV939 is
very robust (Figure 2C and Figure 3D and E).
Inhibition of Wnt/β-Catenin Signaling Promotes Cardio-

myogenesis at the Expense of Other Mesoderm-Derived
Cell Lineages. Since day 3 of mouse ES cell differentiation

corresponds to the period immediately after the initial appear-
ance of BryTþ mesoderm cells,13 we reasoned that XAV939
treatment from day 3 to 5 was inducing cardiomyogenesis by
perturbing the developmental repertoire of mesoderm progeni-
tor cells. To gain further insights into how XAV939 treatment
promotes cardiomyogenesis, we examined the impact of XAV939
treatment on the RNA expression levels of the mesoderm-
derived hematopoietic, endothelial and smooth muscle cell-
specific markers. In contrast to the cardiomyocyte markers, we
found that XAV939 treatment significantly decreased the expres-
sion of the hematopoietic progenitor marker Gata1 (Figure 4A)
and the smooth muscle-specific myosin heavy chain geneMyh11
(Figure 4B). Furthermore, XAV939 treatment resulted in a
drastic reduction in the expression of the vascular marker KDR
(Flk-1/Vegfr2) and vascular endothelial-cadherin (VE-Cad)
expression at days 6 and 8, suggesting that XAV939 treatment
decreases endothelial cell differentiation (Figure 4C and D).
Next, we examined whether the substantial cardiomyocyte

induction by XAV939 was associated with a similarly impressive
induction of the ectoderm or the endoderm. Because the tem-
poral window for efficient cardiomyocyte induction by XAV939
(day 3-5; Figure 1A) falls beyond the time frame for expression

Figure 2. ES cells treated with XAV939 (XAV) from day 3 to 5 formed
large areas consisting of spontaneously beating cardiomyocytes. CGR-
DsRed ES cells, which express DsRed-Nuc fluorescent protein under the
control of cardiac R-MHC promoter, formed numerous red fluorescent
nuclei following XAV treatment (A), versus relative few fluorescent
nuclei following DMSO treatment (B). (C) Approximately 55.6% of
DAPIþ nuclei co-expressed DsRed following XAV treatment, versus
1.8% following DMSO treatment (P = 0.009). Results were obtained
from 6 fields of XAV-treated EBs (on average, 59.6 DsRedþ cells out of
107.2 DAPIþ cells) and 6 fields of DMSO-treated controls (on average,
1.6 DsRedþ cells out of 92.2 DAPIþ). (D) XAV939 treated ES cells
formed larger areas of cardiomyocytes that expressed sarcomere proteins
R-actinin (above) and cardiac Troponin-T (below). Left panels, im-
munostaining for sarcomere proteins (green). Middle panels, To-Pro-3
stained nuclei (blue). Right panels, merged images. Confocal images
were taken using a Zeiss inverted LSM 510 confocal microscope (40�).

Figure 3. XAV939 treatment from day 3 to 5 of ES cell differentiation
strongly induces cardiomyogenesis. (A, B) XAV treatment led to a huge
increase in expression of cardiac markers Myh6 and Nkx2.5. Q-PCR
results represent relative expression normalized to that of DMSO-
treated cells at day 0. Measurements were obtained from at least three
independent experiments for each time-point. Red bars represent
XAV939-treated results, and gray bars represent DMSO-vehicle treated
results. P-values for Myh6 expression at day 8 and 10 following XAV
treatment were both <0.0001, in comparison to DMSO-vehicle treat-
ment as negative controls. P-values for Nkx2.5 expression at day 8 and 10
following XAV treatment were 0.0004 and 0.0006, respectively, in com-
parison to DMSO treatment. (C) Western blot showing much higher
levels of the cardiac Troponin T protein in XAV-treated ES cells on day
10 in comparison to DMSO-treated controls. Antibody against R-
tubulin was used as loading control. (D, E) Representative FACS
analysis showing an approximately 28-fold increase in the fraction of
R-actininþ cells following XAV939 treatment versus DMSO controls.
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of the earliest endoderm and ectoderm markers,18,19 we exam-
ined the impact of XAV939 on expression of Foxa1 (endoderm)
and Nestin (ectoderm), which are present from early embryonic
germ layers to later derivatives. OurQ-PCR analyses indicate that
the day 3 to 5 treatment with XAV939 had only a modest effect
(less than 1.5-fold difference) on either the Nestin or the Foxa2
expression (Supplementary Figure 4). Thus, while these results
do not rule out an indirect role played by ectodermal or
endodermal derivatives, the XAV939-induced cardiomyocyte
formation does not appear to involve stoichiometric increases
in either lineages.

