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ABSTRACT 

Embryonic stem cells (ESCs) represent a promising source of cells for cell replacement 

therapy in the context of muscle diseases; however, before ESC-based cell therapy can be 

translated to the clinic, we must learn to modulate cell-fate decisions in order to 

maximize the yield of myocytes from this systems.  In order to gain a better 

understanding of the myogenic cell fate, we sought to define the molecular mechanisms 

underlying the specification and differentiation of ESCs into cardiac and skeletal muscle.  

More specifically, the central hypothesis of the thesis is that myogenic signalling 

cascades modulate cell fate via regulation of transcription factors.   

Retinoic acid (RA) is known to promote skeletal myogenesis, however the 

molecular basis for this remains unknown.  We showed that RA expands the 

premyogenic progenitor population in mouse stem cells by directly activating pro-

myogenic transcription factors such as Pax3 and Meox1.  RA also acts indirectly by 

activating the pro-myogenic Wnt signalling cascade while simultaneously inhibiting the 

anti-myogenic influence of BMP4.  This ultimately resulted in a significant enhancement 

of skeletal myogenesis.  Furthermore, we showed that this effect was conserved in human 

embryonic stem cells, with implications for directed differentiation and cell therapy.   

The regulation of cardiomyogenesis by the Wnt pathway was also investigated.  

We identified a novel interaction between the cardiomyogenic transcription factor 

Nkx2.5 and the myosin phosphatase (MP) enzyme complex.   Interaction with MP 

resulted in exclusion of Nkx2.5 from the nucleus and inhibition of its transcriptional 
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activity.  Finally, we showed that this interaction was modulated by phosphorylation of 

the Mypt1 subunit of MP by ROCK, downstream of Wnt3a.  Treatment of differentiating 

mouse ESCs with Wnt3a resulted in exclusion of Nkx2.5 from the nucleus and a 

subsequent failure to undergo terminal differentiation into cardiomyocytes.  This likely 

represents part of the molecular basis for Wnt-mediated inhibition of terminal 

differentiation of cardiomyocytes.  Taken together, our results provide novel insight into 

the relationship between myogenic signalling cascades and downstream transcription 

factors and into how they function together to orchestrate the myogenic cell fate in stem 

cells. 
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1: INTRODUCTION 
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Regenerative medicine currently represents an exciting therapeutic avenue for a multitude of 

intractable human diseases including Parkinson’s, muscular dystrophy, leukemia and heart 

disease (1-6).  The promise of stem cell therapy derives from the possibility of replacing 

diseased or damaged cells with healthy, functional tissue in lieu of long term 

pharmacological interventions that may only mediate symptoms without having a significant 

positive impact on patient quality of life.  With respect to diseases of muscle, cell therapy is a 

real therapeutic possibility for muscular dystrophy, sarcopenia, cardiomyopathy and chronic 

heart failure (2, 3, 7-9).  Many different types of cells have been studied for their therapeutic 

potential, including human embryonic stem cells, (hESCs), adult stem cells and induced 

pluripotent stem cells (iPSCs) but the question remains: which cells are the ‘right’ cells?  

Furthermore, at what stage of differentiation should cells be transplanted i.e. is it better to 

transplant a progenitor or a terminally differentiated cell?  Finally, how do we generate 

sufficient yields of these cells for therapeutic purposes?  In order to begin to address these 

questions, we must first understand and learn to modulate the pathways that govern muscle 

differentiation from stem cells. Knowledge gained from studies of embryonic muscle 

development can point us in the right direction. 

1.1 Skeletal Myogenesis 

1.1.1 Somite formation and patterning 

Skeletal muscle in the embryo originates from paraxial mesoderm, located laterally to the 

neural tube.  As development progresses, the paraxial mesoderm becomes segmented into 

epithelial block-like structures known as somites in a rostral to caudal pattern.  

Somitogenesis occurs in a strict periodic fashion in response to morphogen gradients.  FGF 
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and Wnt in the posterior portion of the presomitic mesoderm (PSM) antagonize 

somitogenesis while retinoic acid (RA) in the anterior PSM promotes epithelisation and 

somite segmentation (10-15).  Within the PSM, FGF and Wnt are synthesized only in the 

most posterior region, such that as the body axis elongates posteriorly, the concentration of 

these ligands decreases in more anterior regions, resulting in downregulation of their 

downstream targets (14, 16).  This transition from exposure to high FGF/Wnt to high RA 

results in differentiation.  Indeed, inappropriate exposure of PSM cells to continuously high 

FGF levels blocks somite segmentation (12).  The region of the PSM where these two 

gradients meet is referred to as the determination front (12).  The determination front 

progresses posteriorly as the axis elongates and FGF/Wnt mRNA undergoes progressive 

decay, and cells located anterior to this position undergo a mesenchymal to epithelial 

transition.  However, the actual segmentation of the somite from the PSM also relies on the 

action of a molecular clock that is triggered by Notch and Wnt signalling (17).  Many 

members of the Notch pathway, including delta, the Hairy and Enhancer of split (HES) 

transcription factors, hes1 and hes7, and the glycosyl-transferase lunatic fringe exhibit 

temporal pulses of expression pattern throughout the PSM (18-22).  The Wnt signalling 

inhibitor axin2 also cycles in the PSM, albeit out of phase with Notch pathway members 

(14).  These temporal pulses represent the oscillations of a molecular clock, the output of 

which is integrated with the determination front to position somite boundaries.  Specifically, 

when the determination front reaches a given position within the PSM, the cells become 

competent to respond to the stimulus of the ‘clock’.  During somitogenesis, the determination 

front progresses posteriorly by the length of one somite, in the time it takes for one 

oscillation of the clock, thus positioning the somite boundary at the point where the 
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determination front and the oscillation meet.  This is referred to as the clock and wavefront 

model of somite segmentation (Figure 1.1A).   

Once the somite has budded off from the PSM, it begins a process of internal 

patterning (Figure 1.1B).  Initially, the dorsal and ventral portions of the somite become 

distinct and form the dermomyotome and the sclerotome respectively.  While the sclerotome 

will eventually form the ribs and vertebrae, the dermomyotome will segment further to form 

the dermatome, which will give rise to the dermis of the back, and the myotome, which will 

become a source of skeletal muscle.  The myotome forms via translocation of cells from the 

dorsal-medial and ventral-lateral lips of the dermomyotome (23-26).  Cells from the dorsal-

medial lip will give rise to the epaxial muscles of the back and body wall while cells coming 

from the ventral-lateral lip will migrate and form the hypaxial muscles of the limbs.  A 

subpopulation of cells will remain undifferentiated and proliferative and assume a position 

beneath the muscle basal lamina to establish the satellite cell niche, which represents the 

future reservoir of muscle stem cells, termed satellite cells, that will participate in 

regeneration (27).  

 These gross anatomical movements, as well as the differentiation of skeletal 

myocytes, are tightly coordinated and controlled by a network of morphogens and 

transcription factors that ensure timely development of body muscle.  These will be 

discussed in detail in the following sections. 
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Figure 1.1  Skeletal myogenesis in the embryo.  A)  Schematic depiction of the clock-and-

wavefront model of somitogenesis.  The intersection of opposing gradients of anterior RA 

and posterior Wnt/FGF, known as the determination front, establishes the positional 

information required for formation of new somites from the PSM.  Reproduced from 

Schilling, T.F., Anterior-posterior patterning and segmentation of the vertebrate head, 

Integrative and Comparative Biology, 2008, 48 (5):658-667, by permission of Oxford 

University Press    B)  Vertebrate skeletal muscle arises from somites, which form adjacent 

to the neural tube.  As development progresses, the somite undergoes a process of internal 

patterning which results in the formation of the dermomyotome and, subsequently, the 

myotome.  The myotome forms as a result of migration of cells from the dorsal-medial and 

ventral-lateral lips of the dermomyotome.  Cells from the dorsal-medial lip will give rise to 

the epaxial muscles of the back and body wall while cells coming from the ventral-lateral lip 

will migrate and form the hypaxial muscles of the limbs.  Reprinted by permission from 

Macmillan Publishers Ltd: Parker, M.H., Seale, P., Rudnicki, M.A., Looking back to the 

embryo: defining transcriptional networks in adult myogenesis. Nature Reviews Genetics, 

2003; 4(7):497-507, Copyright, 2003.
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1.1.2 Transcriptional Regulation of Myogenesis 

1.1.2.1 The Myogenic Regulatory Factors 

The myogenic regulatory factors (MRF) family is composed of four basic helix loop helix 

(bHLH) transcription factors, Myf5, MyoD, MRF4 and myogenin, whose potent myogenic 

properties are evidenced by their ability to convert other cell types into skeletal muscle (28-

31).  The MRFs bind to E-box target sequences as monomers or as heterodimers in complex 

with E-proteins and activate muscle gene transcription by coordinating chromatin 

rearrangements in concert with transcriptional coactivators.  The functions of the four MRF 

proteins have been extensively examined using gene targeting and these studies have 

revealed a complex and somewhat redundant network controlling myogenesis.   

Myf5 is the first MRF to be expressed in the developing embryo and it can be 

detected as early as stage 3 in the PSM of developing chick embryos or 8.0 days post 

coitum(d.p.c.) in the mouse somite (32, 33).  The somitic expression domain of Myf5 

includes the dermomyotome and both the dorsal-medial lip and ventral-lateral lip regions 

where it plays a role in progenitor migration into the myotome and specification of the 

myogenic fate (34, 35).  In the absence of Myf5, a subset of progenitor cells migrate 

abnormally to sites within the sclerotome and dermomyotome where they ultimately adopt 

fates specific to these regions.  In spite of this, Myf5 is dispensable for normal myotomal 

muscle development and activation of MyoD expression, which is thought to rescue the 

myogenic program in the absence of Myf5 (36, 37).  Myf5 null mice do however exhibit 

defects of epaxial muscle (37). 
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 Like Myf5, MyoD is dispensable for normal embryonic muscle development, 

however, MyoD null mice exhibit elevated levels of Myf5, which is thought to compensate 

and rescue myogenesis in this context (38).  Interestingly, loss of MyoD does impact on adult 

muscle regeneration as MyoD mutant mice exhibit impaired regeneration in response to 

injury, which results from a propensity of MyoD(-/-) satellite cells to undergo self-renewal at 

the expense of terminal differentiation (39, 40).  A recent high-throughput study aimed at 

identifying MyoD binding sites revealed, unexpectedly, that MyoD was in fact enriched at 

thousands of sites within the genome and that binding was associated with increased histone 

acetylation at these sites (41).  This implies that MyoD has the potential to exert wide-

ranging changes to the epigenome of a cell, resulting in reprogramming to the myogenic 

lineage. 

 Until recently, Mrf4 was regarded as being important primarily for terminal 

differentiation.  The Mrf4 knockout mouse exhibited only minimal muscle defects, likely due 

to compensation by elevated levels of myogenin (42).  However, retrospective analysis of the 

original Myf5/MyoD compound mutant mouse, which exhibited a complete lack of skeletal 

muscle, revealed that Mrf4 expression was also disrupted as a result of the targeting strategy 

and the proximity of Mrf4 and Myf5 (37, 43).  Further analysis of the relationship between 

these three genes revealed that Mrf4 was sufficient to maintain myogenesis in the absence of 

Myf5 and MyoD (37).  This challenged the traditional view of MyoD and Myf5 as 

determination genes functioning upstream of Mrf4 and myogenin driving terminal 

differentiation and revealed a role for Mrf4 in the specification of the myogenic fate.   

 Myogenin is the second MRF to be activated in the embryo, after Myf5, which is 

thought to regulate its expression (44, 45).  Interestingly, although myogenin mRNA is 

detected as early as 8.5 d.p.c. in the mouse, the protein product is not detected until 10.5 
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d.p.c., implying some level of post-transcriptional regulation or protein instability (44, 45).  

Despite its early expression pattern, myogenin is thought to be primarily important for the 

terminal differentiation of skeletal muscle.  Myogenin null mice form myocytes normally but 

exhibit a fusion defect whereby myotubes are not formed and mice die perinatally (46, 47).  

Interestingly, when myogenin was knocked in to the Myf5 locus in the original Myf5/MyoD 

compound null mouse (which is in fact also deficient in Mrf4), it was able to compensate to 

some extent for the loss of these factors, indicating the myogenin has some ability to direct 

cells into the myogenic lineage, albeit less efficiently than Myf5 (48).  This is in contrast to 

rib development,for which Myf5 and myogenin were functionally interchangeable (49). 

 Although genetic analysis of the MRFs has provided a wealth of knowledge that has 

improved our understanding of muscle development, it has also revealed that the interplay 

between these factors results in a complex regulatory network of gene activation and 

repression controlling myogenesis that we are only beginning to comprehend. 

1.1.2.2 The Pax family in Myogenesis: Pax3 and Pax7 

Upstream of the MRFs in skeletal myogenesis are members of the Pax family of 

transcription factors, which have also been implicated in many other developmental 

processes (50).  They are characterized by their paired box domain and paired-type 

homeodomain and are classified into groups based on structural characteristics and similarity 

of expression patterns.  Pax3 and Pax7 are expressed in developing muscle, and are involved 

in the formation of both trunk and limb muscles, in addition to satellite cell specification.  

Expression of Pax3 is initiated first in the PSM and becomes progressively limited to 

the dermomyotome as the somite becomes patterned (51).  The domain of Pax3 expression 

extends to the extremities of the dermomyotome where it controls the differentiation of 
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hypaxial muscle as well as the delamination and migration of limb muscle progenitors (51-

53).  Consistent with this, splotch mutant mice, which are deficient in Pax3, exhibit a lack of 

limb and diaphragm muscle in addition to defects related to neural tube development (52, 54-

57).  Pax7 expression is initiated later than Pax3 in the dermomyotome and is dispensable for 

embryonic myogenesis (58, 59).  Pax3 regulates expression of the MRF during myogenesis, 

however, to date, only Myf5 has been identified as a direct target regulated by binding of 

Pax3 to an enhancer controlling expression in limb progenitor cells (60, 61).  In Myf5/Mrf4 

null mice, MyoD expression is maintained, however, in Myf5/MRF4/Pax3 triple mutant 

mice, MyoD expression is lost, implying that Pax3 is upstream of MyoD and is required for 

its activation in the absence of other MRFs.  Furthermore, forced expression of Pax3 leads to 

MRF activation in embryonic tissues and in pluripotent cells (62, 63). 

Recently, a Pax3/7 positive/MRF negative progenitor population was identified in 

skeletal muscle (64).  This population remained proliferative throughout development and 

contributed to the developing muscle.  Moreover, in later development, these cells assumed a 

sublaminar position adjacent to the muscle fibre, implying that this population may in fact be 

a developmental source of satellite cells.  Genetic ablation of both Pax3 and Pax7 resulted in 

a loss of skeletal muscle, with the exception of the early muscle of the myotome.  These 

findings highlight the importance of Pax3/7 but they also indicate some level of 

compensation between these two factors resulting in the milder phenotypes of the Pax3 and 

Pax7 single knockout mice (52, 59) .   

In addition to their role in embryonic myogenesis, Pax3 and Pax7 are also involved in 

regulation of satellite cell maintenance and function (65).   Although its activity is 

dispensable for embryonic myogenesis in the presence of Pax3, Pax7 is important for 

survival of satellite cells (65).   Interestingly however, it appears that both Pax3 and Pax7 are 
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dispensable for adult muscle regeneration.  Loss of Pax7 or Pax3 expression in adult mice 

has no impact on the ability of these mice to regenerate in response to injury, implying that 

while Pax7 is important for establishing the satellite cell pool, its activity is not important for 

self-renewal or differentiation of these cells in the adult (66). 

1.1.2.3 The Meox Family: Meox1 and Meox2 

Meox1 and Meox2 are homeodomain transcription factors that are expressed in the 

developing somite (67, 68).  Meox1 expression is initiated in the PSM and later becomes 

segregated to the dermomyotome whereas Meox2 expression is initiated later in the 

developing limb bud (69).  Consistent with this, Meox1 null mice exhibit sclerotomal defects 

in the form of fused ribs and vertebrae while Meox2 deficient mice exhibit defective limb 

muscle development accompanied by a loss of Pax3 and Myf5 expression (70, 71).  Meox1/2 

compound null mice exhibit a much more severe phenotype characterized by a loss of almost 

all skeletal muscles, implying that, like Pax3/7, some level of compensation exists between 

these two factors (71).    A role for Meox factors in myogenesis was further supported by 

work in P19 embryonal carcinoma cells, which showed that a dominant negative Meox 

factor abolished skeletal myogenesis in this system (72).  Interestingly, Meox factors appear 

to exert their influence in concert with Pax factors.  Yeast two hybrid studies revealed that 

Meox1 and Meox2 can interact directly with Pax1 and Pax3 respectively via the Meox 

homeodomain (73).  Although these interactions were demonstrated in vitro, it is tempting to 

speculate that Pax3 and Meox2 may cooperate to direct limb muscle development in vivo 

given the requirement of each factor for this process. 
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1.1.3 Signalling Pathways Impacting on Myogenesis 

1.1.3.1 Wnt 

Wnt ligands secreted from the neural tube, adjacent to the medial portion of the somite, are 

critical determinants of the myogenic lineage (74).  Wnt ligands signal through three distinct 

pathways, the canonical pathway which functions through β-catenin, the Ca2+ pathway 

through Protein Kinase C, and the planar cell polarity pathway which utilizes the rac and 

rhoA pathways (Figure 1.2) (75).  In the canonical pathway, Wnt factors bind to their 

Frizzled (Frz) receptors, resulting in activation of Dishevelled (Dsh), which in turn prevents 

phosphorylation of β-catenin by GSK3β.  This inhibits the proteasomal degradation of β-

catenin, allowing it to translocate to the nucleus where it activates TCF/Lef dependent 

transcription of target genes. The Ca2+ pathway activates protein kinase C, as well as NFAT 

dependent gene transcription downstream of calcineurin.  The target genes of this pathway 

remain largely unknown.  The planar cell polarity pathway is involved in cytoskeletal 

reorganization and polarization of cells, rather than gene transcription.  In this pathway Dsh 

activates rhoA and rac, resulting in activation of Rho-associated coiled coil-containing 

kinase (ROCK) and Jun N-terminal kinase (JNK).   This in turn leads to reorganization of the 

cytoskeleton and also to activation of Ap1 dependent gene transcription.  

 In the context of myogenesis, Wnt ligands secreted from the neural tube exert a pro-

myogenic effect on the adjacent somites.  Specifically, Wnt1, Wnt3 and Wnt4, which are 

expressed in the dorsal part of the neural tube, are able to induce myogenesis in somite 

explants (76).  Interestingly, the action of specific Wnt ligands appears to be tied to the 

activation of specific downstream targets.  Wnt1 secreted from the neural tube preferentially 

activates Myf5, which is a direct downstream target, while Wnt7a emanating from the dorsal 
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ectoderm induces expression of MyoD (77, 78).  Wnt signalling acts in cooperation with 

Sonic Hedgehog signalling to activate Myf5 expression via binding of β-catenin/Tcf-Lef to 

its epaxial enhancer (78).  Consistent with this, transplacental delivery of the Wnt antagonist 

Frz1b inhibits skeletal myogenesis and results in downregulation of Myf5, however, the 

expression of the premyogenic mesoderm genes Pax3 and Meox1 was unaffected, suggesting 

that Wnts are required for commitment and terminal differentiation of muscle, but not for 

specification (79).   

 Results from in vitro models support the pro-myogenic influence of Wnt/ β-catenin 

signalling.  Treatment of rat mesenchymal stem cells with Wnt3a conditioned medium 

induced skeletal myogenesis (80).  In P19 embryonal carcinoma cells, overexpression of β-

catenin induces skeletal myogenesis while expression of a dominant negative form of β-

catenin blocks myogenic differentiation, implying that β-catenin is both necessary and 

sufficient for myogenesis to occur (81).  Furthermore, co-culture experiments of P19 cells 

overexpressing MRFs with P19 cells overexpressing Wnt3a resulted in enhanced 

myogenesis, suggesting that Wnt can precipitate MRF function in cells (82).  In spite of the 

obvious importance of Wnt ligands for myogenesis, few direct targets of this pathway have 

been identified in developing muscle.  In addition to Myf5, Wnts have been shown to 

directly regulate expression of Foxc1, a member of the forkhead/winged-helix family of 

transcription factors, which is involved in somitogenesis (83).  Future work in this area 

should employ global genomic approaches, (such as ChIP-Seq) in an effort to better 

understand the downstream implications of Wnt signalling in skeletal myogenesis. 
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Figure 1.2 Mechanisms of Wnt Signalling.  Wnt ligands can signal through three known 

pathways.  A)  The canonical pathway involves stabilization of β-catenin, downstream of 

GSK3β inhibition, and results in activation of TCF/Lef dependent transcription.  B)  The 

non-canonical pathway involves mobilization of rhoA and rac downstream of Dsh, leading to 

activation of ROCK and JNK and ultimately to AP1 dependent transcription.  This leads to 

reorganization of the cytoskeleton.  C)  The Wnt/Ca2+ pathway activates CamKII, PKC and 

Calcineurin signalling cascades and culminates in NFAT-dependent transcription. 

Reproduced from: Gessert, S., and Kuhl, M. 2010. The multiple phases and faces of wnt 

signaling during cardiac differentiation and development. Circulation Research 107:186-199 

with permission from Wolters Kluwer Health.
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1.1.3.2 RA 

RA is a derivative of vitamin A and plays a critical role in several developmental processes, 

including skeletal myogenesis (84).  As such, its bioavailability is strictly regulated by RA 

synthesizing and degrading enzymes, such as RALDH2 and Cyp26 (Figure 1.3).  RA exerts 

its effects by binding to its nuclear receptors (retinoic acid receptors [RARs]/ retinoid X 

receptors [RXRs]), which reside on retinoic acid response elements (RAREs) within the 

genome (85).  Under RA-poor conditions, the receptors recruit transcriptional co-repressors 

SMRT or NCoR, which in turn recruit histone deacetylases that shut down chromatin at these 

sites to prevent gene transcription (86).  In response to ligand binding, these co-repressors 

are exchanged for co-activators, resulting in activation of RA-responsive genes (Figure 1.4).  

 Single gene knockout analysis has not been particularly informative regarding the 

developmental role of RAR isoforms (α, β, γ), as most of these mice are viable and relatively 

normal (87-91).  This is also the case for RXRβ and RXRγ knockout mice, although loss of 

RXRα results in cardiac dysfunction during development and is lethal (92-94).  Mice 

homozygous for loss of function of two of the RAR family members exhibit more significant 

phenotypes that recapitulate fetal vitamin A deficiency including abnormalities of the heart 

and the respiratory tract, as well as the urinary and digestive systems (95, 96).  Despite the 

well characterized role of RA in somitogenesis, no somite-related defects were observed in 

RAR/RXR knockout mice (97).  This may indicate a high level of compensation between 

receptors in this particular process. 
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Figure 1.3  The RA biogenesis pathway.  Retinol is taken up from the extracellular 

environment by STRA6 and metabolized to all-trans-RA by RALDH enzymes.  This results 

in activation of chromatin-associated RAR/RXR complexes.  Alternatively, it is metabolized 

and eliminated by Cyp26 enzymes.  The biological relevance of 9-cis-RA is not fully 

understood.  Translated by permission from Macmillan Publishers Ltd: Niederreither 

K, Dollé P. Retinoic Acid in Development: towards an integrated view.  Nature Reviews 

Genetics, 2008, 9(7):541-53 copyright 2008.
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Figure 1.4. RAR/RXR-mediated chromatin remodelling.  In the absence of RA ligand, 

chromatin-bound RAR/RXR complexes recruit transcriptional co-repressors such as NCoRs, 

resulting in stabilization of nucleosomes and inhibition of RA-responsive gene transcription.  

