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Cell-based therapies using pluripotent stem cells hold great promise as regenerative approaches to treat
many types of diseases. Nevertheless many challenges remain and, perhaps foremost, is the issue of how to
direct and enhance the specification and differentiation of a desired cell type for potential therapeutics. We
have examined the molecular basis for the inverse correlation of cardiac and skeletal myogenesis in small
molecule-enhanced stem cell differentiation. Our study shows that activation of premyogenic factor Pax3
coincides with inhibiting gene expression of early cardiac factor GATA4. Interestingly, the inhibitory effect
of small molecules on cardiac differentiation depends on the function of Pax3, but not the mesoderm factor
Meox1. Thus Pax3 is an inhibitor of cardiac differentiation in lineage specification. Our studies reveal the
dual roles of Pax3 in stem cell fate determinations and provide new molecular insights into small
molecule-enhanced lineage specification.

C
ell-based therapies using embryonic stem (ES) cells or induced pluripotent stem cells hold great promise as
regenerative approaches for treating many types of diseases. Nevertheless many challenges remain and,
perhaps foremost, is how to direct and enhance the specification and differentiation of a desired cell type

for potential therapeutics. Deciphering the molecular mechanisms underpinning lineage commitment is critical
to developing the best strategies to direct lineage specific differentiation of pluirpotent stem cells.

Retinoic acid (RA) affects the lineage specification of ES cells in a time- and concentration-dependent man-
ner1,2. Treatment of ES cells with low concentrations of RA (,1027 M) at the stage of lineage specification results
in an enhancement of skeletal myogenesis, but an inhibition of cardiomyogenesis2. However, when the low
concentration of RA is administered at the late stage of differentiation, skeletal myogenesis is inhibited, whereas
cardiomyogenesis is enhanced2.

On a cellular level, the process of cardiomyogenesis involves the specialization of mesoderm cells into pre-
cardiac mesoderm cells, and the differentiation of these precursor cells into cardiomyoblasts and eventually
working cardiac muscle3,4. This development is controlled by the cardiac transcription factors such as GATA
binding protein 4 (GATA4), NK2 transcription factor related, locus 5 (Nkx2.5), and T-box 5 (Tbx5) which are
first expressed in cardiac muscle precursor cells and then proceed in concert to activate the expression of other
cardiac muscle genes5–9. The GATA4 is an evolutionarily conserved zinc finger protein and a key regulator of
endoderm and mesoderm development in the post gastrula embryo10,11. It controls the expression of genes critical
for cardiac differentiation, and interacts with many transcription factors to regulate cardiomyogenesis12. While
loss of function mutations in GATA4 or Nkx2.5 causes congenital heart diseases, over-expression of any of these
factors can initiate cardiomyogenesis7,13–15. Finally, specific over-expression of GATA4 and Tbx5 is sufficient to
generate functional cardiomyocytes from cardiac fibroblasts16,17.

Skeletal muscle development is a complex process that requires combined signaling of many myogenic
regulatory factors such as Myf5, MyoD and Myogenin18. The premyogenic factor Pax3 is important for embry-
onic skeletal muscle development by acting upstream of muscle-specific program19–21. Ectopic expression of Pax3
at the early stage of differentiation enhances mesoderm formation and increases the muscle potential of Pax3-
induced ES cells22. On the other hand, overexpression of mesoderm factor Meox1 per se does not increase
myogenic differentiation, but a dominant negative Meox1 downregulates Pax3 expression and decreases the
differentiation of pluripotent P19 embryonal carcinoma (EC) cells into skeletal myocytes23.