On immunohistochemistry, DMSO-treated EBs formed large
contiguous patches of cells expressing the endothelial marker
Pecam-1 with very few cells expressing the cardiac marker Nkx2.5
(Figure 4E). By contrast, XAV-treated EBs formed large patches
of Nkx2.5þ cells juxtaposed to considerably smaller patches of
Pecam-1þ cells (Figure 4F). Taken together, our results suggest
that inhibition of Wnt/β-catenin signaling soon after the initial
formation to early mesoderm cells at day 3 of differentiation leads
to the huge induction of cardiomyocyte formation at the expense
of cells of other mesoderm lineages, such as endothelial cells.
A possible explanation for the relative enrichment of cardio-

myocytes and reduction of other mesoderm-derived cell lineages
is that the XAV939 treatment led to preferential apoptosis of
noncardiac cell types. However, we did not detect significant
apoptosis in differentiating ES cells that were treated with either
DMSO control or XAV939 (Supplementary Figure 5).
Summary. Pluripotent stem cells, especially patient-derived

iPS cells, show great promise as a source of cells for regenerative
therapy as well as a platform for drug discovery and patient-
specific diagnostics. However, given the inherent complexity of
stem cell biology, it is imperative to gain a better understanding
of the mechanism of stem cell differentiation and to develop
robust and inexpensive methods to direct differentiation of stem
cells toward desired tissue types. In principle, small molecules
that selectively modulate key nodal points in embryonic devel-
opment, such as the BMP and Wnt signaling pathways, are
valuable tools for dissecting signaling pathways involved in
lineage commitment of pluripotent stem cells and as pharma-
ceutical agents to direct stem cell differentiation toward desired
cell types.20,21

Here, we report an efficient method to robustly induce
cardiomyocytes in mouse ES cells using XAV939, a recently
described small molecule inhibitor of the Wnt/β-catenin signal-
ing. Thus, XAV939 joins a handful of small molecules that can
robustly promote cardiomyogenesis in stem cells. Using this
small molecule to precisely control the timing of Wnt/β-catenin
signaling during ES cell differentiation, we showed that Wnt
inhibition limited to a narrow temporal window of day 3 to 5
differentiationwas sufficient for huge induction in cardiomyocyte
formation over DMSO controls. Interestingly, this time window
corresponds to the initiation of mesoderm formation and
specification into various mesoderm lineages. Consistent with
earlier reports, we find that inhibiting Wnt signaling during this
stage promotes the formation of cardiomyocyte at the expense of
other mesoderm-derived cells, such as endothelial, hematopoie-
tic, and smooth muscle cells. Indeed, our results suggest that, in
the in vitro model of mouse ES cell differentiation, the predomi-
nant differentiation program for newly formed mesoderm cells
appear to be vascular endothelial cells. Blocking Wnt signaling
during the critical period appears to shift developmental program
toward cardiomyogenesis.
Since developmental pathways such as Wnt/β-catenin and

BMP signaling function at multiple nodes in embryogenesis to
specify formation of many different tissue types in the body, small
molecules that selectively modulate them will be useful for
directed differentiation of variety of cell types from pluripotent
stem cells. For example, dorsomorphin, a small molecule BMP
signaling inhibitor was used to induce differentiation of ES cells
into cardiomyocytes as well as neurons.13,22 Since Wnt/β-
catenin signaling is critical for the formation of multiple tissues
in the embryo, XAV939 could also be valuable for directing
in vitro differentiation of stem cells toward many additional cell