Alternatively, in the presence of RA, these co-repressors are exchanged for co-activators and 

gene transcription is initiated.  Translated by permission from Macmillan Publishers Ltd: 

Niederreither K, Dollé P. Retinoic Acid in Development: towards an integrated view.  Nature 

Reviews Genetics, 2008, 9(7):541-53 copyright 2008. 
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expression as well as by direct synergy between MRFs and RARs (99, 102, 103). 

Interestingly, RARs and RXRs appear to play functionally distinct roles as expression of a 

dominant negative RXR in C2C12 myoblasts blocked expression of MyoD while expression 

of a dominant negative RAR did not (104).  More recently, the role of RA in limb 

myogenesis was investigated and it was found that treatment of developing chick limbs with 

citral, which inhibits RA synthesis, resulted in downregulation of Meox1/2, Pax3, MyoD and 

Myf5 and ultimately an inhibition of myogenesis in this system (105).  However, treatment 

of the developing limb with excess RA also resulted in downregulation of these same genes 

and an inhibition of myogenesis.  These apparently conflicting results illustrate the 

complexity of RA signalling in developing muscle.  Clearly the concentration and timing of 

exposure to this morphogen are critical determinants of cell fate.  A detailed molecular 

analysis of RA signalling in myogenesis is required in order to better understand its role in 

this process. 

 

1.1.3.3 Bone Morphogenetic Protein 

Bone Morphogenic Proteins (BMPs) are members of the TGF-β family of growth factors and 

were named for their ability to induce the formation of ectopic bone within muscle tissue 

(106, 107). In addition to their role in osteogenesis, BMPs have been implicated in 

chondrogenesis, cardiac and skeletal myogenesis, as well as adipogenesis (108). BMP 

ligands signal by binding and activating their receptor serine/threonine kinases, resulting in 

phosphorylation of Smad1/5/8 proteins, which translocate to the nucleus and activate 

downstream transcription (Figure 1.5) (109). 
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Figure 1.5 The BMP signalling pathway.  BMP ligands bind to their serine/threonine 

kinase receptors, resulting in their activation and downstream phosphorylation of SMAD 

proteins.  Activated SMADS translocate to the nucleus and activate gene transcription.  BMP 

signalling is blocked by inhibitors such as Noggin (NOG), Chordin (CHRD), Gremlin 

(GREM1) and Follistatin (FST).  Reproduced from van Wijk, B., Moorman, A.F.M., van den 

Hoff, M.J.B.,  Role of bone morphogenetic proteins in cardiac differentiation, Cardiovascular 

Research, 2007 74(2):244-55 by permission of Oxford University Press. 





 

19 

The role of BMP/Smad signalling in skeletal myogenesis is extremely complex. In 

the chick, BMP-4 secreted from the lateral plate mesoderm acts as a lateralizing signal, 

inducing cells to express the hypaxial marker Sim1 while inhibiting the expression of MyoD 

and as a result, terminal differentiation of muscle (110).  However, BMP signals derived 

from the dorsal neural tube direct activation of Wnt1 and Wnt3a, resulting in activation of 

Wnt11 in the medial lip, which is important for migration of progenitor cells into the 

myotome (111). BMP/Smad signalling inhibits myogenesis in myoblast cell lines and in limb 

micromass cultures (112-114).  Furthermore, Id proteins, which are known to inhibit 

myogenesis by antagonizing MRF function, are direct targets of BMP/Smad signalling and 

likely contribute to the anti-myogenic effects of BMP (115-119).   

The positional specificity of BMP signalling is, to some extent, conferred by the 

presence of BMP inhibitors such as Noggin.  Noggin inhibits BMP signalling by binding it 

directly and preventing activation of the receptor.  As noted above, BMP signalling is 

important for mediating expression of Wnt11 in the medial lip via Wnt1 and Wnt3a, 

however, BMP signals are prevented from actually reaching the medial lip by the presence of 

Noggin in the somite, which restricts the domain of BMP activity (111).  Noggin signalling 

is believed to counteract the inhibitory effects of BMP4 on the epaxial somite (120-122).  

Experiments using somite explants showed that relative levels of BMP4 and noggin 

regulated the activity of Pax3 to control the temporal and spatial activation of the MRFs 

(123). 

 The BMP signalling network has been shown to engage in cross-talk with 

components of other signalling pathways during development, including the Notch, MAPK, 

Wnt, FGF, RA and sonic hedgehog pathways, all of which have been implicated in some.  
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aspect of muscle development (124, 125).  However, how these cross-talk events 

actually contribute to myogenesis remains to be examined. 

1.2 Cardiomyogenesis 

1.2.1 Morphogenesis of the Vertebrate Heart 

The heart is the first organ to form during embryonic development in vertebrates (126).  Like 

skeletal muscle, the cells that will ultimately contribute to the vertebrate heart originate from 

the mesodermal germ layer. These progenitors, which are not yet committed to the cardiac 

fate, leave the primitive streak and migrate in an anterior-lateral direction to form a crescent-

shaped structure below the head folds of the embryo.  As development progresses, the two 

sides of this crescent will fuse at the embryonic midline to form the linear heat tube.  This 

tube will undergo a series of morphogenetic movements involving looping and septation, 

which will give rise to the mature, four chambered heart (Figure 1.6). 

 Until recently, it was thought that the cardiac crescent contained a single source of 

progenitor cells, which gave rise to all portions of the mature heart.  It has since been shown 

that two distinct populations of progenitors exist, termed the primary and secondary heart 

fields, where the secondary heart field is positioned medially to the primary heart field at the 

crescent stage (126).  Later, as the heart tube forms, the secondary heart field is located 

anteriorly and dorsally to the tube.  The primary heart field lineage contributes to both atria, 

the left ventricle, and to a lesser extent, the right ventricle (126). Gene trapping experiments 

using an FGF10-LacZ transgene, which marks the secondary heart field, revealed that this 

population is highly proliferative, differentiates later than the primary heart field, and 

contributes to the outflow tract and to the right ventricle of the heart (127, 128).  As is the 

case with skeletal myogenesis, the proliferation and differentiation of cardiac progenitors, as  
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Figure 1.6 Morphogenesis of the vertebrate heart.  At E7.5, cardiac progenitor cells found 

in the cardiac crescent and are segregated into two distinct groups termed the first and second 

heart fields (shown in red and green respectively).  The two halves of the cardiac crescent 

will merge at E8 to form the linear heart tube, which initiates contraction.  The tube will 

undergo subsequent looping events which result in formation of the four-chambered heart.  

Adapted by permission from Macmillan Publishers Ltd: Buckingham, M., Meilhac 

S., Zaffran, S. Building the mammalian heart from two sources of myocardial cells.  Nature 

Reviews Genetics, 2005; 6(11):826-35, copyright 2005.
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well as the morphogenetic events that shape the heart are regulated by transcription factors 

and signalling molecules emanating from surrounding tissues, such as endoderm.  These are 

discussed in depth in the following sections. 

1.2.2 Transcriptional Regulation of Cardiomyogensis 

1.2.2.1 Mesp1 

The bHLH transcription factor Mesp1 (mesoderm posterior 1) is the earliest marker of 

cardiac mesoderm in the developing embryo (129-131).  Mesp1 expression is initiated at the 

onset of gastrulation at E6.5 and plays a critical role in the migration of cardiac progenitors 

out of the primitive streak.  When the Mesp1 progenitor population is traced in Mesp1LacZ/-  

(Mesp1 null) mice, they tend to accumulate in the primitive streak and are delayed in their 

subsequent migration.  This results in a cardia bifida phenotype that is lethal (130, 131).   

Consistent with this role in promoting migration, Mesp1 has been implicated in the 

regulation of epithelial to mesenchymal transition (132).  Under wild-type conditions, 

Mesp1-Cre lineage tracing experiments have shown that Mesp1 expressing cells contribute 

to all the cell types of the heart, including myocardium, endocardium, epicardium and the 

cardiac conduction system and that they encompass derivatives of both the primary and 

secondary heart fields (130, 131, 133).  These data suggest that almost all cells of the heart 

arise from the Mesp1+ve population. 

 Consistent with this, Mesp1 has strong cardiac inductive properties both in vivo and 

in vitro.  Forced expression of Mesp1 in frog embryos resulted in the formation of ectopic 

beating areas while overexpression in ESCs enhanced cardiomyogenesis (134).  In the ESC 

system however, Mesp1 overexpression only induces cardiomyogenesis when it is transiently 

expressed early in differentiation whereas sustained expression is inhibitory toward the 
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cardiac gene program (135).  These inductive properties can be attributed to direct or indirect 

regulation of the expression of cardiogenic factors such as Dkk1, Nkx2.5, Hand2, and Gata-4 

by Mesp1 (135, 136).  Given the multifunctional nature of the role of Mesp1 and its 

inductive cardiogenic properties, Mesp1 has been proposed as a ‘master regulator’ of 

cardiomyogenesis.  

1.2.2.2 The NK2 Family 

Nkx2.5 is a member of the NK family of homeodomain transcription factors and is expressed 

throughout the cardiac progenitor population in both the primary and secondary heart fields 

(137).  The expression of Nkx2.5 is initiated early in cardiomyogenesis, at E7.5 in the 

cardiac crescent.  During embryonic development in the mouse, loss of Nkx2.5 results in 

failure of the heart to undergo looping, leading to embryonic lethality (138, 139).  Although 

cardiomyocytes are specified normally, genes downstream of Nkx2.5, including atrial 

natriuretic factor (ANF), the ventricular isoform of myosin light chain 2 (Mlc2v) and 

Connexin40 (Cx40), are aberrantly expressed. This is in direct contrast to the role played by 

the Drosophila homologue tinman, loss of which results in abrogation of cardiomyogenesis 

(140).  Studies in mouse ESCs (mESCs) have confirmed that Nkx2.5 is dispensable for 

cardiomyocyte specification, although, as in the knockout mouse, the expression of 

downstream genes was disrupted in Nkx2.5-/- mESC derived cardiomyocytes (141).  It has 

been suggested that this is due to genetic redundancy with other vertebrate NK family 

members expressed in the developing heart. This is supported by the observation that co-

expression of dominant negative XNkx2.5 and XNkx2.3 in frogs results in a complete 

inhibition of cardiomyogenesis (142).  Furthermore, expression of a dominant negative form 

of Nkx2.5 in P19 cells also results in inhibition of cardiomyogenesis in this system, 
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indicating that Nkx activity is required for this process (143).  However, this relationship is 

not as straightforward in other systems.  In the mouse, Nkx2.6 is also expressed in 

developing heart.  Nkx2.6 null mice do not exhibit any cardiac defects and although 

Nkx2.5/Nkx2.6 double knockout mice exhibit morphological defects of the heart, 

cardiomyocytes are specified normally (144, 145).   

These discrepancies have led several groups to study the function of Nkx2.5 on a 

finer scale.  In mice, it was found that Nkx2.5 worked in a negative feedback loop to inhibit 

Bmp2/Smad1 signalling, ultimately regulating the balance between specification and 

proliferation of the progenitors within the secondary heart field (146).  Importantly, 

hypomorphic mutants generated in this study exhibited cardiac abnormalities consistent with 

those observed in human patients with congenital heart disease associated with mutations in 

Nkx2.5.  In zebrafish, morpholino mediated inhibition of nkx2.5 and nkx2.7 expression 

caused excessive specification of atrial cardiomyocytes coupled to a decrease in the number 

of ventricular cardiomyocytes, suggesting that Nkx genes differentially regulate progenitor 

populations within the developing heart (147). Furthermore, although Nkx2.5 seems to be 

dispensable for cardiomyocyte formation, it is sufficient to induce cardiac differentiation 

when overexpressed in P19 cells (148). Although progress has been made toward elucidating 

the role of Nkx2.5 in cardiomyogenesis, more research will be required to clarify its 

complicated and likely multifaceted function in this process. 

 Nkx2.5 regulates many of its target genes via direct interactions with other 

cardiogenic transcription factors including GATA-4, Tbx5 and Mef2c (149-151).  These 

cofactor interactions confer target specificity and modulate Nkx2.5 activity.  For example, 

Nkx2.5 synergizes with Tbx5 to activate expression of ANF while it can cooperate with 

Tbx2 to repress ANF transcription (150, 152, 153).  This ‘switch’ in cofactors has been 
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proposed as a mechanism for blocking ANF expression and the formation of chamber 

myocardium in Tbx2 expressing regions of the developing heart (153).  It is clear that 

protein-protein interactions are important for the regulation of Nkx2.5 activity and thus, of 

cardiomyocyte differentiation and heart development.  In spite of this, there has not been a 

comprehensive proteomic study of Nkx2.5 protein interactions during cardiomyogenesis. 

1.2.2.3 The GATA Family 

GATA factors are members of the zinc finger family of transcriptional regulators.  Three of 

these factors, GATA4, GATA5 and GATA6 have been found to be expressed in the 

developing heart, amongst other tissues (154-157).  During murine embryonic development, 

expression of GATA factors is initiated in pre-cardiac mesoderm at E7-7.5, implicating them 

in the earliest stages of cardiomyogenesis (158).  Of the three members involved in heart 

development, GATA4 is by far the most studied.  Like Nkx2.5, GATA4 is not required for 

specification or terminal differentiation of cardiomyocytes in vivo or in ESCs (159-161).  In 

GATA4 null mice, the cardiac crescent fails to fuse at the midline owing to defective ventral 

migration of progenitors, and the heart tube is not formed.  This defective migration is not 

cell intrinsic, as GATA4(-/-) ESCs can contribute to the heart in chimeric mice (159).  

Consistent with results of loss of function analyses, which have indicated that no single 

murine GATA factor is absolutely required for cardiomyogenic differentiation, studies of 

compound mutants have revealed a certain level of redundancy between family members 

(162, 163).  GATA4/GATA6 compound mutants exhibit a complete lack of terminally 

differentiated cardiomyocytes and acardia (164).  Interestingly, GATA4 and GATA6 exert 

differential effects on primary and secondary heart field progenitor populations. While the 

progenitors of the secondary heart field are formed normally in GATA4/GATA6(-/-) mice, 
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primary heart field progenitors are lost, indicating that GATA factors are essential for 

progenitor specification in the primary but not the secondary heart field.  P19 embryonal 

carcinoma cells express only GATA4 and not GATA5 or GATA6 (165, 166).  Antisense 

mediated knockdown of GATA4 in this system blocks cardiomyogenesis, consistent with 

requirement of GATA activity for this process (165). 

Although single GATA factors are not required for cardiomyogenesis, they do 

possess intrinsic cardiogenic properties. Ectopic expression of GATA4 or GATA5 can 

induce cardiac gene expression in embryonic ectoderm explants from Xenopus (167).  

GATA6 is significantly less cardiogenic in this context and indeed showed a stronger 

tendency to induce formation of liver.  GATA4 overexpression also induced and accelerated 

cardiomyogenesis in P19 embryonal carcinoma cells (168).  Recently, GATA4 was also 

found to cooperate with Mef2c and Tbx5 to reprogram cardiac fibroblasts into 

cardiomyocytes, which may have important implications for cardiac cell therapy (169). 

1.2.2.4 The Tbx Family 

Several members of the Tbox (Tbx) family of transcription factors play important roles in 

cardiomyocte differentiation and heart development.  Tbx factors are characterized by their 

Tbox DNA binding domain and are divided into two families designated Tbx1 (members 

include Tbx1, Tbx18 and Tbx20) and Tbx2 (including Tbx2, Tbx3 and Tbx5) (170).  Family 

members can be further subdivided into transcriptional activators, such as Tbx5, and 

repressors, such as Tbx2 (152, 153).  The first member of this family to be identified, 

Brachyury/T is required during gastrulation for proper specification of mesoderm (171).  

Tbx5 was the first Tbx factor to be directly implicated in heart development, with the finding 

that mutations in this gene caused Holt-Oram syndrome, which is characterized by 
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congenital heart and limb malformations (172).  To date, Tbx5 is the most studied of the Tbx 

factors in cardiomyogenesis.  Tbx5 null mice exhibit improperly formed linear heart tubes 

with hypoplasia of posterior structures and ultimately fail to undergo looping (152).  Like in 

the case of Nkx2.5, cardiomyocytes were specified but expression of downstream genes such 

as Mlc2v, ANF and Cx40 was also disrupted.  Importantly, expression of a dominant 

negative Tbx5-Engrailed fusion protein in developing Xenopus embryos resulted in a 

‘heartless’ phenotype, indicating that some Tbx factor activity is required for 

cardiomyogenesis to occur (173).  Gene profiling studies have implicated Tbx5 in the 

regulation of many cardiac genes (174).  Indeed, Tbx5 appears to have potent cardiogenic 

properties and has been shown to be able to cooperate with other factors to convert mouse 

mesoderm (with Gata4 and Baf60c) and fibroblasts (with Mef2c and Gata4) into 

cardiomyocytes (169, 175).  

1.2.3 Signalling Pathways Regulating Cardiomyogenesis 

1.2.3.1 Wnt 

Both the canonical and non-canonical Wnt signalling cascades are essential for 

cardiomyocyte differentiation and morphogenesis of the heart, although the timing and 

nature of their effects are very dissimilar.  The canonical Wnt signalling cascade exerts 

differential effects at different stages of cardiomyogenesis (76).  Canonical Wnt signalling 

mediated by Wnt3a is important for Mesp1 expression and mesoderm induction in vivo and 

in mESCs (176, 177).  However, following mesoderm induction, the subsequent 

specification of cardiac progenitor cells from Mesp1+ve cells is potentiated by the Wnt 

inhibitor Dkk1, which is a direct target of Mesp1 dependent transcription, indicating that 

canonical Wnt signalling is inhibitory at this stage (132, 134).  Canonical Wnts have also 
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been implicated in regulation of cardiac progenitor proliferation.  Blocking canonical Wnt 

signalling in the SHF results in reduced numbers of progenitors and aberrant development of 

SHF derived cardiac structures while induction of this signalling cascade results in expansion 

of the progenitor population (178, 179).  Wnt signalling is also inhibitory at the terminal 

stages of cardiomyogenesis as activation of Wnt/β-catenin signalling in differentiating 

mESCs at a late stage results in a reduced cardiomyocyte differentiation (180, 181).  

Furthermore, Wnt signalling through β-catenin has also been shown to block terminal 

differentiation of resident cardiac progenitor cells (182, 183).  Although the multiphasic 

nature of canonical Wnt signalling in cardiomyogenesis has been well documented, the 

molecular mechanisms whereby Wnt exerts these differential effects remain unknown.  

 Whereas canonical Wnt signalling is primarily refractory to cardiac specification, 

non-canonical Wnts tend to promote this process.  In particular, Wnt11 has potent 

cardiogenic properties as evidenced by its ability to induce cardiomyogenesis in several 

systems, including Xenopus explants, P19 embryonal carcinoma cells and mESCs (180, 184, 

185). Conversely, a dominant negative Wnt11 blocks cardiac differentiation (184).  A more 

detailed analysis of this effect revealed that activation of PKC or JNK could mimic these 

cardiogenic properties and override the inhibitory effect of the dominant negative, indicating 

that in this instance, Wnt11 is in fact functioning through the non-canonical pathway. 

1.2.3.2 BMP 

The role of BMP signalling in cardiomyogenesis has been extensively studied.  During 

cardiac development in Drosophila and in chick, BMPs (known as dpp in Drosophila) are 

secreted from the surrounding tissues and are required for induction of the cardiac gene 

program (186-188).  More specifically, in chick, this effect is mediated by BMP2 and BMP5 
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originating from the endoderm as well as BMP4 and BMP7 signalling from the ectoderm 

(188, 189).  In this system, BMP2 and BMP4 can induce expression of Nkx2.5 and GATA4 

and subsequent cardiomyogenesis (188, 190).  Furthermore, Nkx2.5 has been shown to be a 

direct transcriptional target of this pathway (191, 192).  In Xenopus, inhibition of BMP 

signalling using dominant-negative receptors or intracellular antagonists, results in defective 

development of the heart and in some instances, acardia (193, 194).  In the mouse, BMP2, 

BMP5 and BMP7 are expressed in the anterior mesoderm and contribute to cardiogenesis 

(195).   The overlapping domains of expression seem to contribute to some level of 

functional redundancy between these factors.  While BMP2-null mice have cardiac defects, 

heart development in BMP5- and BMP7- null mice is normal (196-198).  Compound 

BMP5/BMP7-null mice however, exhibit significantly compromised heart development 

(199). 

  BMP signalling also plays a crucial role in cardiomyogenesis in stem cells at 

the levels of specification where it regulates the expression of Nkx2.5 and GATA4 as well as 

in terminal differentiation where it can activate expression of terminal markers (200).  

Interestingly, it was shown that intrinsic BMP signals emanating from hepatocyte-like cells 

induced cardiac differentiation in mESCs, indicating that the inductive properties of tissues 

surrounding the developing heart are, to some extent, conserved during endogenous ES 

differentiation within embryoid bodies (201).  Several studies in various stem cell systems 

have indicated that BMP signalling is essential and sufficient for cardiomyogenesis in vitro. 

Exposure to BMP2 can enhance cardiomyogenesis in ESCs while inhibition of this pathway 

by ectopic expression of Noggin can prevent cardiomyogenesis in P19 and P19CL6 cells 

(202-204).  Under the appropriate conditions however, Noggin can also induce 

cardiomyogenesis in stem cells.  mESCs are maintained in an undifferentiated state by 
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treatment with leukemia inhibitory factor (LIF) and differentiation is induced by embryoid 

body formation, coupled to LIF withdrawal.  Addition of Noggin to undifferentiated mESC 

cultures, 3 days prior to LIF withdrawal and embryoid body formation, resulted in a 

significant increase in cardiomyogenesis in this system (205).  Clearly BMP-mediated 

regulation of cardiomyogenesis is context-dependent. 

1.2.3.3 RA 

RA regulates heart development at multiple levels from cell specification to organ 

morphogenesis, although our understanding of its role is complicated by the time and 

concentration-dependent kinetics of this morphogen.  Most of what is known about the role 

of RA during cardiogenesis relates to its regulation of anterior-posterior patterning of the 

heart in vivo.  During early (8.25dpc) cardiac development in the mouse, the expression of 

the RA synthesizing enzyme RALDH2 is confined to the posterior-most regions of the heart 

and correlates strongly with the zone of RA-responsiveness, as indicated by an RARE-LacZ 

transgenic response element (206).  Treatment of developing chick and zebrafish embryos 

with RA results in truncated hearts where anterior structures are more severely affected than 

posterior ones (207, 208).  These data were further supported by the finding that treatment of 

chick embryos with RA resulted in an anterior expansion of the atrial myosin heavy chain 

expressing domain, usually confined to the posterior heart tube (209).  Mouse embryos 

exposed to RA also exhibit a cardiac phenotype consistent with posteriorization (210). 

With regard to specification and differentiation of cardiomyocytes, RA has been 

found to inhibit and promote this process in a context-dependent fashion.  Mutation of raldh2 

in zebrafish causes an expansion of the Nkx2.5+ve myocardial progenitor population, 

resulting in an increased number of cardiomyocytes (211).  Importantly, it was shown that 
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this expansion occurs as a result of fate transformation and is not due to increased progenitor 

proliferation. Treatment with an RAR-antagonist elicited a similar effect in Xenopus (212).  

In Raldh2-null mice, cardiac morphogenesis is compromised, such that the heart fails to loop 

and the atria are not formed properly, resulting in embryonic lethality. A detailed analysis of 

this phenotype revealed that it was caused mainly by defects in development of the 

secondary heart field (213).  These mice exhibited a posterior expansion in the domain of 

expression of primary heart field markers such as Tbx1and FGF8 but these progenitors failed 

to differentiate.  In a model of partial rescue of Raldh2-null mice by maternal RA-

supplementation, it was found that cardiac progenitor differentiation was compromised but 

could be rescued in explant cultures by supplementation with FGF2, implying a certain 

degree of crosstalk between these two pathways (214).  Interestingly, these mice exhibited a 

significant increase of approximately 30% in cardiomyocyte proliferation, although the 

reason for this remains unclear.   