In this study, we focus on the molecular basis for the inverse correlation of cardiac and skeletal myogenesis in
small molecule-enhanced stem cell differentiation. Our studies revealed that the progenitor factor Pax3 plays dual
roles in lineage specification.
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Results
Bexarotene inhibits the commitment of ES cells into cardiomyo-
cytes. Since the early events of embryonic myogenesis is recapitu-
lated closely by differentiation of ES cells into cardiac and skeletal
muscle lineages24,25, we used an embryoid body (EB) formation
approach to study the impact of small molecules on myogenic
conversion of ES cells. The ES cells were cultivated in the hanging
drops for 2 days to form the EBs which were then cultured in
suspension for 5 days and maintained as adhering culture for
additional 10 days (Fig. 1A). For immunofluorescence microscopy
analysis, the cells were co-stained for myosin heavy chain and MyoD
to quantify the development of cardiac and skeletal myocytes.
Developed cardiac and skeletal myocytes are distinguished by their
staining pattern and morphological characteristics. Skeletal
myocytes were recognized as elongated bipolar myocytes positively
stained for myosin heavy chain and MyoD, while cardiac myocytes
are rounded myosin heavy chain positive but MyoD negative cells.

Cultured in media favorable for differentiation of skeletal myo-
cytes but in the absence of small molecule inducers, ES cells were able
to spontaneously differentiate into cardiac and skeletal myocytes but
at low frequencies. Only about 1.5% of cardiac and 1% of skeletal
myocytes were generated as determined by the quantitative immu-
nofluorescence microscopy (Fig. 1B and C). In line with the literat-
ure2, treatment of the ES cells with RA during day 2–5 of EB
formation, attenuated the generation of cardiac myocytes while

enhancing skeletal myogenesis moderately to about 3% (Fig. 1B
and C).

Bexarotene, a selective ligand of retinoid X receptor (RXR), is a
more efficient inducer for ES cells to differentiate into skeletal myo-
cytes than RA26. To delineate the mechanisms of bexarotene action,
we examined the impact of bexarotene on the specification of cardiac
lineage in ES cell differentiation. As shown in figure 1B and C, bex-
arotene inhibited the differentiation of ES cells into cardiac myo-
cytes, while markedly increased the specification of skeletal muscle
lineage to about 11%. Moreover, the quantitative real-time RT-PCR
analyses revealed that bexarotene increased the transcripts of Meox1
more potently than RA in the EBs, whereas it was less efficient at
increasing the transcripts of Pax3 (Fig. 1D). Thus, our findings estab-
lish that bexarotene, is also an inhibitor of cardiac differentiation,
similar to RA in ES system, if administered during EB formation.

Inhibition of GATA4 early expression by bexarotene. Pluripotent
P19 stem cells can be directed into differentiation to form cell
lineages of all three germ layers27,28. They have served as a valuable
model system to study myogenesis and to identify small molecule
inducers for lineage specification26,28. Specifically, the differentiation
of P19 cells into cardiac and skeletal myocytes reflects the cellular and
molecular processes occurring in early embryogenesis and ES cell
differentiation26,29. In tissue cultures, the P19 cells can be induced
into differentiation with an aggregation protocol that involves the
formation of early embryo-like cell aggregates also known as EBs
(Fig. 2A). Formation of the EBs in the absence of exogenous
stimuli results in the expression of markers of mesoderm, but not
of cardiac or skeletal myocytes30. Cells treated with DMSO differen-
tiate into small percentages of cardiac and skeletal myocytes along
with other mesodermal and endodermal cell types31.

As shown in figure 2B and C, DMSO induced about 8% of cardiac
and 6% of skeletal myocytes in the P19 cells, respectively, as quan-
tified by quantitative immunofluorescence microscopy, consistent
with previous studies. Cotreatment of the EBs with RA enhanced
the generation of skeletal myocytes, while attenuating cardiac differ-
entiation (Fig. 2B and C), as previously reported32. Bexarotene
enhances the specification of muscle lineage in a concentration
dependent manner and the efficacies of bexarotene on the differenti-
ation of P19 cells into skeletal myocytes is comparable to RA26. More
interestingly, bexarotene also inhibited the generation of cardiac
myocytes by P19 cells in a concentration dependent manner (Fig. 2B
and C). While higher concentrations of bexarotene enhanced the
specification of skeletal muscle lineage to about 20%, it markedly
impeded cardiac differentiation (Fig. 2B and C). Nevertheless, this
negative effect of bexarotene on P19 cardiac differentiation appears
to be less potent than RA (Fig. 2C).