Figure 4. XAV939 treatment promotes cardiomyogenesis at the ex-
pense of other mesoderm lineages. XAV939 treatment decreased the
expressions of mesoderm-derived cell lineage markers, including the
hematopoietic marker Gata1 (A), the smooth muscle-specific myosin
heavy chain geneMyh11 (B), and the endothelial markers Flk-1 (C) and
vascular endothelium-cadherin (VE-cad) (D). XAV treatment led to a
huge increase in expression of cardiac markers Myh6 and Nkx2.5. Q-
PCR results represent relative expression normalized to that of DMSO-
treated cells at day 0. Measurements were obtained from at least three
independent experiments for each time-point. Red bars represent
XAV939-treated results, and gray bars represent DMSO-vehicle treated
results. (E) DMSO-treated ES cells rarely formed cells that express the
cardiac Nkx2.5 protein (red immunostaining, middle panel) but rather
formed large patches of cells that express the endothelial Pecam-1
protein (green immunostaining, left panel). (F) By contrast, XAV939-
treated ES cells formed large areas of Nkx2.5 expressing cardiomyocytes
(middle panel) and considerably smaller areas of Pecam-1 expressing
endothelial cells (left panel). (E, F) Right panels are merged images.
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types. Finally, should XAV939 or its future structural analogues
be proven to have favorable in vivo bioavailability, they could
serve as important pharmacologic tools to explore the regenera-
tive potential of stem cells in live animals.

’METHODS

Cell Culture and Chemicals. Murine ES cell lines, CGR8,
CGR8-Dsred, and R1, were grown in feeder-free conditions as mono-
layers. CGR8 cells were maintained in GMEM (Sigma-Aldrich) supple-
mented with 10% FBS (Gibco), 2 mM L-glutamine (Cellgro), 0.05 mM
2-mercaptoethanol (Sigma-Aldrich), and 200 U/mL murine LIF (Chemi-
con International). R1 cells were maintained in High Glucose DMEM
(Gibco) supplemented with 15% FBS, 2 mM L-glutamine, 1X nones-
sential amino acids, 100 U/mL penicillin-100 μg/mL streptomycin
(Cellgro), 0.05mM2-mercaptoethanol, 1mM sodium pyruvate (Sigma-
Aldrich), and 200 U/mL murine LIF. Both cell lines were cultured on
0.2% gelatin-coated dishes. Every 24 h, cells were washed in 1X PBS and
culture media was replaced. Cells were passaged when confluence reac-
hed 50-60% to preserve the undifferentiated phenotype. XAV939 and
RF03922 were purchased fromMaybridge (Cornwall, England). IWR-1-
endo was purchased from Caymam Chemical (Ann Arbor, MI).
ES Cell Differentiation. ES cells were trypsinized, and embryoid

bodies (EBs) were generated by the three-dimensional hanging drop
method (day 0). Briefly, EBs were grown in hanging drops for two days
(day 0 to day 2), each of which initially consisted of 500 cells in 20 μL of
EB differentiationmedia. The EB differentiationmedia was composed of
IMDM (Gibco) supplemented with 20% FBS, 1.6 mM L-glutamine, 1X
nonessential amino acids, 0.08 mM 2-mercaptoethanol, and either 2 μM
dorsomorphin or DMSO. For R1 cells, differentiation media additionally
contained 1 mM sodium pyruvate. At day 2 of differentiation (day 2),
The EBs were washed down and transferred to uncoated Petri dishes
and suspended in differentiation media. EBs were treated with XAV939
or DMSO from day 3 to day 5, and on day 4, the EBs were moved to
gelatin-coated 6-well plates, allowed to attach, and incubated in differ-
entiation media until day 14. Throughout this time, the media was re-
placed every 48-72 h. Each day, differentiating cell clusters were
microscopically examined for the presence of contracting cardiomyo-
cytes and, in the case of CGR8-DsRed cells, red fluorescence.

In the second culture technique, aliquots of 500 ES cells were
distributed in uncoated 96-well round-bottom plates with 100 μL of
differentiation media. XAV939 or DMSO was added in the medium
from day 3 andwashed out on day 5. EBs weremicroscopically examined
for contracting cardiomyocytes on days 8 through 12. Any well contain-
ing spontaneously beating cells was recorded as 1 positive result.
Dsred/DAPI Cell Counting. DsRed CGR8 ES cells treated with