In mESCs, RA can induce or inhibit cardiomyogenesis, depending on the timing of 

treatment.  Whereas early exposure of differentiating cells to RA inhibited cardiac 

differentiation in this system, later exposure enhanced it (215).  Consistent with its role in 

anterior-posterior patterning of the heart, it has been shown that modulating RA signalling 

can alter atrial and ventricular cell fate choices.  In mESCs, treatment with RA favoured the 

differentiation of cardiomyocytes with a ventricular, as opposed to atrial identity (216, 217).   

Whereas treatment of hESCs with Noggin and an RAR-antagonist resulted in preferential 

formation of ventricular cardiomyocytes, treatment with Noggin and RA promoted the 

differentiation of atrial cardiomyocytes as evidenced by electrophysiological properties 

(218).   Like in the case of Wnt signalling, the multiphasic nature of RA-mediated regulation 
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of cardiomyogenesis has been well documented but the molecular mechanisms underlying 

this effect remain to be identified. 

1.3 Stem Cells: a model for myogenesis and a source for muscle cell 
therapy 

In addition to their potential use for cell therapy, stem cells present a good model in which to 

study the molecular mechanisms of myogenesis as the fundamental pathways that regulate 

this process in vivo are conserved in these systems (Figures 1.7 and 1.8), several examples of 

which have been highlighted in the sections above.  Many different ESC lines have been 

derived from various organisms but prior to the advent of highly efficient protocols for 

maintaining mESCs and hESCs, embryonal carcinoma (EC) cell lines such as the P19 and F9 

cell lines provided a model system in which to study cellular differentiation processes.  In 

particular, P19 cells have proven particularly useful for the study of cardiac and skeletal 

myogenesis (219).  P19 cells are derived from a primary teratocarcinoma induced in a 

CH3/HC mouse and their pluripotent character was confirmed by their ability to contribute to 

tissues derived from all three germ layers (220).  The main advantages of the P19 cell system 

include its amenability to genetic manipulation, its ability to grow quickly without a feeder 

layer and its requirement for induction by dimethyl sulfoxide for myogenesis.  This last 

characteristic makes P19 cells an ideal system in which to determine whether a gene is 

sufficient to drive the myogenic program by its ability to overcome the need for drug-

mediated induction (63, 82, 221).  Over the years, many of the differentiation pathways or 

directed culture conditions identified in P19 cells or in its subclones have proven to be 

conserved in other cell lines and in vivo, supporting their validity as a model of embryonic 

stem cell differentiation (60, 63, 65, 222-225). 
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Figure 1.7 Skeletal myogenesis in stem cells.  The myogenic differentiation pathway in 

ESCs is conserved from the embryo.  Cells initially form mesoderm which in turn undergoes 

specification to premyogenic progenitors which express Pax3 and Meox1.  These cells 

become committed to the myogenic lineage by forming myoblasts which express MRFs.  

Myoblasts undergo terminal differentiation into myocytes.
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Figure 1.8 Cardiomyogenesis in stem cells.  The pathways involved in differentiation of 

cardiomyocytes in vivo are recapitulated in vitro.  ESCs form mesoderm and are 

subsequently specified to cardiac progenitors expressing Mesp1, Nkx2.5, GATA4 and 

various Tbx family members.  These cells undergo terminal differentiation into 

cardiomyocytes. 
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Both mESCs and hESCs are derived from the inner cell mass of a blastocyst stage 

embryo, however, despite their shared developmental origin, distinct differences exist 

between these two systems.  In both mESCs and hESCs, pluripotency is maintained by a 

triad of transcription factors, Oct4, Nanog and Sox2, which regulate self-renewal in these 

systems through activation and repression of target genes (226).  In fact, these factors share a 

large subset of common target genes (353 shared targets in hESCs), supporting the notion 

that they cooperate to regulate global networks involved in pluripotency (227).  However, a 

direct comparison of targets of these three factors in mESCs and hESCs has revealed that 

most targets are not conserved between these two species (226-229).  In fact, studies have 

shown that hESCs share more common characteristics with murine epiblast stem cells 

(epiSCs) derived from a post-implantation mouse embryo than with mESCs (230, 231).  

These include global expression profiles, epigenetic signatures and culture requirements.  For 

example, whereas it was found that Oct4 had only 27 shared targets between hESCs and 

mESCs, this number increased to 173 when hESCs were compared to murine epiSCs (231). 

 Both hESCs and mESCs have been studied extensively in order to understand 

the molecular mechanisms that control cell fate.  Both of these cell types have been shown to 

readily differentiate into cardiomyocytes utilizing an embryonic pathway involving the 

formation of a progenitor population which may prove valuable for cell therapy purposes 

(232).  The focus of current research is a more thorough understanding of differentiation and 

maturation, in order to optimize the yield of cardiomyocytes from ESCs, as well as methods 

of purification of cardiomyocytes or progenitors from heterogeneous populations and finally 

use of these cells in transplantation therapy.  Work in these areas may very well lead to the 

use of ESCs as a source for cardiac cell therapy in the not too distant future. 
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  In the case of skeletal myogenesis, the field has not progressed as far due primarily 

to the difficulty of generating skeletal muscle from ESCs.  Although there has been some 

limited success in hESCs, current methods involved extremely long differentiation protocols 

which have proven not to be reproducible and do not utilize an embryonic pathway (233). 

Alternatives have thus far been limited to chemical modification of cells (234).  Studies in 

mESCs have proved somewhat more promising and indeed indicate that there is potential for 

cell therapy mediated treatment of muscle diseases (235-237).  Further research will be 

required to increase the yield of skeletal muscle from ESCs before cell therapy becomes a 

really viable option. 

1.4 Thesis summary 

In order to employ ESCs in the context of regenerative medicine, it is imperative that we 

learn to modulate cell fate decisions in order to optimize directed culture conditions that will 

allow us to generate high yields of specific cell types.  In order to do this, we must 

understand the mechanisms that govern these decisions to such an extent that we are able to 

intercede and manipulate them.  The goal of this research was to extend the knowledge base 

relative to molecular mechanisms of myogenesis in stem cells.  The central hypothesis to be 

tested was that myogenic signalling cascades interface with downstream transcription factors 

to orchestrate muscle cell fate decisions in stem cells. 

 In Chapter 2, experiments were designed to test the hypothesis that RA regulates 

myogenesis in P19 cells and mESCs by regulating the expression of myogenic genes both 

directly and indirectly via other signalling cascades.  We show that RA activates the 

expression of premyogenic mesoderm markers in both P19 cells and mESCs, resulting in an 

enhancement of MRF expression and of skeletal myogenesis.  We go on to show that this 
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occurs via direct binding of RARs to regulatory regions of myogenic genes such as Pax3, 

Meox1 and Wnt3a, as well as by activation of canonical Wnt signalling.  However, RA-

mediated enhancement of myogenesis required a functional β-catenin.  Taken together, these 

findings suggest that RA acts both upstream of and in parallel to Wnt signalling to induce 

myogenesis in stem cells.  Conversely, we present data that RA prevents cardiomyogenesis 

by inhibiting expression of GATA4 and by inducing expression of the BMP inhibitor Tob1.  

Analysis of the intersection between these pathways revealed that RA could overcome 

BMP4-mediated inhibition of skeletal myogenesis but could not inhibit cardiomyogenesis as 

induced by BMP4.  These findings illustrate the complexity of crosstalk between the RA, 

Wnt and BMP pathways during myogenesis and provide novel mechanistic insight into the 

molecular basis for the action of RA during muscle differentiation in vitro. 

 In Chapter 3 we sought to test the hypothesis that the molecular mechanisms involved 

in RA-mediated enhancement of myogenesis in murine stem cell systems would be 

conserved in hESCs.  This represents a significant extension to the work in Chapter 2 as it 

represents a direct application of knowledge gained in P19 cells and mESCs to a clinically 

relevant model system.  In this chapter, we show that, as in the two murine systems, RA 

acted early in the differentiation cascade, enhancing expression of the premyogenic 

mesoderm marker Meox1, and expanding the Pax3+ve progenitor population, which occurred 

prior to MRF expression and had not been previously described in this system.  This 

expansion leads to increased expression levels of MyoD and myogenin and ultimately to 

enhanced myogenesis in hESCs.  The timing and concentration of treatment employed did 

not result in enhancement of other RA-responsive cells types, such as cardiac muscle, 

neurons and smooth muscle.  Therefore, RA enhances myogenesis in hESCs via similar 

mechanisms to those employed in P19 cells and mESCs.  Furthermore, myogenesis in this 
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system utilizes an embryonic pathway involving the formation of a Pax3+ve/Meox1+ve 

progenitor population prior to MRF expression, which may have clinical implications as 

these cells have been shown to be more efficient in their ability to repopulate the satellite cell 

niche (238). 

 In Chapter 4 we performed experiments to test the hypothesis that cofactor 

interactions regulate the function of Nkx2.5 during stem cell differentiation.  We undertook a 

proteomic screen to search for novel binding partners of Nkx2.5 during cardiomyogenesis in 

P19 cells and we identified protein phosphatase 1β and myosin phosphatase targeting subunit 

1 (Mypt1), two subunits of the myosin phosphatase (MP) enzyme complex.  We go on to 

show that co-expression with MP results in exclusion of Nkx2.5 from the nucleus and 

inhibition of its transcriptional activity.  This exclusion is regulated via modulation of Mypt1 

phosphorylation by ROCK, downstream of Wnt signalling.  Furthermore, Wnt3a treatment 

of differentiating mESCs resulted in increased exclusion of Nkx2.5 from the nucleus and a 

consequent failure to undergo terminal cardiomyogenesis.  This represents a novel 

mechanism of regulation of Nkx2.5 and for Wnt3a-mediated inhibition of cardiac progenitor 

differentiation. 
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2.1 Abstract 

Understanding stem cell differentiation is essential for the future design of cell therapies.  

While retinoic acid (RA) is the most potent small molecule enhancer of skeletal myogenesis 

in stem cells, the stage and mechanism of its function has not yet been elucidated.  Further, 

the intersection of RA with other signalling pathways that stimulate or inhibit myogenesis 

(such as Wnt and BMP4, respectively) is unknown.  Thus, the purpose of this study is to 

examine the molecular mechanisms by which RA enhances skeletal myogenesis and interacts 

with Wnt and BMP4 signalling during P19 or mouse embryonic stem cell (mESC) 

differentiation.  Treatment of P19 or mESCs with low levels of RA led to an enhancement of 

skeletal myogenesis by upregulating the expression of the mesodermal marker, Wnt3a, the 

skeletal muscle progenitor factors Pax3 and Meox1, and the myogenic regulatory factors 

(MRFs) MyoD and myogenin. By chromatin immunoprecipitation, RA receptors (RARs) 

bound directly to regulatory regions in the Wnt3a, Pax3, and Meox1 genes and RA activated 

a ß-catenin-responsive promoter in aggregated P19 cells.  In the presence of a dominant 

negative ß-catenin/engrailed repressor fusion protein, RA could not bypass the inhibition of 

skeletal myogenesis nor upregulate Meox1 or MyoD. Thus, RA functions both upstream of 

and in parallel with Wnt signalling.  In contrast, it functions downstream of BMP4, as it 

abrogates BMP4 inhibition of myogenesis and Meox1, Pax3, and MyoD expression.  

Furthermore, RA downregulated BMP4 expression and upregulated the BMP4 inhibitor, 

Tob1.  Finally, RA inhibited cardiomyogenesis but not in the presence of BMP4.  RA can 

enhance skeletal myogenesis in stem cells at the muscle specification/progenitor stage by 

activating RARs bound directly to mesoderm and skeletal muscle progenitor genes, 
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activating ß-catenin function and inhibiting bone morphogenetic protein (BMP) signalling.  

Thus, a signalling pathway can function at multiple levels to positively regulate a 

developmental program and can function by abrogating inhibitory pathways. Finally, since 

RA enhances skeletal muscle progenitor formation, it will be a valuable tool for designing 

future stem cell therapies. 

2.2 Introduction 

The initiation of skeletal myogenesis involves a complex interplay of signalling molecules 

secreted from the tissues surrounding the somite, including Wnt, Sonic hedgehog, and Bone 

morphogenetic proteins 4 (BMP4) (1-5).  Somites respond to the various signals by 

activating the expression of transcription factors that specify cells to the skeletal muscle 

lineage, including Pax3, Meox1 and Gli2 (6-10). Commitment into skeletal myoblasts is 

dependent on the expression of the myogenic regulatory factors (MRFs), including MyoD, 

Myf-5, myogenin and myf-6/MRF4/ herculin, and is regulated by factors in the 

dermomyotome (11, 12).  

P19 cells are pluripotent embryonal carcinoma (EC) cells, derived from mouse embryonic 

stem (ES) cells, that can differentiate into cardiac and skeletal muscle in a dimethyl sulfoxide 

(DMSO)- and aggregation-dependent manner (13).  While cells grown in monolayer 

maintain their stem cell phenotype, the process of cellular aggregation initiates mesoderm 

induction, shown by the expression of Brachyury T (14). Subsequent muscle development 

proceeds in the presence of DMSO.  The order of transcription factors and signalling 

pathways for myogenesis in P19 cells appear to be similar to those during early 

embryogenesis.  Thus P19 cells are a useful tool for examining in vitro myogenesis, 

potentially leading to novel mechanisms relevant to ES stem cell therapy. 
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 Retinoic acid (RA) is a derivative of vitamin A and plays a crucial role in a wide 

variety of embryonic developmental processes (15). In the embryo, the ability of RA to bind 

its receptors (retinoic acid receptors [RARs]/ retinoid X receptors [RXRs]) is precisely 

controlled by regulating the availability of RA through proteins that synthesize RA, such as 

retinaldehyde dehydrogenase 2 (RALDH2), and those that metabolize RA, such as Cyp26, 

and other proteins that transport or bind RA.  Low levels of RA are known to enhance 

skeletal myogenesis in stem cells and myoblast cell lines (16-18). RA can regulate MRF 

expression in myoblasts and chick limb (17-19), whereas RARs interact and synergize with 

MRFs (20).  However, the exact stage(s) at which RA functions to enhance skeletal 

myogenesis in a stem cell context has not been clearly defined.   

 Altered RA signalling in vertebrates affects body patterning, generating homeotic 

transformations and/or segmentation defects (21). In Xenopus embryos, RA signalling 

regulates segmental patterning by promoting anterior segmental polarity and by positioning 

segmental boundaries (22).  In mice, RA coordinates somitogenesis and left-right patterning 

(23).  How the effect of RA on the somite impacts on the development of the myotome is not 

well understood. 

 In the canonical pathway, Wnt binds to cell surface receptors of the frizzled family, 

leading to the activation of Dishevelled and stabilization of cytosolic ß-catenin (24).  In a 

simplified view, ß-catenin enters the nucleus, binds the T-cell factor / lymphoid enhancer 

factor (TCF/LEF) family of transcription factors, and activates gene expression.  Several 

studies have shown that exogenous Wnt and/or activated ß-catenin can replace the dorsal 

neural tube in the induction of myogenesis in somite explant cultures (25). A combination of 

Wnt and Shh signals regulates the expression levels of both ß-catenin and Lef1 in the 
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myotome prior to MyoD expression in the chick (26). Further, ß-catenin regulates the 

expression of Pax3 (27). In P19 cells, a dominant negative ß-catenin inhibits the expression 

of Pax3, Gli2, Meox1, MyoD, and abrogates myogenesis (8).  Finally, Wnt was shown to act 

directly on the Myf5 epaxial enhancer via ß-catenin (28). Therefore, there is strong evidence 

that Wnt signalling regulates specification and commitment into the skeletal muscle lineage.  

How Wnt signalling intersects with RA signalling during myogenesis is unknown.  

BMP4 belongs to the TGF-β superfamily of peptide growth factors (29). BMPs 

inhibit myogenesis in myoblast cell lines, limb micromass cultures, and developing somites 

(3, 30, 31). Noggin signals are derived from the notochord and the somite.  Noggin signalling 

is believed to counteract the inhibitory effects of BMP4 on the epaxial somite (32-34). 

Further experiments using somite explants showed that relative levels of BMP4 and noggin 

regulated the activity of Pax3 to control the temporal and spatial activation of the MRFs (35). 

Therefore, extensive studies have demonstrated the inhibition of embryonic skeletal 

myogenesis by BMP.  How BMP signalling intersects with RA signalling is unknown. 

The role of BMP in cardiomyogenesis has also been extensively studied. In 

Drosophila, the BMP homologue decapentaplegic protein (dpp) is secreted from the dorsal 

ectoderm and maintains tinman expression in the mesoderm (36).  Similarly, in chick BMP2 

or -4 is expressed in tissues adjacent to the precardiac mesoderm and can induce Nkx2-5 and 

GATA-4 expression (37, 38). Conversely, disruption of BMP signalling with noggin or 

dominant negative receptors can prevent cardiomyogenesis in chick, Xenopus, ES, P19 and 

P19CL6 cells (37, 39-45).  Therefore, BMP/dpp signalling is essential in controlling 

cardiomyogenesis. 

Studies with embryonic stem and embryonic carcinoma cells have shown that RA 

inhibits cardiomyogenesis when added at an early stage (16, 46, 47) and enhances ES cell 
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cardiomyogenesis when added at a late stage of differentiation (46, 48). RA can block 

myocardial gene expression, including XNkx2.5, in Xenopus embryos (49) and can alter 

cardiomyogenesis proliferation and patterning in other model systems (50-53).  Mice lacking 

various combinations of RXRs and RARs have shown that retinoids are required to prevent 

differentiation and support proliferation of ventricular cardiomyocytes (54, 55). RA 

deficiency in RALDH2 -/- mice alters second heart field formation (56, 57).  Clearly, RA 

affects the timing and positioning of cardiomyogenesis at multiple levels and further studies 

are required to dissect out the role of RA at each step of development. 

  Here we investigate signalling events leading to the control of stem cell entry into 

skeletal and cardiac muscle lineages by RA, Wnt, and BMP4. We show that low levels of 

RA stimulate skeletal myogenesis by accelerating and increasing the expression of Wnt3a, 

Pax3, Meox1, and MRFs. This early and enhanced activation of skeletal muscle is refractory 

to inhibitory signals from BMP4 but not from a dominant negative ß-catenin.  Furthermore, 

low levels of RA inhibit stem cell differentiation into the cardiac muscle lineage, as shown 

by the absence of GATA-4 expression.  The inhibitory activity of RA on cardiomyogenesis 

can be abrogated by the presence of BMP4.  Therefore, BMP4 and RA function 

antagonistically to regulate each other’s inhibition of entry into skeletal and cardiac muscle 

lineages, respectively. However, RA functions both upstream of and in parallel with Wnt 

signalling through ß-catenin.  
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2.3 Materials and Methods 

2.3.1 Plasmid Constructs 

The expression construct phosphoglycerate kinase (PGK)-BMP4 contains a 1.8 Kb EcoRI 

BMP4 cDNA fragment, containing the complete coding sequence of human BMP4 (Wyeth 

Pharmaceuticals, MA, USA), driven by the PGK-1 promoter. The empty PGK vector was 

used as control. The constructs PGK-Puro, B17, and PGK-Lac-Z were previously described 

(92).   

2.3.2 P19 Cell Culture and Isolation of Stable Cell lines 

P19 embryonal carcinoma cells (American Type Culture Collection, VA, USA) were 

cultured as previously described (93) in α-minimum essential media supplemented with 5% 

cosmic calf serum (Hyclone, UT, USA) and 5% fetal bovine serum (Cansera, Rexdale, ON, 

Canada). P19[ß-cat/EnR] cells were isolated and described previously (8).  For P19[BMP4] 

cells, stable cell lines were created using similar protocols.  Briefly, P19 cells were 

transfected with the DNA constructs PGK-BMP4 or the empty PGK vector along with PGK-

puro, PGK-LacZ and B17 with the aid of the Fugene 6 transfection kit (Roche Diagnostics 

Canada, Quebec, Canada) as per manufacturer’s instructions. Twenty-four hours after 

transfection, cells were grown under puromycin selection for 10 days. Individual colonies 

were analysed for BMP4 expression. 

To examine the role of BMP4 in P19 cell differentiation, P19 cells, P19[BMP4] cells, 

P19[control] cells, 1:1 mixtures of P19 and P19[BMP4] cells, and 1:1 mixture of P19 and 

P19[control] cells were aggregated with or without 0.8-1% DMSO for 4 days in petri dishes 
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(94).  Subsequently cells were transferred to tissue culture plates or gelatin coated cover slips 

and examined for differentiation on days 6 or 9.  

To examine the role of RA in P19 cell differentiation, P19 cells, P19[ß-cat/EnR] cells 

P19[BMP4] cells, P19[control] cells, 1:1 mixtures of P19 and P19[BMP4] cells, and 1:1 

mixture of P19 and P19[control] cells were aggregated with or without 0.8-1% DMSO in the 

presence of 0-30 nM all-trans RA. Stocks of RA were purchased and prepared every 3-4 

months. Each new stock was titrated for optimal skeletal myogenesis. 

2.3.3 Immunofluorescence 

For analysis of muscle-specific markers, cultures were treated as described previously (95) 

with MF20 (96). Staining was visualized with a Zeiss Axioskop microscope and 

photographed with a Sony 3CCD camera. Images were formatted using Adobe Photoshop 

and Canvas software.  Myogenic differentiation was quantified by counting five to 10 fields 

containing 100-200 cells. 

For analysis of neuron-specific markers, cultures were plated on gelatin-coated 

coverslips and cultures were fixed with methanol at -20oC.  Antigenic analysis was 

performed using mouse-anti-Tuj1 (Research Diagnostics, USA) guinea pig anti-DCX 

(Chemicon, USA) and Hoechst dye as a nuclear marker.  To identify PAX3/7-positive cells, 

some cultures were also labeled with goat-anti-PAX3/7 (Invitrogen, Canada).   Secondary 

antibodies were AMCA- or FITC-conjugated anti-mouse-IgG, Cy3-conjugated anti-guinea 

pig-IgG, (Jackson ImmunoResearch Laboratories, USA) and Alexa-488 conjugated anti-goat 

IgG (Invitrogen, Canada) where appropriate.  Immunofluorescence was evaluated using 

OpenLab Software, version 3.4 (Improvision, MA, USA) on a Leica DMXRA2 microscope 
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equipped for epifluorescence.  Antigen-positive cells were counted in three to 10 fields in 

triplicate samples performed over two independent experiments and data expressed as a 

percentage of the total cell number (n=6-10).  Counts were performed by two investigators 

blind as to the treatment conditions of each field. 

2.3.4 Northern blot analysis 

Cells were harvested for RNA extraction using the Urea/lithium chloride method (97) as 

previously described (98). The cDNA fragments used to probe for MLC1/3 and MyoD (47) 

and for BMP4, GATA4, Pax3, Meox1, Myogenin, BrachyuryT, Wnt5b and 18s have been 

described previously (10). A1.8 Kb Kpn1/Mlu1 full length human cDNA fragment was used 

to probe for Tob1 (GeneBank Accession Number: BC031406) and a 400bp HindIII fragment 

for mouse RALDH2 (GI Number 31982069). 