Western analysis revealed that the expression of GATA4, an early
cardiac factor, was induced by day 4 of differentiation following
treatment of the EBs with DMSO (Fig. 2D). This early expression
of GATA4 gene was notably impaired by the administration of bex-
arotene or RA (Fig. 2D). Again, RA appears to be more effective than
bexarotene on the inhibition of GATA4 gene expression. However,
the expression of myogenin protein, a specific skeletal muscle factor
was enhanced by bexarotene or RA to a similar degree on day 9 of
differentiation, correlating with their efficacies on the specification of
skeletal muscle lineage (Fig. 2B–D). The expression of Meox1 and
Pax3 was increased by bexarotene and RA by day 4 of differentiation.
Similar to ES cell differentiation, bexarotene increased the level of
Meox1 gene expression more than RA, whereas RA had a higher
impact than bexarotene on the expression of Pax3 gene, by about
2-fold (Fig. 2E and F). Thus, the temporal gene expression pattern
induced by bexarotene during P19 myogenic differentiation is sim-
ilar to skeletal myogenesis in vivo and in ES cell differentiation. In
addition, the inhibitory effects of bexarotene and RA on cardiac

Figure 1 | Bexarotene inhibits the differentiation of ES cells into cardiac
myocytes. (A) ES cells were grown in hanging drops for 2 days, in

suspension with RA (5 nM) or bexarotene (BEX, 50 nM) for 5 days, and

maintained on coverslips without any treatments for an additional 10 days.

The cells were then harvested for RT-PCR analysis, or costained with

specific antibodies for microscopic analysis of MyoD (red), myosin heavy

chain (MyHC, green), and with Hoechst for the nuclei (blue). (B) Shown

are the representative images of microscopy. (C) Quantification of

differentiation is presented as the percentage of cardiac myocytes (car, dark

grey) and skeletal myocytes (sk, light grey) in relation to the total cell

population (n 5 3). (D) Real-time RT-PCR was used to determine the

transcript levels of Meox1 and Pax3 on day 7 of differentiation in the same

batch of cDNA. Quantification is presented as fold changes in reference to

the untreated EBs (n 5 3).
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differentiation are exerted through the inhibition of GATA4 gene
expression.

Role of Pax3 in myogeneic conversion. One valuable feature of P19
cells is that they are amenable for genetic manipulation to
incorporate and express ectopic genes, and can be used to select
stably transfected clones which retain their ability to differentiate33.
Since the expression of premyogenic factor Meox1 and Pax3, similar
to cardiac factor GATA4, was detected by day 4 of differentiation
(Fig. 2D–F), we next examined the roles of Meox1 and Pax3 in RA-
and bexarotene-inhibited cardiac differentiation. To this end, we
employed previously established P19 stable lines expressing a domi-
nant negative Meox1 or Pax323,26,34. In these cells, the transcriptional
activation domain of either Meox1 or Pax3 is replaced by an
engrailed repressor domain (EN-2) which silences transcription
through its interaction with members of the Groucho/TLE family
of transcriptional repressors35.

Similar to the wild-type cells, the control cells harboring the empty
vector were converted into cardiac and skeletal myocytes, about 7%
and 6% respectively, following treatment with DMSO, but failed to
produce cardiac myocytes after treatment with bexarotene or RA
(Fig. 3A). On the other hand, the dominant negative Meox1 cells
generated only about 2% and 1% of cardiac and skeletal myocytes
after DMSO treatments, and cotreatment with bexarotene and RA
enhanced the generation of skeletal myocytes only to about 5% and
6% respectively (Fig. 3A). This is consistent with previous studies,
because Meox1 is important for skeletal myogenesis23,26. Regardless,
bexarotene and RA impeded cardiac differentiation in the dominant
Meox1 cells (Fig. 3A), suggesting that the inhibitory effects of bex-
arotene and RA on cardiac differentiation are not dependent on the
function of Meox1.