XAV939 or DMSO were trypsinized on day 12 and resuspended in EB
medium. DAPI was added into the cells at a final concentration of 5 μM,
and the cells are ready to count after 10min of staining. A 2 μL sample of
cell solution was loaded on coverslips, and Dsredþ and DAPIþ were
counted under fluorescence microscopy. Each area was counted three
times to get average numbers.
FACS Analysis. EBs were dissociated into single cell suspensions

after trypsinization. Following a wash with 10%FBS/DMEM, cells were
permeabilized with 0.05% saponin/PBS buffer for 20 min on ice. Cells
were then stained with an R-Actinin antibody (Sigma; 1:100 dilution in
10%FBS/DMEM) for 1 h. Following washes with 10%FBS/DMEM,
cells were incubated with an antimouse secondary antibody conjugated
to AlexaFluor-488 (1:400 dilution in 10%FBS/DMEM) for 30 min in
dark. After additional washes in 10%FBS/DMEM, cells were resuspen-
ded in 300 μL 10%FBS/DMEM and analyzed on the 5-laser BD LSRII
FACS instrument.
Immunostaining and Confocal Microscopy. EBs treated

with XAV939 or DMSO (day 3-5) were plated at day 4 on glass

coverslip culture chambers coated with 1% gelatin. At day 10, EBs were
fixed in 5% formaldehyde at RT for 30 min and then permeabilized with
0.2% Triton X-100 in PBS. After blocking with 1 mg/mL BSA in PBS,
cells were incubated with mouse monoclonal anti-R-Actinin (Sigma) or
mouse cardiac Troponin T (Santa Cruz) antibodies at concentrations
recommended by the manufacturers. After overnight incubation, cells
were washed several times with PBS and then incubated with the
AlexaFluor-488-conjugated rabbit antimouse IgG (Molecular Probes)
and 5 μM 40-6-diamidino-2-phenylindole (DAPI). Immunostaining
images were obtained using both a Leica inverted microscope (10�)
and a Zeiss inverted LSM 510 confocal microscope (40�).
Quantitative Real-Time PCR. Cells were harvested on days 0, 2,

3, 4, 6, 8, 10, and 12 of EB differentiation and stored at -80 �C in cell
lysis buffer RLT (Qiagen). Three independent samples were collected
for each time point studied. Total RNA was extracted using the RNeasy
Mini Kit according to the manufacturer’s instructions and treated with
RNase-free DNase I (Qiagen). First-strand cDNA was synthesized with
the SuperScript III First-Strand Synthesis SuperMix for qRT-PCR
(Invitrogen). Using cDNA as template, TaqMan real-time PCR assays
was performed in triplicates on the ABI Prism 7900 HT sequence
detection system (Applied Biosystems) according to the manufacturer’s
instructions. Data were normalized to GAPDH, and levels of gene
expression were normalized to that of day 0 DMSO-treated cells.
The following TaqMan probe and primer sets (Applied Biosystems)
were used: nkx2.5 (Mm00657783_m1), myh6 (Mm00440354_m1),
Axin2 (Mm00443610_m1), Cyclin D (Mm00432360_m1), Nestin
(Mm00450205_m1), Foxa2 (Mm00839704_mH) and GAPDH
(Mm99999915_g1).
Western Blotting. Lysates of EBs on day 10 were separated by

SDS-PAGE and transferred onto PVDFmembrane. Themouse cardiac
Troponin T expression was detected by Odyssey system (Li-Cor
Bioscience) following incubation with mouse cardiac Troponin T
antibody (Santa Cruz, 1:200 dilution) and IRDye 800CW-conjugated
goat antimouse IgG (Li-Cor Bioscience, 1:5000 dilution). Mouse R-
tubulin antibody (Abcam, 1:2000) was used as a loading control. To
detect β-catenin, day 5 EB lysates were collected and Western blotting
was carried out in similar way as the above except antirabbit β-catenin
(Santa Cruz, 1:200 dilution) was used.
TUNEL Assay. Apoptotic cells within EBs were detected at day 6

and 8 of differentiation using the in situ TUNEL (terminal deoxynu-
cleotidyl transferase dUTP nick end labeling) assay, following the
manufacturer’s instructions (Roche Applied Science). Apoptotic cells
were then analyzed under a Leica inverted microscope. For positive
control, EBs were treated with DNase I (3000 U/mL) for 25 min at RT
to induce DNA strand breaks prior to the labeling procedure.
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