2.3.5 mESC culture and differentiation 

J1 or D3 mESCs were maintained in 15% fetal bovine serum in the presence of Leukemia 

Inhibitory Factor (LIF).  Differentiation was induced by aggregating cells in the absence of 

LIF.  Cells were aggregated in hanging drops containing 800 cells for 2 days and in 

suspension for a further 5 days.  Aggregates were treated with increasing concentrations of 

retinoic acid from day 2 to day 5 or 7 of differentiation.  On day 7 of differentiation, cells 

were plated on tissue culture plates and allowed to differentiate for a further 13 days.  The 

efficiency of myocyte formation was enhanced by plating at a high cell density.  Experiments 

were performed at least twice with each cell line with similar enhancement of skeletal 

myogenic precursors. 
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2.3.6 PCR Analysis 

For RT-PCR southern analysis, total RNA was harvested from day 7 mES cells and 0.8µg 

was subjected to reverse transcription (Qiagen, Mississauga, Canada).  The resultant cDNA 

was subjected to PCR with primers specific for Pax3, Gata-4 and ß-actin (85, 99) and for 

MyoD and Meox1 (100) described previously. The PCR product was hybridized to DNA 

probes and visualized by autoradiography.   

For quantitative real-time PCR (Q-PCR) expression analysis of mES cells, total RNA 

was harvested from differentiating cells using the RNeasy Micro kit (Qiagen, Mississauga, 

Canada). RNA harvested from P19 cells using the urea/lithium chloride extraction was 

further purified using the RNeasy Micro kit (Qiagen, Mississauga, Canada).  The resultant 

cDNAs were used for Q-PCR, using protocols and primers for Pax3/7, Meox1, MyoD, 

myogenin and GAPDH as described previously (100).  mRNA levels were normalized to ß-

actin or glyceraldehyde-3-phosphate dehydrogenase levels for the corresponding day and 

subsequently to levels in untreated samples for the corresponding day.    

2.3.7 Promoter Analysis 

P19 cells were transfected with 6µg of the super8 TOPFlash (101) or FOPFlash reporter 

plasmids (generous gifts from R Moon), as well as with 2µg of Renilla Luciferase (Promega, 

WI, USA), using Fugene Transfection Reagent (Roche Applied Sciences, QC, Canada).  

Cells were either left in monolayer culture or aggregated in the presence of 1% DMSO, 

20mM LiCl, 1% DMSO with retinoic acid, or 1%DMSO with 50ng/ml BMP4.  Luciferase 

assays were conducted using the Dual Luciferase Reporter Assay System from Promega, 24 

hours after treatment.  Luciferase activity was normalized to Renilla activity.  Data from 
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samples treated with lithium chloride or RA were normalized to samples treated with DMSO 

alone.  

2.3.8 Chromatin Immunoprecipitation 

Protein was cross-linked to DNA and chromatin was harvested as described previously (100) 

from three 150 mm dishes of day 2 P19 aggregates, treated with 1% DMSO and 10nM RA. 

For immunoprecipitation, 2 µg of RAR antibody (Santa Cruz, CA,USA) or 2µg of rabbit 

immunoglobulin G antiserum (Chemicon, MA, USA) was incubated with chromatin and the 

immune complexes were captured by addition of protein-G sepharose beads, as described 

(100).  After RNase A and proteinase K treatments, DNA was purified using Qiagen’s PCR 

Purification Kit (Qiagen, ON, Canada).  Relative enrichment of binding sites compared to 

the IgG negative control immunoprecipitation was analysed using SYBR green real-time 

PCR, as described above.  

2.4 Results 

2.4.1 RA inhibits cardiomyogenesis and enhances entry into the skeletal muscle 
lineage in P19 cells 

Previous studies have shown that RA can inhibit cardiomyogenesis and enhance 

skeletal myogenesis (16, 47), but the stage at which this occurs and the interaction with other 

signalling pathways have not been clearly defined.  To investigate the mechanisms by which 

RA modulates myogenesis in P19 cells, various concentrations of RA, in the presence of 

DMSO, were examined. In agreement with previous results (47), it was found that skeletal 

myogenesis occurred in the presence of DMSO but not in its absence (summarized in Table 

2.1).  Furthermore, 3-30nM of RA with DMSO was to be sufficient to block cardiac and 
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enhance skeletal muscle development (data not shown). A time course of P19 cell 

differentiation was carried out in the presence of DMSO, with and without 30nM of RA. 

Cells were fixed on day 9 for immunofluorescence and stained with an anti-myosin heavy 

chain (MyHC) antibody, MF20, which identifies MyHC in both cardiac and skeletal 

myocytes.  Cardiac and skeletal myocytes can be distinguished by their morphology and time 

of appearance, with rounded cardiac myocytes appearing by day 6 and elongated, bipolar 

skeletal myocytes by day 9 (13).  Cells treated with RA did not differentiate into cardiac 

muscle, evidenced by the absence of rounded cardiac myocytes, expressing MyHC, 

compared to cells not treated with RA (Figure 2.1, panels IB and D). In contrast, 

significantly enhanced levels of bipolar skeletal myocytes were observed in the presence 

compared to the absence of RA (Figure 2.1, panels IA and C).  Quantification of the number 

of cardiac and skeletal myocytes after treatment with RA showed that the fourfold increase 

in skeletal myocytes and eightfold loss of cardiac myocytes were statistically significant 

(Figure 2.1, panel II).  Therefore, in agreement with others (58), RA inhibited 

cardiomyogenesis and enhanced skeletal myogenesis in P19 cells. 

In order to examine the molecular basis of the effects of RA on myogenesis, total 

RNA was harvested from a time course of cells differentiated with and without RA and 

subjected to northern blot analysis.  Endogenous RALDH2 levels were enhanced on day 2 of 

the DMSO-induced differentiation in the absence of exogenous RA (Figure 2.1, panel IIIA), 

indicating that endogenous RA signalling could be involved at this stage of development 

(59). RA-treated cells showed enhanced expression of RALDH2 from days 3-5 (Figure 2.1, 

panel IIIA). 
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Figure 2.1 RA inhibits cardiomyogenesis and enhances skeletal myogenesis in P19 cells.  

P19 cells were aggregated with 0.8% dimethy sulfoxide (DMSO) in the presence and 

absence of 30 nM RA. Panel I: Cells were fixed on day 9 for immunofluorescence with 

MF20 antibody (A-D) and counter stained with Hoechst dye (E-H).  Magnification is 160x. 

Panel II: Cardiac (n=3) and skeletal (n=4) myogenesis were quantified by counting the 

number of MHC+ve myocytes as a percentage of the total.  Average +/- standard error of 

mean (SEM) is shown and statistics were Student’s t-test, *P<0.05.  Panel III:  Total RNA 

was harvested for northern blot analysis on the days indicated and hybridized to the cDNAs 

on the right.  Lanes are spliced from the same autoradiogram.  Panel IV: Quantitative 

polymerase chain reaction (PCR) analysis was performed on day 4 of differentiation for Pax3 

and Wnt3a transcript levels (n=2) and on day 9 for MyoD levels (n=4).  Results were 

expressed as fold change of transcript levels in the presence compared to the absence of RA 

treatment.  Panel V: Chromatin immunoprecipitation experiments were performed on day 2 

P19 aggregates treated with DMSO/ retinoic acid and analysed by real-time PCR using 

primers for sites within regulatory regions of the genes indicated. Average +/-SEM is shown, 

relative to IgG, and statistics were Student’s t-test of each region compared to IgG, n=3-4, 

*P<0.05. Panel VI: The position and conservation of the Meox1-2 and the Pax3-2 RAREs 

are shown. 
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To determine at what stage cardiomyogenesis was inhibited by RA, expression of the 

cardiomyoblast gene GATA-4, was examined (60).  Northern blot analysis revealed a lack of 

induction of GATA-4 transcripts in cells treated with RA (Figure 2.1, panel IIIB), consistent 

with the interpretation that under these conditions RA inhibits the commitment into the 

cardiac muscle lineage.  

In order to determine at which stage skeletal myogenesis was enhanced, the 

expression of genes expressed in the primitive streak (Brachyury T and Wnt3a), the 

dermomyotome (Pax3 and Meox1), and skeletal myoblasts (MyoD and myogenin) was 

examined.  Mesoderm induction occurred in the presence of RA, shown by the expression of 

Brachyury T (Figure 2.1, panel IIIC).  The levels of Brachyury T appear to be slightly 

decreased with RA, consistent with the increasing differentiation of mesodermal progenitors.  

In contrast to the results with GATA-4 expression, Wnt3a (days 4-6), Pax3 (days 2-9), 

Meox1 (days 3-4), MyoD (days 6-9) and Myogenin (days 6-9) transcripts were upregulated 

with RA treatment (Figure 2.1, panels IIID-H), which is consistent with an increase in 

skeletal myogenesis. Quantitative polymerase chain reaction (Q-PCR) was used to quantify 

the levels of Pax3, MyoD and Wnt3a transcripts, showing a 9.95-fold upregulation of these 

factors with RA treatment (Figure 2.1, panel IV). Hence, RA enhances skeletal myogenesis 

by upregulating Wnt3a, Pax3 and Meox1 (summarized in Table 2.1). 

Since BMP4 is known to inhibit skeletal and enhance cardiac myogenesis (61), and 

RA has been shown to inhibit BMP4 expression in the limb forebud (62), we examined the 

expression of BMP4 transcripts in the presence and absence of RA (Figure 2.1, panel III- I). 

The endogenous levels of BMP4 were down-regulated in RA-treated cells relative to the 

controls from days 3-9. Finally, we examined the expression of the transducer of ErbB2 



 

73 

(Tob1), an intrinsic inhibitor of BMP signalling (63, 64). Tob1 was upregulated by RA from 

days 2-9 (Figure 2.1, panel III-J). Thus, RA may function to enhance skeletal myogenesis 

and inhibit cardiomyogenesis in part by inhibiting BMP4 expression and/or function.   

To identify direct chromatin targets of RAR binding, we used multiple sequence local 

alignment and visualization (http://mulan.dcode.org/) to find retinoic acid response elements 

(RARE) sequences (defined as two tandem repeats of the RGKTCA element in DR1-7 

arrangements) located within +/- 100Kb of the start site for Wnt3a, Pax3 and Meox1.  While 

all three genes contained RARE sequences, only one of the two Meox1 sites (Meox1-2) and 

one of the two Pax3 sites (Pax3-2) were conserved between mouse and human, located in 

Mus musculus at –33869 bp and + 114735, respectively (Figure 2.1, panel VI). Chromatin 

immunoprecipitation experiments were performed on day 2 of differentiation, using an 

antibody that recognizes all RARs. We detected a significant ≈threefold enrichment in 

chromatin fragments corresponding to the Meox1-2 site, and a significant ≈twofold  

enrichment in chromatin fragments corresponding to the Pax3-2 site compared to 

immunoprecipitation with a rabbit IgG as a negative control (Figure 2.1, panel V).  We also 

tested several of the non-conserved RAREs identified upstream of Wnt3a.  One of these 

RAREs (Wnt3a-2 at position -36625) showed a significant ≈twofold enrichment.  Several 

non-conserved RARE sequences in Wnt3a, Meox1, or Pax3 genes were not significantly 

associated with immunoprecipitated RARs, whereas a known site in RARß2 was associated, 

as expected (65).  Thus, RARs bind to conserved elements in the Meox1 and Pax3 genes as 

well as to one non-conserved element upstream of Wnt3a in a population of differentiating 

P19 cells, indicating that RA functions both upstream of and in parallel to Wnt3a signalling. 



 

74 

2.4.2 RA enhances skeletal myogenesis in mESCs 

 To determine if our results in P19 cells were applicable to mouse embryonic stem 

cells, we differentiated mESCs in hanging drops for 2 days and in suspension culture for an 

additional 5 days, the latter with 0-50nM RA.  After replating in tissue culture dishes, cells 

were harvested on days 7 and 15 for RNA and fixed on day 20 for immunofluorescence. 

Examination of RNA by RT-PCR indicated increasing transcript levels of Meox1, Pax3, and 

MyoD in the presence of RA, peaking at 25nM (Figure 2.2, panel I).  Quantification of gene 

expression changes by Q-PCR indicated statistically significant 20-fold increases in Pax3 

and Meox1 expression on day 7 and a significant fivefold increase in myogenin on day 15 

(Figure 2.2, panel II).  Finally, skeletal myocytes were not observed on day 20 in the absence 

of RA, as shown by the lack of bipolar cells reacting with MF20 (Figure 2.2, panel III-B).  In 

the presence of 25nM RA, MyHC+ve bipolar skeletal myocytes were visible (Figure 2.2, 

panel IIID). Thus, similar to the findings in P19 cells, RA treatment of mESCs results in the 

enhancement of skeletal muscle progenitor formation, shown by the increase in expression of 

Pax3, Meox1, MyoD, and myogenin (summarized in Table 2.1). 
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Figure 2.2 Mouse Embryonic Stem cells differentiate into skeletal muscle in response to 

RA.  mES cells were aggregated in hanging drops for 2 days, cultured in suspension for a 

further 5 days with increasing concentrations of RA, and transferred to tissue culture dishes. 

Panel I:  RNA was harvested from day 7 cultures and subjected to real-time polymerase 

chain reaction (PCR) followed by Southern blot analysis with the probes indicated on the 

left.  Panel II:  RNA was harvested from days 7 and 15 after differentiation with or without 

25nM retinoic acid and examined by quantitative PCR analysis. The expression levels are 

expressed as fold increase in the presence, compared to the absence of RA, as the mean and 

standard error, n=3.  Statistics were Student’s t-test, *P<0.05.  Panel III: On day 20 of 

differentiation, cells were fixed and reacted with Hoechst dye to detect nuclei (A and C) and 

with MF20 antibody to detect muscle (B and D).  Magnification is 400x.  
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2.4.3 RA cannot bypass the inhibition of skeletal myogenesis by a dominant negative 
β-catenin 

 Since earlier studies have shown that Wnt signalling, via ß-catenin, activates Pax3, 

Gli2 and Meox1 expression, inducing skeletal myogenesis in P19 cells (8), we were 

interested in determining how the Wnt signalling pathway intersects with RA signalling. 

Furthermore, a dominant negative ß-catenin, with the transcriptional activation domain 

replaced by an engrailed repressor domain (ß-Cat/EnR), inhibited skeletal myogenesis in P19 

cells (8).  This dominant negative approach identifies genes bound by ß-catenin and their 

downstream targets.  In order to determine if RA can bypass this inhibition, P19 cells 

expressing ß-Cat/EnR were differentiated in the presence of DMSO, with and without RA 

and compared to control P19 cells.  Cultures were fixed on day 9 and examined by 

immunofluorescence with MF20.  In agreement with previous results (8), the overexpression 

of ß-Cat/EnR resulted in the loss of skeletal myogenesis, shown by the lack of bipolar 

skeletal myocytes, compared to control cells (Figure 2.3D versus B).  The addition of RA 

resulted in an increase in the number of skeletal myocytes observed in control cells (Figure 

2.3F versus B), but not P19[ß-Cat/EnR] cells (Figure 2.3H).  Therefore, RA was not 

sufficient to circumvent the inhibition of skeletal myogenesis by ß-Cat/EnR.   

 To examine at which time point the RA enhancement of skeletal myogenesis was 

inhibited by ß-Cat/EnR, RNA was harvested on days 0, 5 and 9 from P19[control] and 

P19[ß-Cat/EnR] cultures differentiated with increasing amounts of RA.  Northern blots 

showed the expression of exogenous ß-Cat/EnR in the P19[ß-Cat/EnR] cells and not in 

P19[control] cells (Figure 2.4, panel IA).  Endogenous ß-Catenin expression was 

constitutive, as expected (Figure 2.4, panel IB).  In agreement with Fig2.1, MyoD, Meox1  
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Figure 2.3 RA cannot override the inhibition of skeletal myogenesis by ß-Cat/EnR. 

P19[control] (A, B, E, F) and P19[ß-Cat/EnR] (C, D, G, H) cells were aggregated in the 

presence of 0.8% dimethy sulfoxide (DMSO) with (E-H) and without (A-D) 10 nM RA.  

Cells were fixed on day 9 of differentiation for immunofluorescence with MF20 antibody (B, 

D, F, H) and counter stained with Hoechst dye (A, C, E, G).  Magnification is 160x. 
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Figure 2.4 RA enhances the expression of Pax3/7 but not MyoD or Meox1 in the 

presence of ß-Cat/EnR.  Panel I:  P19[control] and P19[ß-Cat/EnR] cultures were 

differentiated with 0.8% dimethy sulfoxide in the presence of 0, 3, and 10 nM RA.  Total 

RNA was harvested and hybridized with the probes as indicated. Panel II: quantitative 

polymerase chain reaction analysis of Pax3 and Pax7 transcript levels, for each condition in 

Panel I, shown as one representative experiment performed in triplicate.  Panel III: RA 

activates ß-catenin in P19 aggregate but not monolayer cultures.  P19 cells were transfected 

with the TOPFlash or FOPFlash reporter and treated with the compounds indicated in 

aggregated or monolayer cultures. Cells were harvested 24 hours later for luciferase assays 

(n=2). Numbers represent the average +/- standard error of mean and statistics were 

Student’s t-test, *P<0.05. 
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and Pax3 were upregulated with 3 and 10nM RA in P19[control] cells, compared to no RA 

treatment (Figure 2.4, panels IC - E, lanes 4-7 versus lanes 2-3).  Gli2 was upregulated 

during myogenesis on days 5 and 9, in agreement with previous results (9), but was not 

further upregulated by RA (Figure 2.4, panel IF).  Interestingly, while MyoD and Meox1 

were no longer upregulated by RA in the presence of ß-Cat/EnR (Figure 2.4, panels IC - D, 

lanes 11-14), Pax3 transcript levels were increased by RA treatment (Figure 2.4, panel IE, 

lanes 11-14).  Myogenin and Myf-5 were also not upregulated in P19[ß-Cat/EnR] cells 

treated with RA (data not shown).  The enhancement of Gli2 during myogenesis (Figure 2.4, 

panel IF, lanes 2-3) was abrogated in the presence of ß-Cat/EnR (lanes 9-10), as shown 

previously (8).  This loss of Gli2 expression was reversed in the presence of RA (Figure 2.4, 

panel IF, lanes 11-14).  Therefore, the RA enhancement of MyoD and Meox1 was abrogated 

in the presence of ß-Cat/EnR, but not the enhancement of Pax3.  Furthermore, the Gli2 

expression became responsive to RA in the presence of ß-Cat/EnR (summarized in Table 

2.1). 

 Changes in gene expression for Pax3 and Pax7 were quantified by Q-PCR (Figure 

2.4, panel II).  RA treatment resulted in the increased expression of Pax3 and Pax7 in P19[ß-

Cat/EnR] cells on days 5 and 9 (Figure 2.4, panel II). Thus, both Pax3 and Pax7 were 

upregulated by RA in the presence of ß-Cat/EnR. 

 To further assess the relationship between RA and Wnt, the ability of RA to 

activate a ß-catenin-responsive promoter – TOPflash - which contains 8 high mobility group 

(HMG) box sites, was examined using luciferase assays and compared to a mutated HMG 

box promoter, FOPflash (66).  Both 10 and 100nM RA were sufficient to induce four- to 

fivefold increases in ß-catenin activity in aggregated P19 cells (Figure 2.4, panel III).  

Interestingly, the activation by RA required cellular aggregation, since RA did not 
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significantly enhance ß-catenin function in monolayer cultures.  Furthermore, no evidence 

was obtained of synergy or inhibition of RARß on ß-catenin activity using a ß-catenin-

responsive TOPflash reporter (data not shown), in contrast to previous reports of inhibition 

(67).  Thus RA can activate ß-catenin function in DMSO-treated P19 aggregates, likely by 

enhancing ß-catenin translocation to the nucleus. 

2.4.4  Induction of Pax3 by RA is not due to enhanced neurogenesis 

 Since high levels of RA (1µM) can induce neurogenesis in P19 cells and both Pax3 

and Shh signalling via Gli2 can regulate neurogenesis in spinal cord and brain (68-70), the 

increase in Pax3 mRNA may not reflect skeletal myogenesis but, rather, result from an 

increase in neurogenesis. To test this hypothesis, we quantified the percentage of cells that 

differentiated to a neuronal phenotype in P19[control] and P19[ß-Cat/EnR] cells under 

cardiac and skeletal myogenic conditions (1%DMSO), skeletal myogenic conditions 

(1%DMSO+10nM RA), or neurogenic conditions (1%DMSO+ 1µM RA) (Figure 2.5).  

Differentiation to a post-mitotic neuronal phenotype was identified by labelling of neuron-

specific ß-III tubulin using anti-Tuj1 antibodies.  As expected, 1µM RA triggered a 

significant neuronal differentiation compared to DMSO alone (Figure 2.5, panels I and III).  

However, neurogenesis with 10 nM RA was variable and was not significantly different 

compared to DMSO alone (Figure 2.5, panels I and III). Consistent with previous reports that 

the dominant-negative inhibition of ß-catenin signalling reduces neurogenesis (71), we found 

that significantly fewer cells differentiated to Tuj1-positive neurons in P19[ß-Cat/EnR] 

cultures treated with 1µM RA (Figure 2.5, panels II and III).  
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Figure 2.5 PAX3/7 expression in P19 cultures treated with DMSO and 10 nM RA is 

indicative of skeletal myogenesis and not neurogenesis.  Panel I: P19[control] cells, 

undifferentiated in monolayer cultures (control) or differentiated with 1%  DMSO, 1% 

DMSO+ 10 nM RA, or 1% DMSO + 1 µM RA for 9 days, were immunolabelled with anti-

TuJ1 (green) to detect terminally differentiated neurons and stained with the nuclear marker 

Hoechst (blue). Panel II: P19[ß-Cat/EnR] cells were treated as in Panel I. Panel III: 

Quantitative analysis of the percentage of Tuj1-positive cells was established, expressed as 

the percentage of the total cell number (n=6-10).  Panel IV: Immunofluorescent staining of 

PAX3/7 protein (green), committed neuronal precursors (double cortin-positive, red), and 

terminally differentiated neurons (TuJ1-positive, blue) in triple-labelled P19[control] cultures 

treated with DMSO + 10 nM RA, demonstrating that PAX3/7-positive cells (arrow) are not 

neuronal precursors or neurons.  Panel V: Quantitative analysis indicated that the 

overwhelming majority of PAX3/7-positive cells in all treatments were non-neuronal. 

Statistics were analysis of variance, post-hoc Bonferroni, *P<0.05, Scale bars, 50 µm.
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 In order to determine whether Pax3/7 proteins were found in neurons, or in neural 

precursor cells, we used immunofluorescence to co-localize Pax3/7 proteins with neuronal 

markers (Figure 2.5, panels IV and V).   Anti-Tuj1 antibodies were used to detect immature 

neurons and anti-double cortin (DCX) antibodies were used to detect committed neuronal 

precursor cells. DCX protein is expressed as early as 1 day after the initiation of 

neurogenesis in P19 cells and is the earliest known marker of neurogenesis (72).  To confirm 

that P19 cells do not express Pax3/7 following neuronal commitment, we quantified the 

percentage of Pax3/7-positive neuronal precursors and immature neurons in our day 9 

cultures (Figure 2.5, panels IV and V).  Under all conditions tested, the overwhelming 

majority of Pax3/7-positive cells were non-neuronal (Figure 2.5, panels IV and V).  No 

Pax3/7-positive neurons were detected in P19[control] cultures under conditions promoting 

skeletal myogenesis (DMSO + 10nM RA) (Figure 2.5, panels IV and V). Taken together, 

these results provide strong evidence that enhancement of Pax3 and Gli2 expression by low 

concentrations of RA is indicative of increased skeletal myogenesis and not neurogenesis. 

2.4.5  Overexpression of BMP4 blocks skeletal myogenesis in P19 cells 

Since RA enhances skeletal myogenesis, while downregulating BMP4 expression, we were 

interested in examining the interplay between RA and BMP4 in P19 cell myogenesis. In 

order to examine the effect of BMP4 on skeletal myogenesis in a stem cell context, stable 

cell lines expressing BMP4 were isolated and termed P19[BMP4] cells. When aggregated in 

the absence of DMSO and examined for immunofluorescence with MF20, neither skeletal 

nor cardiac myogenesis occurred in P19[BMP4] cells (data not shown).  When cells were  
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Figure 2.6 BMP4 inhibits skeletal but not cardiac myogenesis.  Panel I: P19[BMP4] and 

P19[control] cells were aggregated in the presence of 0.8% dimethy sulfoxide (DMSO). 