In agreement with previous reports26,34, DMSO failed to convert
the dominant negative Pax3 cells into skeletal myocytes (Fig. 3A).
However, the capacity of these cells to generate cardiac myocytes
increased by about 2-fold following DMSO treatment compared with
the control cells (Fig. 3A). Moreover, while treatment of the EBs with
bexarotene or RA moderately induced the differentiation of these

dominant negative Pax3 cells into skeletal myocytes, they were still
able to generate cardiac myocytes, albeit with a lesser degree in com-
parison to DMSO treated cells (Fig. 3A). Thus, the function of Pax3 is
important for bexarotene- and RA-inhibited cardiac differentiation.

Interestingly, while the transcript levels of EnR remained constant
following different treatments (Fig. 3B), the negative effect of bexar-
otene on cardiac differentiation was less potent than RA just as in the
wild-type cells (Fig. 3A). Similar to the wild-type cells, bexarotene
had a larger effect than RA on Meox1 gene expression, about 2-fold,
in the Pax3/EnR cells, whereas RA was more effective at inducing
Myf5 gene expression (Fig. 3C–D). In addition, DMSO effectively
induced the gene expression of cardiac factors, GATA4, Nkx2.5 and
Tbx5 in the Pax3/EnR cells (Fig. 3E–G). Importantly, the inhibitory
effect of bexarotene on the transcript levels of GATA4, Nkx2.5 and
Tbx5 was less potent than RA, correlating with their efficacy on the
inhibition of cardiac differentiation (Fig. 3A and E–G). Taken
together, our data suggest that bexarotene and RA inhibits cardiac
differentiation in part through the activation of Pax3 gene expression
which appears to play dual roles in stem cell fate determinations.

Discussion
We have examined the molecular basis on the inverse correlation of
cardiac and skeletal myogenesis in small molecule-enhanced stem
cell differentiation. Small molecule inducers such as RA and bexar-
otene are able to enhance the generation of skeletal myocytes by
activating premyogenic transcription factors at the stage of lineage
specification. Our findings show that the activation of premyogenic
factor Pax3 coincides with inhibiting gene expression of early cardiac
factors such as GATA4, Tbx5 and Nkx2.5. Interestingly, the inhib-
itory effect of bexarotene and RA on cardiac differentiation requires
the function of Pax3, but not Meox1. Thus Pax3 is an inhibitor
of cardiac differentiation in lineage specification. Our studies reveal
the dual roles of Pax3 in stem cell fate determinations and provide
new molecular insights into small molecule-enhanced lineage
specification.

Pluripotent stem cells, regardless of their origin, possess the poten-
tial of developing into many types of cell lineages. The central issue is

Figure 2 | Bexarotene inhibits cardiac differentiation of P19 pluripotent stem cells. (A) P19 cells were differentiated with DMSO in the absence or

presence of increasing concentrations of bexarotene (BEX, 10 nM, 100 nM, 1 mM) or RA (10 nM) during EB formation. The cells were then maintained

on coverslips without any treatments for an additional 5 days and costained with specific antibodies for MyoD (red), myosin heavy chain (MyHC, green)

and Hoechst for the nuclei (blue). The cells were also harvested at different time points for RT-PCR and Western analyses. (B) Shown are the

representative images of microscopy. (C) Quantification of differentiation is presented as the fractions of cardiac myocytes (car, dark grey) and skeletal

myocytes (sk, light grey) in relation to the total cell population (n 5 5). (D) Gene expression of myogenin and GATA4 and protein on day 4 and day 9 of

differentiation was determined by Western analysis in parallel with the use of the same batch of cell extracts. The blots were then stripped and reprobed for

b-tubulin as loading controls. Shown are the cropped blot images representing indicated protein. (E) and (F) Real-time RT-PCR was used to determine

the transcripts levels of Pax3 and Meox1 on day 4 of differentiation in the same batch of cDNA. Quantification is presented as fold changes in reference to