Cells were fixed on day 9, stained with MF20 antibody (A-D), and counter-stained with 

Hoechst dye to show the nuclei (E-H).  Magnification is 400x. Panel II: The number of 

MHC+ve cells were counted and the average +/- standard error of mean shown.  Statistics 

were Student’s t-test, *P<0.05, n=3. 

 . 
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aggregated in the presence of DMSO, P19[BMP4] cells differentiated into cardiac muscle 

(Figure 2.6, panel IA) but not skeletal muscle (Figure 2.6, panel IB).  Under these conditions, 

control cells differentiated efficiently into both cardiac (Figure 2.6, panel IC) and skeletal 

muscle (Figure 2.6, panel ID). Furthermore, a similar inhibition of skeletal myogenesis was 

obtained when parental P19 cells were mixed with P19[BMP4] cells in various ratios and 

aggregated in the presence of DMSO (data not shown). This indicated that BMP4 can 

function extracellularly. By counting the number of MHC+ve cells, skeletal myogenesis was 

inhibited an average of ≈fivefold in the presence of BMP4 and cardiomyogenesis was 

enhanced about 1.6-fold (Figure 2.6, panel II).  Thus, overexpression of BMP4 in P19 cells is 

sufficient to block skeletal muscle and to slightly enhance cardiac muscle development. 

2.4.6  BMP4 inhibits skeletal muscle specification 

In order to investigate at what point in the pathway BMP4 inhibited myogenesis, the 

expression patterns of skeletal muscle-specific markers in P19[BMP4] and P19[control] cells 

during DMSO-induced differentiation were compared. Total RNA was harvested on days 0, 

6 and 9 for northern blot analysis.  P19[BMP4] cell lines expressed high levels of BMP4 

(Figure 2.7, panel IA), but failed to express early markers of skeletal myogenesis such as 

Meox1 and Pax3 (Figure 2.7, panels IB - C) and late markers such as MyoD (Figure 2.7, 

panel ID) compared to P19 [control] cells. A 17+/-5 (n=four) loss of MyoD transcript levels 

were detected by Q-PCR in the presence of BMP4 (Figure 2.8, panel II).  These findings 

suggest that BMP4 inhibited an early stage of skeletal muscle development by preventing 

proper muscle specification (summarized in Table 2.1). 
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Figure 2.7 BMP4 inhibits skeletal muscle specification.  Panels I and II: P19[BMP4] and 

P19[control] cells were aggregated in the presence of 0.8% dimethy sulfoxide (DMSO). 

P19[control] cells were also aggregated in the absence of DMSO to serve as negative 

controls. On days 0, 6 and 9 (Panel I) and days 1-5 (Panel II), total RNA was harvested for 

northern blot analysis and hybridized with the cDNAs indicated on the right.  Panel III: P19 

cells were transfected with the TOPFlash reporter, aggregated, and treated with the 

compounds indicated. Cells were harvested 24 hours later for luciferase assays (n=2). 

Numbers represent the average +/- standard error of mean and statistics were Student’s t-test, 

*P<0.05. 

. 
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To determine if mesoderm induction, the stage prior to muscle specification, was 

affected by BMP4 expression, a time course of DMSO-induced differentiation was 

performed. P19[BMP4] and P19[control] cells were aggregated in the presence of DMSO 

and total RNA was harvested during the time course of differentiation for northern blot 

analysis. P19[BMP4] and P19[control] cell lines both expressed the mesoderm markers 

BrachyuryT and Wnt5b (Figure 2.7, panels IIA and B). Wnt5b expression levels appeared to 

be slightly increased.  Finally, in order to compare the abilities of RA and BMP4 to enhance 

ß-catenin activity, P19 cells were aggregated with DMSO in the presence and absence of 

BMP4 and the ß-catenin-responsive TOPflash promoter was examined by luciferase assay. 

BMP4 was able to activate the ß-catenin-responsive reporter in aggregated P19 cells treated 

with DMSO (Figure 2.7, panel III).  Taken together, these results show that BMP4 interfered 

with skeletal myogenesis at a time point after mesoderm induction but before the 

specification of skeletal muscle. 

2.4.7 Reciprocal Regulation of Myogenesis by RA and BMP4 

Since BMP4 was found to inhibit, and RA to enhance skeletal muscle specification in P19 

cells, we wanted to determine if BMP4 could override the enhancement of skeletal 

myogenesis by RA, and vice versa for cardiomyogenesis. To this end, P19 cells were mixed 

with P19[BMP4] or P19[control] cells and aggregated in the presence of DMSO with or 

without RA. As expected, P19 cells, mixed with P19[control] cells and aggregated in the 

presence of DMSO, differentiated readily into cardiac and skeletal muscle, as seen by 

positive MyHC staining. As shown in Figures 2.1 and 2.4, and quantified in Figure 2.8, RA  
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Figure 2.8 RA and BMP4 counteract each other’s inhibition of skeletal myogenesis or 

cardiomyogenesis.   P19 cells were mixed with P19[BMP4] or P19[control] cells in the 

presence of 1% dimethyl sulfoxide (DMSO), with or without RA. Panel I: P19[BMP4] 

cultures treated with RA were fixed on day 9 for immunofluorescence with MF20 antibody 

(A, B) and counter stained with Hoechst dye (C, D). Magnification is 160x. Panel II: 

Skeletal myogenesis was quantified for each condition by counting the number of myosin 

heavy chain+ve bipolar skeletal myoctes, expressed as the percentage of total cells (white 

bars) and their standard errors (n=3). MyoD transcript levels (black bars) were quantified by 

quantitative polymerase chain reaction and expressed relative to control cultures (n=2), 

*P<0.05. Panel III:  Cardiomyogenesis was quantified as described for Panel II, n=4.  Panel 

IV: On days 6 and 9 total RNA was harvested for northern blot analysis and probed with the 

cDNAs indicated on the right. Panel V: A time course of P19[BMP4] and P19[control] cells 

aggregated in the presence of DMSO and RA.  Total RNA was harvested for northern blot 

analysis on days 1-4, 6, and 9 and probed with the cDNAs indicated on the right.
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inhibited cardiac myogenesis (3.6-fold), but not skeletal myogenesis, and BMP4 inhibited 

skeletal myogenesis (5.5-fold), but not cardiac myogenesis (Figure 2.8, panels II and III).  

However, P19 cells mixed with P19[BMP4] cells and treated with RA differentiated 

efficiently into both cardiac and skeletal muscle (Figure 2.8, panels I-III), indicating that RA 

and BMP4 could antagonize each other’s inhibitory activities.  

The results of immunofluorescence were confirmed by RNA analysis. Cultures of P19 

cells mixed with P19[BMP4] cell lines contained high levels of BMP4 transcripts on days 6 

and 9 (Figure 2.8, panel IVA, lanes 2-9). GATA-4 transcripts were present in cultures 

containing both BMP4 and RA, indicating that BMP4 abrogated the inhibition of 

cardiomyogenesis by RA (Figure 2.8, panel IVB, lanes 6-9).  MyoD and myosin light 

chain1/3 (MLC1/3) transcripts were absent in P19[BMP4], compared to P19[control] cells 

(Figure 8, panel IVC - D, lanes 2-5 compared to 1). In contrast, P19 cells treated with BMP4 

and RA robustly expressed MyoD and MLC1/3 transcripts (Figure 2.8, panels IVC and D, 

lanes 7 and 9). Quantification of MyoD transcript levels under the four conditions by QPCR 

was consistent with the results from counting skeletal myocytes (Figure 2.8, panel II).  

Therefore RA enhanced skeletal myogenesis and antagonized the inhibitory actions of BMP4 

signalling. 

Based on the inability of BMP4 to inhibit skeletal muscle development in the presence 

of RA, we predicted that the accelerated expression of Pax3 with RA treatment would still be 

observed in the presence of BMP4. To test this, we examined a time course of P19 cell 

differentiation in the presence of P19[BMP4] cells and RA. Total RNA was harvested on 

days 1-4, 6, and 9 for northern blot analysis. Exogenous BMP4 transcripts were present in 

P19[BMP4] cultures (Figure 2.8, panel VA). Pax3 and MyoD transcripts were detected in 
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cells treated with RA alone in a similar expression pattern compared to cultures containing 

both RA and BMP4 (Figure 2.8, panels VB and C, lanes 1-6 compared to 7-12). These 

results are in contrast to the loss of Pax3 and MyoD expression shown in the presence of 

BMP4 alone (Figure 2.7).  Therefore, the early enhancement of Pax3 expression by RA 

treatment still occurs in the presence of BMP4 (summarized in Table 2.1). 
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Table 2.1 Summary of Gene expression Changes in cell lines treated with and without 
DMSO and/or RA 

  Cardiac Skeletal Markers  

Cell line Conditions GATA-4  Pax3 Gli2 Meox1 MRFs Figure 

P19 -  - - - - - Fig. 2.7 

P19 +DMSO + + + + + Fig. 2.1 

P19  +DMSO&RA - +++ + +++ +++ Fig. 2.1 

P19[ß-cat/EnR] +DMSO N.D. - - - - Figs. 2.3 & 2.4 

P19[ß-cat/EnR]  +DMSO&RA N.D. +++ +++ - - Figs. 2.3 & 2.4 

P19[BMP] - - - - - - Data not shown 

P19[BMP] +DMSO + - N.D. - - Fig. 2.6, 2.7 & 

2.8 

P19[BMP] +DMSO&RA - +++ + N.D. +++ Fig. 2.8 

Mouse ES - + - N.D. +/- - Fig. 2.2 

Mouse ES +RA +/- +++ N.D. +++ +++ Fig. 2.2 

P19 cell lines indicated on the right were aggregated under the conditions described and the 

induction of muscle marker gene expression was monitored. 

(+++ = high expression; + = normal expression; +/- = partial expression, - = not expressed; 

N.D. = not determined) 
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2.5 Discussion 

We have examined the mechanism of P19 stem cell differentiation into skeletal muscle in 

response to RA, Wnt inhibition, and/or BMP4. We show that BMP signalling inhibits 

skeletal muscle specification, via the loss of Pax3 and Meox1, while RA enhances this step.  

Furthermore, RA can enhance skeletal myogenesis in the presence of BMP4 but not 

dominant negative ß-catenin. RARs bound directly to RAREs in the upstream and 

downstream genomic regions of Meox1, Pax3 and Wnt3a. Both RA and BMP4 can activate 

the function of ß-catenin in a reporter assay in aggregated, DMSO-treated, P19 cells. Thus, 

RA functions both upstream of and in parallel to Wnt3a signalling to enhance skeletal 

myogenesis. Inhibition by BMP4 can be bypassed by RA, implying that RA may function 

downstream of BMP4 or that BMP4 inhibition occurs by affecting RA signalling/generation. 

In terms of cardiomyogenesis, RA signalling inhibits GATA-4 expression, resulting 

in the loss of cardiomyogenesis.  RA blocks the expression of endogenous BMP4 and 

activates the expression of Tob1, which is an inhibitor of BMP function. The positioning of 

RA upstream of BMP4 expression and activity explains the ability of exogenous BMP4 to 

compensate for the low levels of BMP4 in the presence of RA, resulting in the enhancement 

of cardiomyogenesis.   These findings are summarized in a model in figure 2.9. 

We have shown previously that ß-catenin is sufficient to induce skeletal myogenesis 

in P19 cells, by initiating skeletal muscle specification (9). Here we show that RARs 

function as a positive regulator of Wnt signalling by binding directly to Wnt3a regulatory 

regions, upregulating Wnt3a transcript levels and activating ß–catenin. In other systems, 
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such as F9/mouse ES cell differentiation or dorsal quail forebrain, RA can upregulate 

antagonists of the Wnt pathway, restrict Wnt expression, or inhibit ß-catenin activity (73-75). 

In contrast, RA upregulates the expression of Wnts during adult murine neurogenesis, 

or vertebrate limb induction (76, 77).  Our observed activation of ß-catenin by RA did not 

appear to involve synergistic interactions between RARs and ß-catenin on a ß-catenin-

responsive promoter (data not shown).  However, we have not ruled out that, once 

upregulated by RA signalling, ß-catenin might synergize with RARs to activate RARE-

responsive promoters, as described previously (78).   Interestingly, BMP4 treatment also 

resulted in the activation of the ß-catenin-responsive promoter, which is not surprising given 

that BMPs and Wnts cooperatively pattern mesoderm (79).  It is likely that both RA and 

BMP4 act via canonical Wnt signalling to regulate both shared and distinct target genes, 

which change over time, dependent on combinatorial factors. 

Pax3 expression is sufficient to initiate skeletal myogenesis in aggregated P19 cells 

(10) and it plays an important role in embryonic myogenesis (80). RA accelerated Pax3 

expression in P19 cells, likely by activating RARs bound directly to Pax3 regulatory 

sequences.  Although Pax3 expression was not abrogated by the presence of ß-Cat/EnR, and 

thus likely not bound by ß-Cat/EnR, its expression alone was not sufficient to initiate skeletal 

myogenesis under these conditions.  In contrast, although Meox1 is also a direct target of 

RARs, it was not upregulated in the presence of ß-Cat/EnR which implies that ß-Cat/EnR 

may have bound directly to the Meox1 regulatory sequences and inhibited its activation by 

RARs.  Future studies will include a global analysis of RAR and ß-catenin binding sites.  

The finding that RA cannot bypass the ß-Cat/EnR inhibition implies that ß-catenin and RARs 

bind to an overlapping, essential set of genes during myogenesis.    



93 
 

 
 

Figure 2.9 Model of the intersection of RA, Wnt, and BMP4 signaling during cardiac 

and skeletal muscle development.  BMP4 upregulates Wnt/ß-catenin during mesoderm 

induction (green arrow) and blocks skeletal myogenesis by downregulation of Meox1, Pax3 

and myogenic regulatory factor expression (red inhibition arrow). This inhibition can be 

reversed by RA, which enhances Tob1, Wnt3a, Pax3 and Meox1 expression, activates ß-

catenin and inhibits BMP4 expression (green arrows). RA receptors bind directly to the 

Wnt3a, Meox1, and Pax3 regulatory regions (bold green arrows). RA inhibits GATA-4 

expression and cardiomyogenesis, likely by inhibiting BMP4 expression and function. Grey 

arrows indicate previous work (6, 8-10, 35, 38, 40, 44, 102, 103).
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BMP4 inhibits skeletal myogenesis in vitro and in vivo (3, 31, 35, 81).  In agreement 

with these studies, we show that BMP4 can inhibit the specification of P19 cells into the 

skeletal muscle lineage, shown by the loss of Pax3 and Meox1 expression.  When combined, 

RA signalling was able to reverse the inhibition of Pax3 expression by BMP4.  RA signalling 

enhances the expression of Tob-1, which is an inhibitor of BMP signalling. However, it is 

unlikely that RA functions solely by inhibiting BMP activity.  For example, P19 cells 

expressing the BMP inhibitor noggin (44) did not show an enhancement/acceleration of 

skeletal myogenesis (M Jamali and I S Skerjanc, unpublished observations).  Since RA can 

activate myogenic progenitor genes in the presence of BMP4, it likely functions to activate 

transcription downstream of the BMP inhibitory signal. 

Low levels of RA inhibit cardiomyogenesis in P19 cells (16), although the 

mechanism has not been fully characterized.  Here we show that RA inhibits the expression 

of GATA-4, preventing mesodermal cells from becoming committed to the cardiac muscle 

lineage.  These results are similar to the finding that continued exposure to RA disrupts heart 

formation in Xenopus and zebrafish, although early in mesodermal patterning RA may 

increase the proportion of cardiac progenitors (49, 53, 82).  Low levels of RA may be 

redirecting pre-cardiac mesodermal cells into pre-skeletal mesoderm in P19 cells.  

Furthermore, RA may inhibit cardiomyogenesis via downregulation of BMP4 expression and 

upregulation of the BMP inhibitor Tob1.  BMP4 functions to enhance cardiomyogenesis and 

can activate Nkx2-5 and GATA-4 expression (83).  The finding that exogenous BMP4 can 

override the inhibition of cardiomyogenesis by RA suggests that BMP4 functions 

downstream of the RA inhibition, or that BMP4 reduces the ability of RA to signal in cardiac 

muscle precursors.  
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In P19 and P19CL6 cells, noggin inhibits cardiomyogenesis, indicating that BMP 

signalling is essential (40, 44).  However, we found that BMP4 overexpression was not 

sufficient to induce cardiomyogenesis in aggregated P19 cells without DMSO treatment, 

although a mild upregulation of cardiomyogenesis was observed with DMSO.  Indeed, 

BMP4 during the aggregation stage may be inhibitory to cardiomyogenesis (84). These 

results contrast with the role of sonic hedgehog (shh), which is sufficient to induce 

cardiomyogenesis in aggregated P19 cells without DMSO (85). Shh may provide an earlier 

signal than BMP4 in the cascade of events leading to cardiomyogenesis. 

In other systems BMP and RA have also been shown to function antagonistically.  

For example, noggin enhanced RA function in chick chondrocyte maturation (86).  In 

contrast, RA induced the expression of BMP-signalling molecules and enhances BMP effects 

in chondrocytes (87, 88). RA can induce or inhibit BMP expression, depending on the 

context (62, 89, 90).  Finally, BMP2/4 can inhibit RA-induced neurogenesis in P19 

monolayer cultures (91).  Given the high degree of complexity of these signalling pathways, 

further studies are required to delineate the cross-talk mechanisms involved. 

In conclusion, we have examined the roles of RA, BMP4 and canonical Wnt signalling 

in directing entry into the cardiac and skeletal muscle lineages.  RA enhanced skeletal 

myogenesis by inhibiting BMP4 expression and function, while activating the expression of 

pre-skeletal mesoderm genes, and activating Wnt/ß-Catenin signalling.  RA inhibited 

cardiomyogenesis, likely by inhibition of BMP4 function.  RA and BMP4 can each reverse 

the other’s inhibition of myogenesis.  Therefore, the precise balance of these signalling 

molecules is necessary to regulate specification into skeletal or cardiac muscle. 
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3: RETINOIC ACID ENHANCES SKELETAL MYOGENESIS 
IN HUMAN EMBRYONIC STEM CELLS BY EXPANDING 

THE PREMYOGENIC PROGENITOR POPULATION* 

 

 

 

 

 

 

 

 

 

 

 

* A version of this chapter has been published. 

Reproduced with kind permission from Springer Science + Business Media, Stem Cell 

reviews and Reports, 2011, T. Ryan, J. Liu, A. Chu, L. Wang, A. Blais, and I.S. Skerjanc. 

Retinoic acid enhances skeletal myogenesis in human embryonic stem cells by expanding the 

premyogenic progenitor population.  
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3.1 Abstract 

Human embryonic stem cells (hESCs) are a potential source of material for cell therapy of 

muscle diseases.  To date, it has proven difficult to generate skeletal muscle from hESCs in 

high yields and within a reasonable timeframe.  Further, a hESC-derived Pax3/7-positive 

skeletal muscle progenitor population has not yet been described.  Previous studies have 

shown that Pax3/7-positive progenitor cells can repopulate the satellite cell niche, indicating 

the importance of this population for therapy. We sought to optimize the differentiation of 

hESCs into skeletal muscle in order to characterize myogenesis at a molecular level and 

shorten the time course.  We treated hESCs with retinoic acid (RA) and found an 

enhancement of skeletal myogenesis, and the expression of the myogenic regulatory factors 

(MRFs) MyoD and myogenin by day 25.  Furthermore, we found that RA treatment 

expanded the muscle progenitor pool, which occurred as a distinct Pax3+ve population prior 

to MRF expression.  Non-skeletal muscle tissue types were not significantly affected.  

Therefore, we have identified a differentiation pathway in hESCs that provides a skeletal 

muscle progenitor population which can undergo myogenesis more efficiently.  We propose 

that RA could fit into a directed culture method for deriving skeletal muscle from hESCs. 
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3.2 Introduction 

Human Embryonic Stem Cells (hESCs) present a promising source for cell therapy of muscle 

diseases such as muscular dystrophy. While hESC-derived skeletal muscle can be stably 

engrafted into mice, the most significant barrier for hESC-based therapy is the generation of 

a desirable amount of muscle in a reasonable timeframe.  Successful strategies have included 

the use of a covalent chemical modifying agent, 5-azacytidine, or derivation of multipotent 

mesenchymal precursors from hESCs, which give rise to a higher proportion of skeletal 

myocytes than the parental line (1-3).  The latter approach required a lengthy time course 

(>45 days), starting with several weeks of low density monolayer culture to generate 

mesenchymal precursor cells.  Furthermore, it did not utilize embryoid body formation, nor 

did it follow an embryonic pathway involving mesoderm induction followed by the 

formation of a distinct Pax3/7+ve progenitor population prior to expression of the myogenic 

regulatory factors (MRFs).  Such an embryonic pathway has been shown to occur during 

skeletal myogenesis in P19 embryonal carcinoma (EC) cells, mouse embryonic stem cells 

(mESCs), and mouse induced pluripotent stem cells (miPSCs) (4-6).  The formation of a 

Pax3/7+ve progenitor population would be valuable for therapeutic purposes, as it can 

replenish the satellite cell niche (7, 8).   

 Skeletal muscle progenitor cells are marked by the expression of Pax3, Pax7 and 

Meox1 (9-12).  While Pax3-null mice exhibit a lack of limb and diaphragm muscle, Pax7 is 

dispensable for normal embryonic myogenesis (13-17).  Compound Pax3/Pax7-null mice 

however, exhibit a much more severe phenotype characterized by a complete failure of 

skeletal myogenesis (with the exception of early myotomal muscle), indicating that there is 
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some level of functional redundancy between these two factors (9).  Consistent with this, 

expression of a dominant-negative Pax3 protein, created by fusion to the repressor domain of 

engrailed, resulted in a complete inhibition of myogenesis in P19 EC cells and aberrant 

expression of MyoD and myogenin in cultured satellite cells (12, 18). These data indicate 

that Pax activity is necessary for normal myogenesis.  Conversely, forced expression of Pax3 

is known to induce MRF expression and myogenesis in embryonic tissue and in various cell 

culture models, including P19 EC cells and mESCs (12, 19, 20).  Furthermore, Pax3 binds 

directly to a Myf5 enhancer region, activating its expression in the hypaxial somite (21).  

Taken together, these data show that Pax3 is required for skeletal myogenesis, upstream of 

the MRFs.  

Our understanding of the role of Meox factors in skeletal myogenesis is complicated 

by a high degree of redundancy between Meox1 and Meox2.  While Meox1-null mice 

exhibit defects in sclerotomal derivatives, Meox2-null mice have defects in limb muscle 

development (10, 22).  However, like the Pax3/7 compound mutant, Meox1/Meox2 double 

knockout mice exhibit a much more severe phenotype characterized by an almost complete 

abrogation of skeletal myogenesis (10).  Meox activity is also required for myogenesis in 

P19 EC cells, where expression of a dominant negative Meox1-Engrailed fusion protein 

disrupts expression of Pax3, Pax7, MyoD and myogenin (11). In addition to their important 

roles in myogenesis, the co-expression of  Pax3 and Meox1 serves as a good marker for 

premyogenic mesoderm as the expression domains of these two factors overlap in the 

paraxial mesoderm, somite, and dermomyotome, while Meox1 is absent from the dorsal 

neural tube, which has abundant Pax3 expression (23-25).  Therefore, strategies to produce a 

distinct Pax3+ve/Meox1+ve skeletal muscle progenitor population and enhance skeletal 

myogenesis in a concise time frame, ideally without genetic or covalent chemical 



 

109 

modification, would undoubtedly facilitate the application of hESCs for cell therapy of 

muscle diseases.   