the untreated EBs (n 5 3).
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how differentiation cues commit the cells into a particular lineage
and what impact this would have on the specification of other cell
lineages. Understanding the molecular mechanisms of lineage spe-
cification is central to devise the best strategies for preferentially
enhancing lineage specific differentiation in an efficacy suitable for
potential therapeutics. Consistent with the literature, RA is able to
enhance skeletal myogenesis in pluripotent stem cells, but inhibits
cardiac differentiation if used at the stage of lineage specification
(Fig. 1 and 2). We also found that bexarotene has similar effects as
RA on cardiac differentiation (Fig. 1 and 2). This is particularly
interesting as we have previously established that bexarotene acti-
vates the skeletal muscle program through a mechanism distinct
from RA-mediated pathway26.

In addition, our data also revealed a role of Pax3 in cardiac differ-
entiation. Pax3 is important for skeletal myogenesis, but overexpres-
sion of Pax3 leads to a loss of cardiac differentiation19,23. Our studies
establish Pax3 as a molecular pathway of small molecule-enhanced
skeletal myogenesis, but -inhibited cardiac differentiation (Fig. 3).
Although the specification events differ between skeletal and cardiac
lineages, they both are from mesoderm origin. During in vitro stem
cell differentiation, lineage specification factors apparently not just
exert their functions through the activation of the lineage they com-
mand, but also through the inhibition of other lineages to compete
for the pool of progenitor cells, when spatial partition is nonexistent.
While skeletal and cardiac myogenesis may be segregated spatially
during embryogenesis, small molecules are effective means to
employ the dual roles of lineage specific factors for generating spe-
cific lineage from pluripotent stem cells for potential therapeutics.

Our studies have not examined the genomic targets of Pax3
in relation to cardiac inhibition. Systems studies are required
to uncover additional targets of Pax3 involved in the inhibition of
cardiac differentiation. Understanding the molecular mechanisms
of myogenic conversion is central to direct and enhance lineage

specification in cell-based therapies. We have identified a potential
mechanism for lineage competition, which suggests early lineage
factors regulate lineage commitment by regulating and integrating
different signaling pathways. The dual roles of lineage specific factors
in stem cell fate determination provide interesting avenue in iden-
tifying effective molecular targets to convert pluripotent stem cells
into desired cell lineage.

Methods
Cell culture and differentiation. ES Cells (ATCC) were maintained in Dulbecco’s
modified Eagle medium (D-MEM) (Gibco-Invitrogen) supplemented with 15% fetal
bovine serum (PAA), 1% non essential amino acids (Gibco-Invitrogen) and 1.18 mM
b-mercaptoethanol (OmniPur) at 37uC with 5% of CO2. Maintenance cultures were
supplemented with 1,000 units/ml of Leukemia Inhibitory Factor (Chemicon). For
differentiation, ES cells were cultivated in hanging drops on inverted lids for 2 days
and in Petri dishes for additional 5 days to form EBs which were then transferred into
tissue culture dishes or onto coverslips coated with 0.1% gelatin, and maintained for
another 10 days26. P19 cells (ATCC) were maintained in minimum essential medium
a (a-MEM) (Gibco-Invitrogen) supplemented with 5% fetal bovine serum (PAA) and
5% bovine calf serum (PAA) at 37uC with 5% of CO2. For differentiation, cells were
aggregated in Petrie dishes for 4 days to form EBs. The EBs was then transferred into
tissue culture dishes or onto coverslips coated with 0.1% gelatin and grown for a
further 5 days36. All-trans retinoic acid (RA) was purchased from the Sigma-Aldrich,
and bexarotene was from the LC Laboratories.