 Retinoic acid (RA) is a potent morphogen and is known to direct differentiation of 

several tissue types in the embryo and in ES cells (26, 27).  RA acts by activating its 

downstream effectors, the retinoic acid receptors (RARs) and the retinoid X receptors 

(RXRs), which bind to retinoic acid response elements (RAREs) within regulatory regions of 

RA-responsive genes.  In the presence of RA, RARs and RXRs act by recruiting co-

activators that promote gene transcription (28).  We have previously shown that RA 

enhances skeletal myogenesis in mESCs and in P19 EC cells (6).  In these systems, RA acted 

early in differentiation to enhance the expression of the precursor genes Pax3 and Meox1 by 

direct binding of RARs to regulatory regions of these genes (6).  This ultimately resulted in 

enhanced MRF expression and terminal differentiation.   

Although many of the genetic networks controlling pluripotency and differentiation 

in mESCs are conserved in hESCs, there exist fundamental differences between the two 

systems (29).  As such, pathways that have previously been elucidated in the murine system 

bear a re-examination in hESCs for their ability to drive tissue specific differentiation with a 

view to therapeutic applications.   Here, we show that both myogenesis and the expression of 

skeletal muscle genes were significantly enhanced by RA treatment of hESCs.  Importantly, 

RA treatment resulted in expansion of a Pax3+ve skeletal muscle progenitor population, 

which appeared prior to MRF expression.  Addition of RA had no significant influence on 

the differentiation of other cell types..  Thus, RA might be useful as part of a directed culture 

system designed to maximize the yield of muscle progenitor cells from hESCs and/or human 

iPS cells. 
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3.3 Materials and Methods 

3.3.1 Cell Culture 

H9 hESCs were maintained on feeder layers as described with the exception that feeders 

were mitotically inactivated with 10µg/ml mitomycin C for 2 hours (30). Briefly, H9 hESCs 

were maintained in Knock-out DMEM supplemented with 20% Knock-out serum 

replacement, 1% non-essential amino acids, 1mM L-glutamine, penicillin-streptomycin 

(100U/ml and 100ug/ml) and 0.1mM beta-mercaptoethanol.  Media was also supplemented 

with 4ng/ml basic fibroblast growth factor.  Cells were maintained on a mouse embryonic 

fibroblast layer. Cells were differentiated by generating embryoid bodies in suspension 

culture for 10 days and then transferred to adherent plates for a further 29 or 15 days.  The 

medium was changed every 2-3 days.  Differentiation medium was the same as the 

propagation medium supplemented with 20% FBS in place of Knock-out serum replacement.  

All-trans RA (Sigma-Aldrich, Oakville, ON) was added to the culture medium at increasing 

concentrations from Day 0 to Day 10 of differentiation.  Ethanol was used as the vehicle at a 

final concentration of 0.01%.  On day 35 or day 20 of differentiation, the differentiation 

medium was replaced with D-MEM F12 containing N2 supplement (Invitrogen, Burlington, 

ON) and Insulin/Transferrin/Selenium (Invitrogen, Burlington, ON), termed N2-ITS 

medium, until the end point of the experiment. D3 mESCs (ATCC#CRL-1934, Manassas, 

VA) and P19 EC cells (ATCC#CRL-1825, Manassas VA) were cultured as described (6). 

3.3.2 Gene Expression Analysis 

Total RNA was harvested from hESCs using RNeasy Micro and Mini kits as per the 

manufacturer’s instructions (Qiagen, Mississauga, ON).  cDNA synthesis was performed 
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using the Quantitect Reverse Transcription Kit (Qiagen, Mississauga, ON) followed by 

quantitative polymerase chain reaction (QPCR) with either the FastStart SYBR Green Master 

Mix kit (Roche, Laval, QC) or GoTaq qPCR Master Mix (Promega Madison, WI). QPCR 

reactions were performed and analyzed on the ABI 7300 or 7500 systems using the SDS 

analysis software or on the Eppendorf Realplex2 using the Realplex software for analysis.  

GAPDH was used as a reference for all QPCR reactions and expression changes were 

quantified relative to Day 0 levels. Unless otherwise stated, error bars represent the standard 

error of the mean.  Statistical analysis was performed using Student’s t test. 

3.3.3 Immunofluorescence 

For myosin heavy chain (MyHC) and Tuj1 labelling, cells were fixed with methanol and 

labelled with MF20 (pan-MyHC) or Tuj1-specific antibodies (Sigma-Aldrich, Oakvile, 

Ontario).  MyHC staining was performed as previously described (6). For alpha smooth 

muscle actin labelling, cells were fixed with 4% paraformaldehyde and permeabilized for 15 

minutes with PBS containing 0.5% TritonX-100.  Cells were then blocked for one hour with 

PBS containing 0.1% bovine serum albumin, 0.1% TritonX-100 and 10% donkey serum.  

The alpha smooth muscle actin antibody was obtained from Abcam (Cambridge, MA).  

Pax3/MyoD, Pax3/Meox1 and Pax3/7/myogenin labelling was performed as described with 

the exception that cells were fixed with 4% paraformaldehyde for Pax3/MyoD labelling (31).  

Pax3 antibodies were obtained from R&D Systems (Minneapolis, MN) while Meox1 and 

Pax3/7 were obtained from Santa Cruz Biotechnology (Santa Cruz, CA).  Myogenin 

labelling was performed with the F5D hybridoma and MyoD antibodies were obtained from 

BD Biosciences (Franklin Lakes, NJ).  Cy3-, Alexa488- and DyLight488-conjugated 

secondary antibodies were used for detection as appropriate (Jackson ImmunoResearch, 



 

112 

West Grove, PA and Invitrogen, Burlington, ON).  Confocal images were captured using a 

Zeiss LSM 510 microscope and processed with Zen software (Zeiss).  Epifluorescent images 

were captured on a Zeiss Axioskop.   All images were processed in Canvas11.  

3.4 Results 

3.4.1 RA enhances skeletal myogenesis in hESCs 

We have previously shown that treatment with low levels of RA can enhance skeletal 

myocyte formation in both P19 EC cells and in mESCs (6). However, since mechanisms are 

not always conserved between mESCs and hESCs, it is important to determine whether or 

not RA would enhance skeletal myogenesis in hESCs (29).  Here, we treated differentiating 

hESCs with increasing concentrations of RA from Day 0 to Day 10 during embryoid body 

formation, after which the embryoid bodies were plated into tissue culture dishes until day 

35.  Subsequently, the medium was changed on day 35 to N2-ITS medium and the presence 

of skeletal myocytes was examined on day 39 by immunofluorescence with an anti-MyHC 

antibody. We found that treatment with 3nM RA resulted in the presence of abundant hESC-

derived skeletal myocytes (Figure 3.1A&B).  RA-treated hESCs differentiated into skeletal 

myocytes (Figure 3.1A) and multinucleated myotubes (Figure 3.1B).  Quantification 

revealed that RA treatment resulted in a significant increase in MyHC-positive nuclei, from 

approximately 1 to 4% of total cells (Figure 3.1C).   

 To compare the myocytes generated from hESCs with those derived from mESCs 

and P19 EC cells, we differentiated the latter two cell lines and examined their morphology 

by immunofluorescence.  D3 mESCs were differentiated by the formation of embryoid 

bodies for 7 days, followed by plating onto tissue culture plates and examining cultures on 

day 15.  The embryoid bodies were treated with RA from days 2-7 of differentiation (6). P19 
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EC cells were differentiated by aggregation of cells for 4 days in the presence of RA and 1% 

DMSO, after which cells were plated in tissue culture plates in the absence of drug and 

examined on day 9 of differentiation (6).   hESCs differentiated into bipolar myocytes with a 

morphology similar to those derived from either D3 mESCs or P19 EC cells, however, some 

hESC-derived myocytes appeared thicker and displayed additional cellular projections 

(Figure 3.1A).   

To determine if changes in gene expression correlated with the observed changes in 

cell morphology, cultures were examined for transcript levels of the MRFs myogenin, 

MyoD, and Myf5 by QPCR (Figure 3.1D).  hESC cultures treated with increasing amounts 

of RA (from 1nM to 10nM) were differentiated as described above and total RNA was 

harvested on day 39.  Whereas treatment with 1nM RA did not significantly affect the levels 

of MRF expression relative to vehicle control, treatment with 3nM RA resulted in a 

significant enhancement of myogenin and MyoD expression levels (Figure 3.1D).  Notably, 

treatment of differentiating cells with 10nM RA did not result in increased MRF expression, 

indicating that RA-mediated enhancement did not follow a dose-response pattern.  Unlike 

MyoD and myogenin, the expression of Myf5 was not significantly upregulated  by 

treatment with RA (Figure 3.1D).  Although Myf5 expression showed a trend toward 

upregulation at 1nM RA, this was not statistically significant.  Thus, 3nM RA enhanced 

skeletal myogenesis, upregulated the expression of MyoD and myogenin and was used in our 

subsequent experiments. 
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Figure 3.1 Human Embryonic stem cells differentiate into skeletal muscle in response to 

retinoic acid.  H9 hESCs were differentiated for 10 days in the presence of increasing 

concentrations of RA or vehicle control, followed by growth on adherent plates.  Cultures 

were fixed with methanol for immunofluorescence or harvested for RNA on day 39. A)  

hESC, P19EC, or mESC aggregates were labelled with a pan-MyHC antibody and Hoechst 

dye to detect nuclei.  P19 cell aggregates were fixed on Day 9, while mESC aggregates were 

fixed on day 15 (scale bar represents 10µm). B)  hESC derived muscle formed 

multinucleated myotubes(scale bar represents 10µm).  C)  Skeletal myogenesis was 

quantified by counting MyHC+ve cells with a bipolar morphology.  A minimum of 20,000 

nuclei were quantified for each treatment across 30 fields of view *p<0.05).  D) RNA was 

analyzed by QPCR for expression of the genes indicated (n=4-5; *p<0.05) and expressed as 

a percent of maximum for each independent experiment.  
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3.4.2 Treatment with RA results in expansion of the skeletal muscle progenitor 

population. 

We have previously shown that RA enhances myogenesis in mESCs and P19 EC cells by 

expanding the premyogenic progenitor population (6).  We sought to determine whether the 

enhancement of myogenesis by RA in hESCs occurred at the same stage of differentiation.  

We first analyzed the expression levels of the mesodermal markers BrachyuryT, Mesp1 and 

Mesp2 in the presence and absence of RA by QPCR at day 3 of embryoid body formation.  

We found that the expression levels of these three markers remained unaffected by RA 

treatment, suggesting that RA does not enhance myogenesis through mesoderm induction 

(Figure 3.2A). We next examined control and RA-treated cultures for the expression of 

premyogenic progenitor markers.  The expression levels of Meox1 were analyzed by QPCR 

on day 8 of embryoid body formation and were found to be increased in RA-treated samples 

(Figure 3.2B). The premyogenic progenitor population is also marked by the expression of 

Pax3.  In order to determine whether RA treatment resulted in an expansion of this Pax3+ve 

population, we quantified the number of Pax3+ve cells in control and RA-treated cultures.  

hESCs were differentiated by forming embryoid bodies for 10 days with and without 3nM 

RA and then plated into tissue culture plates and fixed on day 15.  Cultures were labelled 

with a Pax3-specific antibody and quantified in control and RA-treated cultures.  RA 

treatment increased the number of Pax3+ve cells by approximately 3-fold (Figure 3.2C&D).  

Co-staining with antibodies specific to Pax3 and Meox1 identified a population of Pax3+ve 

cells that were also positive for Meox1 expression, demonstrating the existence of a 

Pax3+ve/Meox1+ve muscle progenitor population in hESCs (Figure 3.2E).  Importantly, co-

staining of Pax3 with either MyoD- or myogenin-specific antibodies at Day 15, showed that  
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Figure 3.2 RA Treatment expands the skeletal muscle progenitor population A)  RNA 

was harvested from Day 3 cultures and analyzed for expression levels of BrachyuryT, Mesp1 

and Mesp2 by QPCR.  The change in expression is quantified relative to Day 0 levels.  Data 

are from one representative experiment.  Error bars represent standard deviation.  B) RNA 

was harvested from Day 8 cultures and analyzed for expression of Meox1 by QPCR (n=4; 

*p<0.05). The change in Meox1 expression levels as a result of RA treatment is expressed 

relative to vehicle (EtOH) treatment. C) Differentiating cultures were fixed on Day 15 and 

labelled with an anti-Pax3 antibody and Hoechst dye to detect nuclei (scale bar represents 

10µm).   D)  The number of Pax3-positive cells was quantified by counting at least 600 cells 

over 20 fields of view (*p<0.05). E) Differentiating cultures were fixed on Day 15 and 

labelled with anti-Pax3 and anti-Meox1 antibodies and stained with Hoechst dye to detect 

nuclei (scale bar represents 10µm). 

. 
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Pax3+ve cells were negative for myogenin and MyoD expression (data not shown), in 

agreement with the lack of MyoD or myogenin transcripts present at this time (Fig. 3.3, see 

below).  These results suggest that RA acts after mesoderm induction to upregulate muscle 

precursor gene expression, resulting in an expansion of the Pax3+ve muscle progenitor 

population, leading to enhanced myogenesis.   

3.4.3 Skeletal muscle gene expression is temporally regulated during RA-induced 
myogenesis 

Studies in mESCs, miPSCs and in P19 EC cells have revealed that skeletal myogenesis in 

these systems proceeds via a temporal pattern of gene expression that is reminiscent of 

muscle formation in the embryo (4-6).  The temporal pattern of gene expression was 

examined by QPCR using a time course of hESC differentiation.  hESCs were differentiated 

in the presence of RA by forming embryoid bodies for 10 days as described above.  Total 

RNA was harvested on days 0, 8, 15, 28, and 39.  In RA-treated hESCs, the expression of the 

premyogenic mesoderm markers Meox1, Pax7 and Pax3 peaked at Day 8 of differentiation 

(Figure 3.3A-C).  There was a trend for an increase in Pax3 expression at day 39 but this was 

not significant.  The expression of Myf5, MyoD and myogenin was not significantly 

upregulated until Day 39 (Figure 3.3D-F), four days after the switch from serum-containing 

differentiation medium to N2-ITS medium.  Interestingly, there was a trend for increases in 

Myf-5 expression at earlier stages, coinciding with the premyogenic mesoderm factors, but 

this was not significant. Thus, myogenesis proceeded via an embryonic pathway, resulting in 

a progenitor to myoblast transition. 
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Figure 3.3 Skeletal muscle genes are temporally regulated during hESC differentiation.  

RNA was harvested from hESC cultures at the times indicated and analyzed for skeletal 

muscle gene expression, for the genes indicated, using QPCR. (n=4-5; *p<0.05).  Changes in 

gene expression levels are expressed relative to undifferentiated cells (Day 0). 
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3.4.4 The differentiation timecourse of skeletal myogenesis in hESCs can be shortened 
to 25 days 

Given that P19 EC cells and mESCs require 5 and 8 days respectively to form myoblasts 

from premyogenic mesoderm (Fig. 3.6), we speculated that our identification of 31 days for 

hESCs could be shortened. We therefore sought to determine whether skeletal muscle could 

be derived from hESCs at an earlier timepoint by lowering the serum in the differentiation 

medium prior to Day 35.  Indeed we found that the serum could be lowered as early as Day 

20 of RA-directed differentiation and that skeletal myocytes were formed by Day 25, as 

shown by the presence of MyHC+ve myocytes by immunofluorescence (Figure 3.4A).  We 

analyzed the day 25 transcript levels of myogenin by QPCR and found that they were 

significantly upregulated relative to day 0 levels (Figure 3.4B).  Therefore, skeletal muscle 

can be derived from hESCs in a 25 day time course, which is significantly shorter than 

previously published protocols (1).  To determine if Pax3+ve cells were able to become 

myoblasts, we also labelled these Day 25 cultures for Pax3 and MyoD.  Most MyoD+ve cells 

at day 25 were negative for Pax3 expression which is likely due to the significant 

downregulation of Pax3 expression at this timepoint (Figure 3.3A). We did however observe 

some Pax3+ve/MyoD+ve cells, indicating that at least part of the Pax3+ve progenitor population 

does give rise to myoblasts during hESC differentiation (Figure 3.4C). Therefore, hESCs can 

be differentiated into skeletal muscle via an embryonic pathway that can be as short as 25 

days. 
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Figure 3.4 The timecourse of skeletal myogenesis in  hESCs can be shortened to 25 

days.  A)  Differentiating hESC cultures were fixed with methanol on Day 25 and labelled 

with antibodies against MyHC and with Hoechst dye to detect nuclei (scale bar represents 

10µm).  B)  RNA was harvested from Day 0 and Day 25 RA- treated cultures and analyzed 

for the expression of myogenin.  Day 25 expression levels are quantified relative to Day 0.  

C)  Differentiating cultures were fixed on Day 25 and labelled with antibodies against Pax3 

and MyoD and with Hoechst dye to detect nuclei.  Scale bar represents 10µm. 
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3.4.5 Low levels of RA have little effect on the differentiation of non-skeletal muscle 
lineages 

RA is known to induce or enhance the formation of many cell types during stem cell 

differentiation, including smooth muscle, bone, cardiac muscle and neurons, although, at 

least in the case of smooth muscle and neurons, this enhancement occurs at higher (µM) 

concentrations of RA (32-35). We therefore examined our RA-treated hESC cultures for 

differentiation into these other cell types.  We assessed cardiomyogenesis by QPCR analysis 

of the genetic markers Nkx2.5 and Tbx5 and found no significant difference in expression 

levels of these two genes between control and RA cultures (Figure 3.5A).  We also 

quantified the number of MyHC+ve cardiomyocytes in both control and  RA-treated 

conditions, and found that these cells accounted for approximately 8% of total cells in each 

context (Figure 3.5E&G).  We analyzed expression levels of the smooth muscle markers 

VEGFR2 and MyHC11 and found that RA treatment did not significantly enhance the 

expression of these two genes, nor did it result in an increase in the number of alpha-smooth 

muscle actin (alpha-SMA)+ve smooth muscle cells (SMCs), which accounted for 

approximately 6% of total cells in both control and RA-treated cultures (Figure 3.5D, F&H).  

We also examined the expression of neurogenic (NeuroD1, Neurogenin1/Ngn1) and 

osteogenic (Osteopontin/OSP and Osteocalcin/OSC) markers and we did not observe a 

significant increase in the expression of these genes in RA-treated cultures (Figure 3.5B&C).  

We were able to visualize very few Tuj1+ neurons in our differentiated cultures and thus the 

extent of terminal neurogenesis was negligible (<1% of total cells, data not shown), despite 

the presence of neurogenic transcripts.  We were unable to detect any mature osteoblasts by 
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Figure 3.5 Retinoic Acid does not affect the differentiation of non-skeletal muscle 

lineages.   (A-D) RNA was harvested from Day 39 hESC cultures and analyzed by QPCR 

for the markers indicated (n=5-7; *p<0.05).  Changes in gene expression are expressed 

relative to undifferentiated cells (Day 0).  E&F) Differentiated hESCs were fixed on Day 25 

(αSMA, Panel F) or on Day 39 (MyHC, Panel E) and labelled with the antibodies indicated.  

Hoechst dye was used to detect nuclei.  Scale bar represents 10um. G&H) The number of 

MyHC+ve cardiomyocytes (G) and the number of alpha-SMA+ve smooth muscle cells (H) 

were quantified by counting a minimum of 800 nuclei across 20 fields of view for control 

and RA-treated cultures.  I)  Differentiated hESCs were visualized on Day 39 and most cells 

exhibited a mesenchymal-like morphology. 

. 
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Alizarin Red staining (data not shown).  The majority of the cells in our cultures appeared to 

have a mesenchyme-like morphology (Figure 3.5I), which is difficult to identify by specific 

genetic markers (36).   Therefore, the effects of RA were limited to the myogenic lineage and 

had no significant impact on the differentiation of the other cell types examined here. 

3.5 Discussion 

hESCs represent a promising source of material for cell replacement therapy of muscle 

diseases.  In this study, we have shown that the treatment of differentiating hESCs with RA 

resulted in the enhancement of skeletal myogenesis and the upregulation of expression of the 

MRFs MyoD and myogenin (Figure 3.1). Furthermore, RA functioned after mesoderm 

induction by expanding the muscle progenitor population, shown by the upregulation of 

Meox1 transcript levels and an increase in the proportion of cells expressing Pax3 (Figure 

3.2). The identification of muscle progenitor cells expressing both Pax3 and Meox1, and not 

MyoD or myogenin demonstrated that hESCs can be induced to form muscle via an 

embryonic pathway. The muscle progenitor cells could differentiate into skeletal myoblasts, 

as shown by the presence of Pax3+ve/MyoD+ve cells on day 25 of differentiation.  Thus, this 

study represents the first clear demonstration of skeletal myogenesis from hESCs that utilizes 

an embryonic pathway, involving the formation of a Pax3+ve/ Meox1+ve skeletal muscle 

progenitor population generated prior to MyoD and myogenin expression.  Finally, we have 

shown that our method does not significantly affect the differentiation of non-muscle tissue 

types that are known to be enhanced by RA.  

 The identification of an embryonic pathway for skeletal myogenesis in hESCs allows 

for a comparison of the timeline of expression of mesodermal, premyogenic, and myogenic 
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genes during skeletal myogenesis in P19 EC, mESC, and hESCs (Figure 3.6).  In P19 EC 

cells, the expression of the mesodermal marker BrachyuryT is initiated on Day 1 of 

differentiation and maintained until Day 3 while in mESCs it is expressed from Day 2 to Day 

4 (11, 37).  This is followed by the expression of the premyogenic mesoderm markers Meox1 

and Pax3 on Days 4 and 7 in P19 EC cells and mESCs, respectively (6, 11).  While P19 EC 

cells begin to express MRF genes on days 7-9 of differentiation and undergo terminal 

differentiation by day 9, mESCs do not form skeletal myocytes until Day 15 of 

differentiation, in response to low-serum conditions (6, 11).  Interestingly, hESCs follow a 

similar, albeit lengthened, pattern of expression during early differentiation (Figure 3.6).  

The mesoderm markers BrachyuryT, Mesp1 and Mesp2 are expressed on Day 3 of 

differentiation (Figure 3.2A and Figure 3.6), followed by the expression of Pax3 and Meox1 

on Day 8 (Figure 3.3 and Figure 3.6) (38).  Finally, MRF expression is initiated at Day 25, in 

response to low serum conditions.  Thus, the three systems utilize a comparable embryonic 

pathway to achieve skeletal myogenesis and show a similar enhancement by RA of 

premyogenic mesoderm, leading to augmentation of the myoblast or myocyte populations 

(6).   

 The consistency observed between P19 EC cells, mESCs and hESCs supports the 

validity of these first two systems as models for the study of molecular mechanisms that 

contribute to tissue-specific differentiation of hESCs.  This comparison illustrates the 

conservation of the pattern of gene expression during differentiation in all of these systems.  

In addition, it clearly shows that the similarity to embryonic myogenesis can be exploited to 

identify future methods to enhance myogenesis in ES systems.  Finally, the differences in the 

timing can be explained in part by differences in the embryonic stages represented by each 

stem cell and are reflective of the different times of gestation between mouse and human   
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Figure 3.6 A timeline for myogenic differentiation.  P19 cells, mESCs and hESCs share 

common pathways during myogenic differentiation, although the timelines are distinct.  

Pluripotent cells are specified to the mesodermal lineage and express Brachyury T.  These 

cells are committed to premyogenic progenitor cells expressing Meox1, Pax3 and Pax7 

which undergo terminal differentiation into skeletal muscle, expressing the MRFs MyoD and 

myogenin. 
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(39-41).  Future studies will determine if lowering the serum earlier than day 20 will result in 

a further reduction in the time course of myogenesis from hESCs. 

 Interestingly, the enhancement of myogenesis in hESCs by RA did not show a 

standard dose-response pattern (Figure 3.1D).  This has been observed previously during 

osteogenesis from mesenchymal stem cells and myogenesis from mESCs (42, 43).  This 

property of RA is poorly understood but may represent a negative feedback mechanism that 

is activated at high RA concentrations.  Alternatively, it may indicate the activation of 

different subsets of differentiation pathways for each concentration of RA, changing the 

presence of various progenitor populations.  This is supported by the morphogenic nature of 

RA signalling in the embryo.  In the developing embryo, RA is present in an anterior-

posterior gradient which provides positional information that contributes to cell fate 

specification (44).  Therefore it is not surprising that specific RA concentrations exert 

differential effects during stem cell differentiation.   

The ability of RA to expand a Pax3+ve muscle progenitor population is particularly 

important with regard to the use of hESCs for cell therapy, as it may facilitate purification of 

progenitor cells with the capacity to repopulate the satellite cell niche (7, 8, 45).  It appears 

that as MRF expression is increased, the ability to replenish the stem cell niche decreases (8).  

Previous studies by others have not shown the formation of a Pax3+ve or Pax7+ve population 

formed prior to expression during skeletal myogenesis in hESCs (1).   

We showed that low levels of RA did not greatly affect the development of other cell 

types examined in this system, including cardiac and smooth muscle, bone and neurons.  

Although the differentiation of these cell types is known to be enhanced by RA treatment in 

various systems, it is not surprising that we did not observe an increase, since RA-directed 

differentiation is heavily dependent on concentration as well as on timing of addition and 
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withdrawal (46).  For example, neurogenic differentiation in hESCs requires RA 

concentrations in the range of 100nM to 1µM, while we are treating cultures at 3nM (35).  

Enhancement of smooth muscle differentiation by RA requires treatment of monolayer 

hESCs with a concentration of 10µM, which is orders of magnitude higher than the levels 

used here (32).  The low RA concentrations used to induce skeletal myogenesis can also 

promote cardiomyogenesis in mESCs, however, the timing of treatment required is different 

(42).   It was shown previously that while skeletal muscle differentiation is enhanced by 

early exposure of ES cells to RA at the onset of embryoid body formation (Day 0), 

cardiomyogenesis is inhibited by early exposure to RA and enhanced by later treatment (Day 

5-7) (42).  As we were treating our cultures from embryoid body formation at Day 0, we did 

not expect to see any enhancement.  However, we did not observe inhibition of 

cardiomyogenesis by RA, which may be due to fundamental differences in the timing of 

origin between mESCs and hESCs (39).    

 In conclusion, we have devised a method that employs RA to enhance the formation 

myogenic progenitor cells, and consequently, of skeletal muscle from hESCs without genetic 

or covalent chemical modification.  This method has little effect on other lineages known to 

be enhanced by RA.  Furthermore, the time required is shorter than that previously reported 

and the ability to distinguish embryonic stages is unique.  We propose that RA can promote 

skeletal myogenesis for the purposes of cell therapy.  
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4: MYOSIN PHOSPHATASE MODULATES CARDIAC CELL 
FATE DECISIONS BY REGULATING THE SUBCELLULAR 

LOCALIZATION OF NKX2.5 IN A WNT/ROCK DEPENDENT 
PATHWAY 
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4.1 Abstract 

Nkx2.5 is a transcription factor that regulates cardiac gene expression in vivo and in 

embryonic stem cells.  Although Nkx2.5 has been implicated in the regulation of many 

cellular processes which ultimately contribute to cardiomyogenesis and morphogenesis of 

the mature heart, little is known about how it is regulated at the functional level.  We have 

undertaken a proteomic screen to identify novel cofactors of Nkx2.5 during cardiomyogenic 

differentiation. We have identified the myosin phosphatase subunits PP1β and Mypt1 as 

putative binding partners of Nkx2.5 in this process.  The interaction with PP1ß/Mypt1 

resulted in exclusion of Nkx2.5 from the nucleus and consequently, inhibition of its 

transcriptional activity.  Furthermore, in transient transfection experiments, nuclear excluded 

Nkx2.5 co-localized outside the nucleus with phosphorylated Mypt1 whereas this effect was 

attenuated by inhibition of canonical Wnt signalling or by ROCK inhibition.  Treatment of 

differentiating mouse embryonic stem cells with Wnt3a resulted in enhanced 

phosphorylation of endogenous Mypt1, increased nuclear exclusion of endogenous Nkx2.5 

and a failure to undergo terminal cardiomyogenesis.  Therefore, promoting the interaction of 

Nkx2.5 with PP1β/Mypt1 represents a novel mechanism whereby Wnt3a mediates inhibition 

of cardiac progenitor differentiation.   
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4.2 Introduction 

During development, differentiation of myocardial cells and morphogenesis of the 

heart are controlled by a cascade of transcription factors that are in turn regulated by the 

convergence of several extracellular signalling factors and morphogens.  Cardiac progenitor 

cells originate from the splanchic mesoderm and are organized in a crescent-like structure 

that ultimately fuses at the midline of the embryo to generate the linear heart tube, which in 

turn loops to form the mature, four chambered organ (1).  Cardiac progenitors are segregated 

into two distinct populations, termed the first and second heart fields (FHF and SHF), each of 

which gives rise to particular regions of the mature heart (2-6).  The differentiation of these 

progenitors into mature cardiomyocytes and subsequent morphogenetic events are regulated 

by transcription factors including GATA-4, Nkx2.5, Mef2c and several members of the Tbx 

family.  These same mechanisms are employed during differentiation of mouse embryonic 

stem cells (mESCs) into cardiomyocytes (7).   

 Nkx2.5 is one of the earliest markers of cardiomyogenesis in differentiating cells both 

in vivo and in ESCs (8).  Mutations in Nkx2.5 are a common cause of congenital heart 

disease in humans, with more than 40 known disease causing mutations associated with 

multiple different morphological phenotypes (9). In the mouse, loss of Nkx2.5 results in 

failure of the heart to undergo looping, leading to embryonic lethality (10, 11).  Although 

cardiomyocytes are specified normally in these mice, the expression of genes downstream of 

Nkx2.5, including atrial natriuretic factor (ANF), the ventricular isoform of myosin light 

chain 2 (Mlc2v) and Connexin40 (Cx40) is disrupted. Interestingly, this is in direct contrast 

to the role played by the Drosophila homologue tinman, loss of which results in failure of 

cardiomyocyte specification (12).  Studies in mESCs have supported the notion that Nkx2.5 
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is not absolutely required for cardiomyocyte specification, although, as in the null mouse, the 

expression of downstream genes was disrupted (13).   In some organisms, this is most easily 

explained by functional redundancy between Nkx factors whose expression overlaps in the 

developing heart.  For example, in frogs, coexpression of dominant negative XNkx2.5 and 

XNkx2.3 results in a complete abrogation of cardiomyogenesis (14).  In the mouse, the 

interplay between Nkx factors is not as well understood.  Although expression of Nkx2.6 

overlaps to some extent with that of Nkx2.5, compound Nkx2.5/Nkx2.6-null mice exhibit 

normal specification of cardiomyocytes (15, 16).  However, expression of a dominant 

negative form of Nkx2.5, fused to the repressor domain of engrailed, resulted in inhibition of 

cardiomyogenesis in P19 cells, suggesting that some murine Nkx activity may be required 

for cardiac muscle differentiation (17).  Interestingly, Nkx2.5 can also induce 

cardiomyogenesis in this system, indicating that it is sufficient to drive the cardiogenic 

program under appropriate conditions (18). 

This paradox has led several groups to examine the role of Nkx factors in 

cardiomyogenesis on a finer scale.  Analysis of the role of Nkx2.5 in the SHF identified a 

negative feedback loop in which Nkx2.5 inhibits Bmp2/Smad1 signalling, ultimately 

controlling the specification and proliferation progenitors (19).  In zebrafish, morpholino 

mediated inhibition of nkx2.5 and nkx2.7 expression resulted in the formation of an excess 

number of atrial cardiomyocytes paralleled by a decrease in the number of ventricular 

cardiomyocytes, suggesting that Nkx genes differentially regulate distinct progenitor 

populations within the developing heart (20). 

Nkx2.5 regulates many of its target genes via direct interactions with other 

cardiomyogenic transcription factors including GATA-4, Tbx5 and Mef2c (21-23)  In 

addition to regulating the extent of target gene activation, these interactions also confer target 
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specificity and modulate Nkx2.5 activity.  Although Nkx2.5 acts most often as a 

transcriptional activator, it can repress target gene expression in the context of particular 

regulatory complexes.  Specifically, the interaction of Nkx2.5 with Tbx5 promoted 

expression of ANF while interaction with Tbx2 is repressive (22, 24, 25). This ‘switch’ in 

cofactors has been proposed as a mechanism for blocking ANF expression and the formation 

of chamber myocardium in Tbx2 expressing regions of the developing heart (25).  It is clear 

that protein-protein interactions are important for the regulation of Nkx2.5 activity and thus, 

of cardiomyocyte differentiation and heart development. 

 Cardiomyogenesis is also regulated by the action of extracellular signalling 

molecules derived from surrounding cells and tissue structures.  In particular, the canonical 

Wnt signalling cascade plays diverse roles at different stages of cardiomyogenesis (26).  

Canonical Wnt signalling mediated by Wnt3a is important for the induction of mesoderm 

both in vivo and in mESCs (27, 28).  Indeed, a lack of canonical Wnt signalling resulted in 

the loss of Mesp1 expression, which is perhaps the earliest marker of the cardiovascular 

lineage and has been suggested to act as a master regulator of the specification of these cells 

(28, 29).  Conversely, specification of cardiac progenitor cells from Mesp1+ve cells is 

potentiated by the Wnt inhibitor Dkk1, which is a target of Mesp1-dependent transcription, 

indicating that canonical Wnt signalling is inhibitory at this later stage (30, 31).  Consistent 

with this, activation of Wnt/β-catenin signalling in differentiating mESCs at later stages 

resulted in reduced cardiomyogenesis (32, 33).  Furthermore, a directed differentiation 

protocol involving treatment of mESCs and human embryonic stem cells (hESCs) with Dkk1 

(amongst other factors) promoted high yields of cardiomyocytes from these systems (34, 35).  

Within the SHF, Wnt signalling appears to modulate the number of progenitor cells by 

regulating their proliferation.  Loss or inhibition of canonical Wnt signalling in the SHF 



 

137 

results in reduced numbers of progenitor cells and defective development of SHF derived 

portions of the heart while induction of this signalling cascade results in expansion of the 

progenitor population (36-41).   Although the multiphasic and multifunctional nature of Wnt 

signalling has been well documented, the molecular mechanisms whereby Wnt exerts these 

differential effects on cardiomyogenesis remain unknown.  

 We have undertaken a proteomic screen to identify novel cofactors of Nkx2.5 in the 

context of cardiomyogenesis.  The β-isoform of protein phosphatase 1 (PP1β, also known as 

PP1δ) and its regulatory subunit Myosin Phosphatase Targeting Subunit 1 (Mypt1), two 

subunits of the myosin phosphatase (MP) enzyme complex, were identified as putative 

cofactors of Nkx2.5 and validated by co-immunoprecipitation.  Together with Myosin light 

chain kinase (MLCK), MP modulates the balance of phosphorylation of the regulatory light 

chain of myosinII, thereby regulating muscle contraction (42).  We show here that 

coexpression with MP resulted in exclusion of Nkx2.5 from the nucleus and inhibition of its 

transcriptional activity.  This occurs downstream of Wnt signalling and is modulated by 

ROCK-mediated phosphorylation of Mypt1.  Treatment of differentiating mESCs with 

Wnt3a, which is known to inhibit cardiomyogenesis (32, 33), was accompanied by increased 

exclusion of endogenous Nkx2.5 from the nucleus.  Our findings suggest a novel mechanism 

for Wnt3a-mediated inhibition of cardiac progenitor differentiation. 

4.3 Materials and Methods 

4.3.1 Plasmid constructs 

The tandem affinity purification (TAP) tag, consisting of a protein A domain and a 

calmodulin binding domain separated by a TEV protease cleavage site, was excised from 

pRC/CMV by digesting with Apa1 and BamH1 (43, 44).  The PGK destination vector (18, 
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45) was digested with Xho1 and BamH1.  The Apa1 and Xho1 sites were subsequently 

blunted and the two resulting fragments were ligated to generate PGK-TAP.  The Nkx2.5 

sequence was excised by digesting with BamH1 and Not1 and ligated into PGK-TAP which 

had been digested with the same enzymes to generate PGK-Nkx2.5TAP, where the TAP tag 

was fused to the N-terminus of Nkx2.5.  Flag-Nkx2.5, HA-PP1, myc-Mypt1 and myc-NIPP1 

have been previously described (23, 46, 47).  PGK-Puro and B17 have also been previously 

described (48, 49). 

4.3.2 Cell Culture and Transfections 

P19 cells (ATCC #CRL-1825, Manassas, VA) were cultured and differentiated as previously 

described (17).  Briefly, cells were maintained in α-minimum essential medium (MEM) 

supplemented with 10% fetal bovine serum (FBS) and gentamycin (100µg/ml).  

Differentiation was induced by aggregation and treatment of the cells with dimethyl 

sulfoxide (DMSO).  Aggregates were maintained in DMSO for 4 days and then plated in 

adherent plates for a further two days.  P19[Nkx2.5TAP] and P19[TAP] stable cell lines 

were generated as previously described (17).  For transient transfection experiments, P19 

cells were transfected using Fugene (Roche, Laval, QC), as per the manufacturer’s 

instructions.  Cells were treated with 150ng/ml Dkk1 (R&D Systems, Minneapolis, MN), 

10nM LeptomycinB (Sigma-Aldrich, Oakville, ON) or 10nM y-27632 (EMD Chemicals, 

Gibbstown, NJ) 3-5 hours after transfection and fixed for immunofluorescence one day later.  

For analysis of pMypt1T853 levels, total protein was harvested from P19 cells treated for 24 

hours with 150ng/ml Dkk1 or 10nM y-27632 and analyzed by western blot with antibodies 

specific to pMypt1T853 (Santa Cruz Biotechnology, Sanata Cruz, CA), total Mypt1 (Cell 

Signalling, Danvers, MA) and alpha-tubulin (Sigma-Aldrich, Oakville, ON).  
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D3 mESCs (ATCC #CRL-1934, Manassas, VA) were maintained as previously 

described (50).  Differentiation was induced by LIF withdrawal and cell aggregation using 

the hanging drop method (800cells/drop).  Cells were aggregated in hanging drops for two 

days then transferred to non-adherent plates for three days.  On day 5, aggregates were 

transferred to adherent plates for a further 2 days for a total of 7 days.  Differentiating cells 

were treated with 200ng/ml Wnt3a (R&D Systems, Minneapolis, MN) or vehicle (0.1% BSA 

in PBS) from day 4 to day 7 of differentiation. 

HEK-293 cells were maintained in α-MEM supplemented with 10% FBS 

supplemented with penicillin-streptomycin (100U/ml and 100ug/ml). 

4.3.3 Protein purification 

P19[TAP] and P19[Nkx2.5TAP] cells were differentiated for 6 days and protein was 

harvested for purification on Day 6.  Cells were harvested in extraction buffer containing 

20mM Hepes pH 7.4, 0.1% Tween20, 2mM MgCl2 and 200mM NaCl, supplemented with 

Complete EDTA Free Protease Inhibitors (Roche, Laval, QC), 1% aprotinin, and 0.1 

mM phenylmethylsulfonyl fluoride.  Lysates were sonicated 4 times for 4 second bursts and 

centrifuged for 30 minutes at 55000rpm in a Beckman TLA120.2 rotor.  10mg of total 

protein was immunoprecipitated overnight at 4⁰C with rabbit IgG (Chemicon) coupled to 

magnetic Dynabeads, Tosylactivated as per the manufacturer’s instructions (Invitrogen, 

Burlington, ON).  Beads were washed three times with extraction buffer and 

immunoprecipitated protein was eluted by heating in 25µl of protein sample buffer without 

beta-mercaptoethanol at 65⁰C for 10 minutes. Beads were collected with a magnet and the 

eluate was removed, supplemented with 0.5µl of beta-mercaptoethanol and boiled for 5 

minutes.   
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4.3.4 Mass Spectrometry analysis 

Gel sections encompassing the whole sample lane were excised, reduced, alkylated, and 

digested as described previously (51). The resulting peptide solutions were dried in a 

SpeedVac and stored at -20°C until the mass spectrometric analysis. LC-MS/MS was 

performed by dissolving the peptide samples in 5% formic acid and loading them into a 

200µm x 5-cm precolumn packed in house with 5µm ReproSil-Pur C18-AQ beads (Dr. 

Maisch HPLC GmbH) using a micro Agilent 1100 HPLC system (Agilent Technologies). 

The peptides were desalted on line with 95% water, 5% acetonitrile, 0.1% formic acid (v/v) 

for 10 min at 10 µl/min. The flow rate was then split before the precolumn to produce a flow 

rate of ~200 nl/min at the column. Following their elution from the precolumn, the peptides 

were directed to a 75µm x 5cm analytical column packed with 5µm ReproSil-Pur C18-AQ 

beads. The peptides were eluted using a one hour gradient (5–80% acetonitrile with 0.1% 

formic acid) into an LTQ linear ion trap mass spectrometer (Thermo-Electron). MS/MS 

spectra were acquired in a data-dependant acquisition mode that automatically selected and 

fragmented the five most intense peaks from each MS spectrum generated. Peak lists were 

generated from the MS/MS .raw file using Mascot Distiller 2.0.0.0 (Matrix Science) to 

produce a .mgf file with default parameters except that for each MS/MS individual peak lists 

were generated assuming a +2 and a +3 charge. All .mgf files were analyzed and matched to 

the 56729 Mus musculus protein sequences in the International Protein Index  (IPI) database 

(version 3.68; released on the 17th of December 2009) using the Mascot 2.1.04 database 

search engine (Matrix Science) with trypsin as the digestion enzyme, carbamidomethylation 

of cysteine as a fixed modification, and methionine oxidation as a variable modification. 

Peptide and MS/MS mass tolerances were set at +/- 3 and +/- 0.8 Da, respectively, with one 

miss-cleavage allowed and the significance threshold set to 0.01 (p > 0.01). Finally, an ion 
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score cutoff of 30 was chosen to produce a false-positive rate of less than 1% in the MS data 

(52). A protein hit required at least two “bold red peptides,” i.e. the most logical assignment 

of the peptide in the database selected. Furthermore, when peptides matched to more than 

one database entry, only the highest scoring protein was considered 

4.3.5 Co-immunoprecipitations 

HEK 293 cells were transiently transfected with Flag-Nkx2.5, HA-PP1 and myc-Mypt1.  

Total protein was harvested 24 hours after transfection using RIPA buffer supplemented with 

Complete-EDTA free protease inhibitors (Roche, Laval, QC).  Lysates were precleared and 

immunoprecipitations were perfomed with anti-Flag M2 agarose (Sigma), anti-HA (12CA5 

clone, Santa Cruz Biotechnology) or anti-myc (9E10 clone, Santa Cruz Biotechnology).  

Mouse IgG was used as a negative control.  Reactions were incubated overnight and 

antibody-antigen complexes were captured with Protein-A/G agarose beads (Invitrogen).  

Beads were washed with RIPA buffer and immunoprecipitated protein was eluted by boiling 

in sample buffer.  Input and immunoprecipitated samples were analyzed by western blot. 

4.3.6 Luciferase assays 

P19 cells were transiently transfected with Flag-Nkx2.5, HA-PP1 and myc-Mypt1or myc-

NIPP1 along with ANF-luciferase and SV40-Renilla as an internal reference control.  The 

ANF reporter has been previously described (53).  Transfected cells were harvested after 24 

hours and luciferase assays were conducted as per the manufacturer’s instructions (Promega, 

Madison, WN). 
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4.3.7 Immunofluorescence 

P19 cells were transfected with Flag-Nkx2.5 or GATA4 along with HA-PP1 and myc-Mypt1 

or myc-NIPP1.  Cells were fixed one day after transfection with ice-cold acetone for 10 

minutes and allowed to air dry for 10 minutes, then rehydrated with PBS for a further 10 

minutes.  Cells were blocked for 1 hour in PBS containing 10% donkey serum, 0.1% BSA 

and 0.1%  Triton X-100.  Cells were then labelled with antibodies against Nkx2.5 or GATA4 

(Santa Cruz Biotechnology, Santa Cruz, CA) and myc (9E10 Hybridoma) or Nkx2.5 

(Abcam, Cambridge, MA) and p-Mypt1T853 (Santa Cruz Biotechnology, Santa Cruz, CA 

and Millipore, Billerica, MA).  D3 mESCs were processed in the same way and labelled with 

antibodies against Nkx2.5(Santa Cruz Biotechnology, Santa Cruz, CA) and Mlc2v (Synaptic 

Systems, Goettingen, Germany).  Donkey anti goat Alexa 488 (Invitrogen, Burlington, ON), 

donkey anti mouse Cy3 and Donkey anti rabbit Cy3 (Jackson ImmunoResearch, West 

Grove, PA) were used for detection as appropriate.  All images were captured using a Zeiss 

LSM 510 confocal microscope and were processed in Zen (Zeiss) and Canvas 11 softwares. 

4.3.8 Gene Expression Analysis 

Gene expression analysis was performed as described previously (54).  Briefly, total RNA 

was harvested from mESCs on day 7 of differentiation and on day 0 (undifferentiated) using 

the RNeasy Mini kit as per the manufacturer’s instructions (Qiagen, Mississauga, ON).  

RNA was reverse-transcribed using the Quantitect Reverse Transcription Kit (Qiagen, 

Mississauga, ON) followed by quantitative polymerase chain reaction (QPCR) with the 

GoTaq qPCR Master Mix (Promega Madison, WI). QPCR reactions were performed and 

analyzed on the Eppendorf Realplex2 using the Realplex software for analysis.  β-actin was 

used as a reference for all QPCR reactions and expression changes were quantified relative 
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to Day 0 levels.  Data are expressed relative to vehicle control expression levels. Error bars 

represent the standard error of the mean.  Statistical analysis was performed using Student’s 

T Test. 

4.4 Results 

4.4.1 Nkx2.5 interacts with PP1βand Mypt1 

In an effort to identify novel interacting partners of Nkx2.5 during cardiomyogenesis in stem 

cells, we performed a proteomic screen using affinity purification of Nkx2.5 from 

differentiating P19 cells coupled to mass spectrometry.  P19 stable cell lines were generated 

to overexpress PGK-Nkx2.5TAP or PGK-TAP as a control.  These cell lines, termed 

P19[Nkx2.5TAP] and P19[TAP] respectively, were differentiated in the presence of DMSO 

and protein was harvested on Day 6.  Lysates were subjected to immunoprecipiation with 

IgG and subsequently analyzed by mass spectrometry.  Using this proteomic screen 

technique, we identified PP1β and Mypt1 as putative binding partners of Nkx2.5 (Table 4.1).  

Both PP1β and Mypt1 are subunits of the MP enzyme complex.   