Immunofluorescence microscopy. Following differentiation, cells were fixed on the
coverslips with cold methanol, rehydrated with PBS, and incubated with the
appropriate primary antibodies overnight at 4uC, and then with the corresponding
fluorescent secondary antibodies at room temperature for 2 hours. After washing
with PBS, the cells were incubated with Hoechst (Molecular Probes) for 3 minutes to
stain the DNA. Finally, the coverslips were mounted on slides with 50% glycerol.
Microscopy analysis was performed with the Zeiss Axiovert 200 M microscope. Cells
were observed through a Zeiss 20X objective and image acquisition was carried out
with the AxioCam HRm monochrome camera37. Myogenesis was assessed as the
percentage of cells stained positively for skeletal or cardiac markers in relation to total
cell populations. Images captured through different fluorescence filters were
processed and merged by the Zeiss AxioVision Rel 4.6 software. The primary
antibodies used were myosin heavy chain (MF20) and MyoD (Santa Cruz).

Figure 3 | Role of Pax3 in cardiac differentiation. (A) Clones of P19 cells expressing either a dominant negative Meox1 (Meox1/EnR) or Pax3 (Pax3/

EnR) were treated with bexarotene (BEX, 100 nM) or RA (10 nM) during EB formation. The cells were then maintained on coverslips without any

treatments for an additional 5 days and stained with specific antibodies for MyoD, myosin heavy chain and Hoechst for the nuclei. Cells harbouring the

empty vector were used as controls. Quantification is plotted as the fraction of cardiac myocytes (car, dark grey) and skeletal myocytes (sk, light grey) in

relation to the total cell population (n 5 5). (B)–(G) Real-time RT-PCR was used to determine the transcript levels of EnR, Meox1, Myf5, GATA4, Nkx2.5

and Tbx5 on day 4 differentiation in the same batch of cDNA from the cells harboring the dominant negative Pax3. Quantification is presented as fold

changes in reference to the untreated EBs (n 5 3).
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Real-Time RT-PCR. Total RNA was isolated using RNeasy Mini kit (Qiagen) and
reverse transcribed with High Capacity cDNA Archive Kit (Applied Biosystems)38.
Quantitative real-time PCR was conducted by using the Applied Biosystems 7500
Fast Real-Time PCR System. The amount of targets, normalized to the GAPDH
endogenous reference and relative to calibrator control is calculated using the
arithmetic formula 22DDCT. The primers used as the following:

Meox1 fwd-GAGAGGTCAGACAACCAGGAG
Meox1 rev-CGTAGCTGCTCCTTGGTGAAG
Pax3 fwd-GCTGCAGTCAGAGACTGGAAC
Pax3 rev-GAAAGGCACTTTGTCCATACTGC
EnR fwd-TCGGTGTGAACGGATTTG
EnR rev-GGTCTCGCTCCTGGAAGA
Myf5 fwd- GGCATGCCTGAATGTAACAGC
Mfy5 rev- CAATCCAAGCTGGACACGGA
GATA4 fwd- GAAGACACCCCAATCTCGATATG;
GATA4 rev- GGCATTGCACAGGTA GTGTCC
Nkx2.5 fwd- AGTGCTCTCCTGCTTTCCCA;
Nkx2.5 rev- ATCCGTCTCGGCTTTGTC C
Tbx5 fwd- AACAGTAGCAGCTAGCTTGG
Tbx5 rev- GAGGTTCTATTCTCGCTCTGT

Western analysis. Cells were lysed by incubation with whole cell extract buffer (10%
glycerol, 50 mM Tris-HCl pH 7.6, 400 mM NaCl, 5 mM EDTA, 1 mM DTT, 1 mM
PMSF, 1% NP-40) for 30 minutes on ice and centrifuged at 12,000 g for 15 minutes to
collect the supernatant39. Protein concentrations were assessed by Bradford Method
following the manufacture’s recommendation using Bio-Rad Protein Assay Reagent
(Biorad). Equal amounts of protein were separated on SDS-PAGE and transferred
onto Immun-Blot PVDF membrane (Bio-Rad). Proteins were then visualized using
Western Lightning Chemiluminescence reagents (Perkin Elmer). The primary
antibodies used were GATA4 (Santa Cruz), myogenin (F5D) and b-tubulin (E7).
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