The validity of this interaction was supported by co-immunoprecipitation 

experiments, in which Nkx2.5-Flag was transiently co-expressed with HA-PP1β and myc-

Mypt1 in HEK293 cells.  We immunoprecipitated each subunit individually with antibodies 

specific to Flag, HA or myc and we detected the presence of interacting proteins by western 

blot.  Both HA-PP1β and myc-Mypt1 co-immunoprecipitated with Flag-Nkx2.5, using an 

anti-Flag antibody (Figure 4.1).  Reciprocal immunoprecipitations of HA-PP1β or myc-

Mypt1 also co-immunoprecipitated Flag-Nkx2.5.  Therefore we have identified PP1β and 

Mypt1, two subunits of the MP enzyme complex, as novel cofactors of Nkx2.5. 
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Table 4.1 Mass Spectrometry Results of Nkx2.5 affinity purification 

 
Entrez Gene 

ID 
Protein Name Mascot 

Score 
% Coverage (total # of 

peptides) 
18091 Nkx2-5 273 14% (5) 
19046 Ppp1cb 804 38% (10) 
17931 Ppp1r12a 

(Mypt1) 
289 6% (5) 
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Figure 4.1 Nkx2.5 interacts with PP1β and Mypt1.  HEK293 cells were transiently 

transfected with Flag-Nkx2.5, HA-PP1β and myc-Mypt1.  Total protein was harvested and 

immunoprecipitated with antibodies specific for Flag, HA and myc or with mouse IgG as a 

negative control.  Immunoprecipitated lysates and input (30µg/0.02% of input) fractions 

were analyzed by western blots with the antibodies indicated.   

. 
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Figure 4.2 Coexpression with MP inhibits Nkx2.5 activity.  P19 cells were transiently 

transfected with the plasmids indicated or with empty vector, along with the ANF-luciferase 

reporter and SV40-Renilla as an internal control.  Firefly luciferase activity was normalized 

to Renilla luciferase and reporter activation was quantified relative to the empty vector 

control and data are expressed as a percent of Nkx2.5 activation, n=3, *p<0.05.  

. 
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interaction occurs within the cell. Flag-Nkx2.5 was co-transfected with and without the MP 

subunits in P19 cells and the subcellular distributions of the proteins were visualized by 

immunofluorescence.  When Flag-Nkx2.5 was transfected alone, it was localized almost 

exclusively to the nucleus (Figure 4.3A&B).  However, in the context of co-expression with 

MP, Flag-Nkx2.5 was redistributed to the cytoplasm into a perinuclear pattern (Figure 4.3A).  

Quantification of this phenomenon confirmed a significant change in subcellular distribution 

of Nkx2.5, with more than 60% of co-expressing cells exhibiting a perinuclear distribution of 

Nkx2.5 (Figure 4.3B).  In agreement with our reporter assay data, the redistribution of 

Nkx2.5 did not occur if NIPP1 was substituted for Mypt1, once again indicating that this 

effect is specific to MP (Figure 4.3A&B).  Interestingly, treatment with LeptomycinB, an 

inhibitor of CRM1-dependent nuclear export, prevented nuclear exclusion of Nkx2.5 in the 

presence of MP, suggesting that Nkx2.5 is actively exported from the nucleus into the 

cytoplasm, where it engages in an interaction with MP.  Finally, co-expression with MP did 

not result in an altered subcellular distribution of GATA4, suggesting that this phenomenon 

is not a general regulatory mechanism affecting all cardiogenic transcription factors (Figure 

4.3A).  

4.4.4 Nkx2.5 interacts with phosphorylated MP 

Although MP is primarily localized within the cytoplasm, phosphorylation of human Mypt1 

at T853 (T852 in the mouse) by Rho-associated kinase (ROCK) causes a redistribution of the 

MP complex to the perinuclear region and the nucleus (56).  In addition, this phosphorylation 

event is known to be inhibitory to the activity of the PP1β catalytic subunit (57, 58).  The 

perinuclear redistribution of Nkx2.5 in response to coexpression with MP suggests an  
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Figure 4.3 Coexpression with MP results in exclusion of Nkx2.5 from the nucleus.  P19 

cells were transiently transfected with the plasmids indicated and fixed one day later for 

analysis of subcellular localization.  A)  Fixed cells were labelled with antibodies specific to 

Nkx2.5 and myc as well as with Hoechst dye to detect nuclei.  Scale bar represents 10µm.  

B)  Subcellular localization of Nkx2.5 was quantified in cells transfected cells, n=3, *p<0.05. 
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interaction with phosphorylated MP. Immunofluorescence with antibodies specific to Nkx2.5 

and a p-Mypt1T853 in co-transfected cells identified co-localization of Nkx2.5 with p-

Mypt1T853 in transfected cells (Figure 4.4A).  To determine whether modulation of Mypt1 

phosphorylation could affect the subcellular localization of Nkx2.5, cells co-transfected with 

Flag-Nkx2.5 and the MP subunits were treated with the ROCK inhibitor y-27632.  When 

examined by immunofluorescence, redistribution of Nkx2.5 to the perinuclear region in 

response to co-expression with MP was significantly attenuated in the presence of y-27632 

by approximately 40% relative to untreated control cultures (Figure 4.4B&C).  Consistent 

with previously published reports, treatment with y-27632 resulted in a redistribution of 

myc-Mypt1 to a broader cytoplasmic area by analysis with immunofluorescence (Fig. 4.4B) 

and reduced levels of p-Mypt1T853 by western blot analysis (Figure 4.4D) when compared 

to untreated control cultures (57).    Thus, phosphorylation of Mypt1 is required for the 

movement of Nkx2.5 out of the nucleus.  

4.4.5 The canonical Wnt inhibitor Dkk1 blocks MP-dependent redistribution of 
Nkx2.5 

Exclusion of Nkx2.5 from the nucleus and the consequent inhibition of its function are likely 

to result in downregulation of the expression of its target genes in the context of 

differentiation.  Therefore, it stands to reason that regulation of the ROCK-mediated 

phosphorylation of Mypt1, and subsequent nuclear exclusion of Nkx2.5, might occur via a 

signalling cascade that is inhibitory toward cardiomyogenesis.  The canonical Wnt pathway 

is a good candidate in this instance as it is known to inhibit terminal differentiation of cardiac 

progenitors and it also activates ROCK function (32, 33, 59).  In order to investigate whether  
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Figure 4.4 Nkx2.5 interacts with the phosphorylated form of Mypt1.  P19 cells were 

transiently transfected with Flag-Nkx2.5, HA-PP1β and myc-Mypt1.  A)  Cells were labelled 

by immunofluorescence with antibodies specific to Nkx2.5 and pMypt1Thr853.  Scale bar 

represents 10µm.  B)  Cultures were treated with the ROCK inhibitor y-27632 and labelled 

by immunofluorescence with antibodies specific to Nkx2.5 and myc as well as with Hoechst 

dye to detect nuclei.  Treatment with y-27632 attenuated redistribution of Nkx2.5 in response 

to coexpression with MP when compared to untreated controls. Scale bar represents 10µm. 

C) The subcellular localization of Nkx2.5 was quantified in control and y-27632-treated 

cultures.  Data are expressed relative to the level of nuclear exclusion of Nkx2.5 in untreated 

controls, n=3, *p<0.05.  D)  Total protein was harvested from y-27632-treated and control 

cultures and analyzed by western blots using antibodies specific to the factors indicated. 

. 
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canonical Wnt signalling might play a role in this process, we co-transfected Flag-Nkx2.5 

with MP and analyzed the subcellular distribution of Nkx2.5 in the presence and absence of  

the canonical Wnt inhibitor Dkk1.  By immunofluorescence analysis, treatment with Dkk1 

resulted in significant inhibition of the MP-dependent exclusion of Nkx2.5 from the nucleus 

when compared to vehicle control (Figure 4.5A and B).  The extent of inhibition 

(approximately 44%) was similar to that observed in cultures treated with y-27632.  In 

addition, Dkk1 treatment caused a decrease in the levels of p-Mypt1T853, suggesting that it 

may inhibit relocalization of Nkx2.5 by regulating ROCK-dependent phosphorylation of 

Mypt1 (Figure 4.5C). 

4.4.6 Wnt3a treatment of differentiating mESCs excludes Nkx2.5 from the nucleus 
and inhibits cardiomyogenesis 

As activation of canonical Wnt signalling at a late stage of mESC differentiation is known to 

inhibit their ability to form cardiomyocytes, we investigated whether this inhibition might 

involve nuclear exclusion of endogenous Nkx2.5 (32, 33).  Differentiating mESCs were 

treated with and without Wnt3a from days 4-7 and the effects on cardiomyogenesis were 

examined by gene expression analysis and immunofluorescence.  Treatment of 

differentiating mESCs with Wnt3a resulted in a reduced number of Mlc2v+ve 

cardiomyocytes, from approximately 11% to 2% of total cells (Figure 4.6A&B).  This was 

accompanied by a significant reduction in Nkx2.5 transcript levels, as well as of the 

transcripts for cardiomyocyte markers Mlc2v, Cx40, ANF and myosin heavy chain isoform 6 

(MyHC6) (Figure 4.6C).  Interestingly, the expression of GATA4 was not significantly 

affected by Wnt3a treatment (Figure 4.6C).  We also examined levels of p-Mypt1T853 in 

Wnt3a and vehicle treated cultures and found that, consistent with our Dkk1 results, Wnt3a  
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Figure 4.5 The redistribution of Nkx2.5 in response to coexpression with MP is 

attenuated by treatment with Dkk1.  P19 cells were transiently cotransfected with Flag-

Nkx2.5, HA-PP1β and myc-Mypt1.  A)  Cultures were treated with 150ng/ml Dkk1 or 

vehicle (PBS+0.1% BSA) and labelled with antibodies specific to Nkx2.5 and myc as well as 

with Hoechst dye to detect nuclei.  Treatment with Dkk1 attenuated redistribution of Nkx2.5 

in response to coexpression with MP when compared to vehicle-treated controls. Scale bar 

represents 10µm. B) The subcellular localization of Nkx2.5 was quantified in vehicle and 

Dkk1-treated cultures.  Data are expressed relative to the level of nuclear exclusion of 

Nkx2.5 in vehicle-treated controls, n=4, *p<0.05.  C) Total protein was harvested from Dkk1 

and vehicle treated cultures and analyzed by western blots using antibodies specific to the 

factors indicated. 

 . 
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Figure 4.6 Treatment of differentiating mESCs with Wnt3a results in reduced 

cardiomyogenesis associated with increased exclusion of endogenous Nkx2.5 from the 

nucleus.  Differentiating D3 mESCs were treated with Wnt3a or vehicle (PBS + 0.1% BSA) 

control from days 4 to 7.  A)  Wnt3a- and vehicle- treated cells were fixed on day 7 and 

labelled with antibodies specific to Mlc2v and stained with Hoechst dye to detect nuclei.  

Scale bar represents 10µm. B) The number of Mlc2v+ cells was quantified in vehicle- and 

Wnt3a- treated cultures, n=3, *p<0.05.  C)  The expression of genes associated with 

cardiomyogenesis was analyzed by QPCR in vehicle- and Wnt3a- treated cultures.  Data are 

expressed relative to expression levels in vehicle treated cultures, n=3, *p<0.05.  D)  Total 

protein was harvested from Wnt3a- and vehicle- treated mESCs on day 7 and analyzed by 

western blot with antibodies specific to the factors indicated.  E)  The exclusion of 

endogenous Nkx2.5 from the nucleus was quantified in vehicle- and Wnt3a- treated mESC 

cultures, n=3, *p<0.05.  F) Differentiated mESCs from vehicle- and Wnt3a- treated cultures 

were fixed on day 7 and labelled with antibodies specific to Nkx2.5 and Mlc2v.  Scale bar 

represents 10µm. 

. 
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treatment resulted in increased levels of p-Mypt1T853 relative to vehicle control (Figure 

4.6D).  We next analyzed the subcellular distribution of endogenous Nkx2.5 in Wnt3a and 

vehicle treated cultures.  In vehicle treated cultures, endogenous Nkx2.5 was primarily found 

in the nucleus, with only a small number (approximately 2%) of cells displaying Nkx2.5 in 

the perinuclear region (Figure 4.6E&F).  In Wnt3a treated cultures however, the fraction of 

cells in which endogenous Nkx2.5 was excluded from the nucleus increased significantly to 

approximately 8% (Figure 6E&F).  In order to determine the differentiation status of these 

cells, we co-labelled them with antibodies specific to Mlc2v and Nkx2.5 (Figure 4.6F).  

Whereas cells which exhibited a nuclear pattern of endogenous Nkx2.5 expression 

differentiated into Mlc2v+ve cardiomyocytes, we did not observe any Mlc2v+ve 

cardiomyocytes in which Nkx2.5 was excluded from the nucleus, suggesting that this 

phenomenon is associated with a failure to undergo terminal differentiation.  As in our 

transient transfection experiments, excluded endogenous Nkx2.5 co-localized with 

endogenous p-Mypt1T853 (Figure 4.6G).  Therefore, endogenous Nkx2.5 is excluded from 

the nucleus in response to Wnt3a treatment of differentiating mESCs and this exclusion is 

correlated with a failure to undergo terminal differentiation into cardiomyocytes. 

4.5 Discussion 

Nkx2.5 has long been known to be an important regulator of gene expression during heart 

development in vivo and during cardiogenic differentiation in stem cells.  It is one of the 

earliest genes to be expressed in the cardiogenic pathway and is responsible for regulating 

the expression of many downstream targets that are essential for proper heart development.  

Despite this, little is known about how the Nkx2.5 protein is regulated at a functional level.  

We have shown, using a proteomic screen that PP1β and Mypt1, two subunits of the MP 
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enzyme complex, are novel interacting partners of Nkx2.5 and this interaction was validated 

by co-immunoprecipitation (Table 4.1 and Figure 4.1).  More specifically, Nkx2.5 interacts 

with the phosphorylated form of MP, resulting in exclusion of Nkx2.5 from the nucleus, its 

accumulation in the perinuclear region of the cell, and a decrease in its transcriptional 

activity (Figures 4.2-4.4).  This interaction is modulated by the canonical Wnt signalling 

inhibitor Dkk1, which inhibits phosphorylation of Mypt1 and the consequent relocalization 

of the MP complex to the perinuclear region (Figure 4.5).  Consistent with this, treatment of 

differentiating mESCs with Wnt3a results in enhanced exclusion of endogenous Nkx2.5 

from the nucleus, associated with downregulation of cardiac muscle gene expression and 

inhibition of cardiomyogenesis (Figure 4.6).  We have summarized these findings in a 

model, shown in Figure 4.7. 

 Although the primary function of MP is usually associated with dephosphorylation of 

myosin, this is not the first example of a role for MP in the regulation of subcellular 

localization of proteins.  It has previously been shown that MP interacts with, and promotes 

the nuclear translocation of HDAC7 resulting in inhibition of apoptosis in thymocytes (60).  

In this study, the authors found that dephosphorylation of HDAC7 by MP was required for 

the translocation event.  We have shown that Nkx2.5 interacts with a form of the MP 

complex characterized by phosphorylation of the Mypt1 subunit at T853.  This 

phosphorylation event has profound inhibitory effects on the phosphatase activity of the 

PP1β subunit which results from docking of the phosphorylated Mypt1 residue within the 

active site of the catalytic subunit (57, 58).  Therefore, it is unlikely that the regulation of the 

subcellular localization of Nkx2.5 is dependent on dephosphorylation by MP.  Recently, it 

was shown that PP1α interacts with the cardiomyogenic transcription factor MEF2 and that 

this interaction inhibits MEF2-dependent gene transcription in a phosphatase-independent  
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Figure 4.7 MP interacts with Nkx2.5 and controls its subcellular localization 

downstream of ROCK/Wnt3a.  Under cardiomyogenic conditions, Nkx2.5 resides in the 

nucleus and activates cardiac muscle gene expression.  In response to Wnt3a signalling, 

Mypt1 is phosphorylated at Thr853 by ROCK, causing MP to accumulate in the perinuclear 

region.  Nkx2.5 is exported from the nucleus in response to an unknown signal and is bound 

by MP, causing it to remain excluded from the nucleus.
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fashion (61).  Taken together with our findings, this suggests that PP1-containing complexes 

likely regulate targets by both phosphatase-dependent and –independent mechanisms.  

Furthermore, we have shown that modulating ROCK activity can alter the subcellular 

redistribution of Nkx2.5 in response to coexpression with MP by regulating the levels of p-

Mypt1T853 (Figure 4).  Inhibition of ROCK activity significantly enhances survival of 

hESC derived cardiomyocytes after dissociation of aggregates (62).  Given that Nkx2.5 has 

been shown to protect cardiomyocytes from stress-induced cell death, it is tempting to 

speculate that these two pathways might be linked by regulation of Nkx2.5 localization (63).  

 The mechanisms regulating the nucleo-cytoplasmic shuttling of Nkx2.5 remain to be 

identified.  We have shown here that treatment with the CRM1-dependent nuclear export 

inhibitor LeptomycinB prevents nuclear exclusion of Nkx2.5 in response to co-expression 

with MP.  This suggests that Nkx2.5 is being actively exported from the nucleus by utilizing 

this transport system and that accumulation of MP in the perinuclear region results in 

cytoplasmic retention of Nkx2.5.  Further study will be required to determine why this export 

initially occurs or whether Nkx2.5 is in a constant state of transition between these two 

domains, in which case regulation of Mypt1 phosphorylation may be the limiting factor in 

this process.   

Wnt signalling is known to inhibit terminal differentiation of cardiac progenitors both 

in vivo and in vitro, although a mechanistic insight into this regulation has been lacking (32, 

33, 37).  We have shown in this study that treatment of differentiating mESCs with Wnt3a 

results in exclusion of Nkx2.5 from the nucleus, which is accompanied by downregulation of 

gene expression associated with cardiomyogenesis and ultimately results in reduced cardiac 

muscle development.   Wnt3a has previously been shown to activate ROCK and indeed, we 

observed higher levels of pMypt1T853 in our Wnt3a-treated cultures (Figure 6) (59).  This 
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represents a novel mechanism whereby canonical Wnt signalling may inhibit terminal 

differentiation of cardiac muscle progenitors. Previous studies have shown that Nkx2.5 

activity is not essential for mESC differentiation into cardiomyocytes, although downstream 

target genes are aberrantly expressed in Nkx2.5-null cells (13).  Therefore, it is likely that 

promoting exclusion of Nkx2.5 from the nucleus represents at least part of the anti-

cardiomyogenic effects exerted by Wnt. 

Our group has recently shown that MLCK can modulate skeletal myogenesis by 

phosphorylating Mef2c (64).  When considered together with the model described here, as 

well as work done by others (60), it seems that modulating the balance of myosin light chain 

phosphorylation represents only one aspect of a more diverse role played by MLCK/MP.  In 

summary, we have identified a novel interaction between Nkx2.5 and MP.  This interaction 

regulates the subcellular distribution of Nkx2.5 downstream of Wnt signalling and 

consequently modulates expression of downstream genes and cardiomyogenesis in stem 

cells.   Our results may also have implications for cardiomyogenesis in vivo and for resident 

cardiac progenitor cells. 
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5: DISCUSSION 
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5.1 Stem cells as a source for muscle cell therapy 

In this research project, we sought to examine myogenic cell fate decisions at a molecular 

level.  We have shown that RA mediates enhancement of skeletal myogenesis in these 

systems by expanding the premyogenic progenitor population in murine and human stem cell 

systems.  Furthermore, we have shown that this occurs through direct regulation of 

premyogenic mesoderm genes and also by crosstalk with other signalling cascades such as 

Wnt and BMP.  We have also identified a novel mechanism for Wnt3a-mediated inhibition 

of cardiac progenitors, involving exclusion of Nkx2.5 from the nucleus as a result of direct 

interaction with the MP enzyme complex in a ROCK-dependent pathway.  Given that RA 

inhibits cardiomyogenesis and activates Wnt signalling during differentiation and that Wnt 

inhibits cardiomyogenesis, at least in part, by promoting exclusion of Nkx2.5 from the 

nucleus, it is possible that these mechanisms are linked in their ability to regulate myogenic 

cell fate decisions (Figure 5.1). 

 The first hESC line (H9) was derived in 1998 (1).  Since then, amazing progress has 

been made towards understanding cell fate decisions and indeed, the first clinical trial using 

hESC derived oligodendrocyte precursor cells for treatment of spinal cord injury was 

announced in 2010 (2).  In fact, as of June, 2010, there was 68 cell-based therapies under 

development (3).  The excitement associated with stem cell research received an additional 

boost in 2007 with the generation of human iPS cells by direct reprogramming of human 

dermal fibroblasts (4).  The main advantage of these cells over hESCs is that they are 

autologous and as such, are less likely to induce an immune response in a transplantation 

setting; however, they also provided a way around the ethical issues associated with the  
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Figure 5.1 A model for the regulation of cardiomyogenesis and skeletal myogenesis by 

RA/Wnt/BMP .  In the context of skeletal myogenesis, RA activates Wnt signalling to 

enhance muscle differentiation while simultaneously inhibiting BMP4 signalling, which 

favours cardiomyogenesis.  RA can override the ability of BMP4 inhibit skeletal 

myogenesis, however, RA requires a functional β-catenin in order to enhance skeletal muscle 

differentiation.  In the context of cardiomyogenesis, Wnt exerts differential effect at distinct 

stages of differentiation.  Inhibition of terminal differentiation of progenitors is 

accomplished, atleast in part, by promoting nuclear exclusion of Nkx2.5 via interaction with 

MP downstream of ROCK activation. 
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generation of new ES lines from human embryos.  In addition, they presented a novel model 

for the study of disease in which pluripotent cells could be generated from patient fibroblasts 

and differentiated into the cell types of interest, thereby recreating the ‘disease in a dish’.  In 

support of this approach, a relatively recent proof of principle study by Hanna et al. showed 

that a mouse model of sickle cell anemia could be rescued by transplantation with gene-

corrected iPS-derived hematopoietic progenitors from autologous skin (5). Diseases of 

muscle, such as muscular dystrophy or various diseases of the heart, represent good 

candidates for cell-based therapies.  Duchenne muscular dystrophy (DMD) is an X-linked 

disorder that affects approximately 1 in 3500 male births and is caused by a deficiency in the 

expression of dystrophin, which, as a component of the dystrophin glycoprotein complex, is 

important for linking the muscle fibre cytoskeleton to the extracellular matrix (6).  As a 

result of this loss of structural integrity, DMD is characterized by a high degree of muscle 

wasting and ultimately exhaustion of the muscle satellite cell compartment, resulting in an 

inability to regenerate damaged fibres.  Current cell-based therapy approaches that have been 

applied in this context include myoblast transplantation, hematopoietic stem cell 

transplantation via bone marrow and transplantation of vessel-associated progenitors termed 

mesoangioblasts (7).  There have been several clinical trials of myoblast/satellite cell 

transplantation but this strategy appears to be hampered by limited cell migration, massive 

acute cell death and a failure of functional recovery of engrafted muscles.  In addition, due to 

the limited migratory abilities of these cells, an enormous number of injections would be 

required in order to reach all affected areas.   

 Several cell types have been investigated in multiple disease backgrounds for cardiac 

cell therapy (8).  Skeletal myoblasts and mesenchymal stem cells have been tested clinically 

in the context of acute myocardial infarction and chronic heart failure respectively (9, 10).  
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The outcomes of these studies seem to indicate that cell therapy for the heart is safe, but as to 

whether these cells contribute to functional repair of damaged tissue is controversial.  

Conversely, transplantation of autologous bone marrow derived stem cells into patients 

suffering from acute myocardial infarction resulted in a significant improvement in left-

ventricular contractile function and was associated with a reduced risk of recurrence or death 

1 year after treatment (11).  Although these data are preliminary, they seem to indicate that 

cell therapy is a viable option for treatment of heart disease. 

 Although ES cells have not been tested in clinical models of skeletal muscle disease, 

pre-clinical proof of principle studies in animals have shown that they have the potential to 

functionally repair damaged cardiac or skeletal muscle tissue (12-16).  Results of the Geron 

trial will undoubtedly provide important insight into the safety and efficacy of hESC based 

therapy.  Therefore, it is imperative that we improve our understanding of the pathways that 

induce the myogenic cell fate in order to optimize the differentiation of these cell types from 

ES cells.  Lessons learned from heart and skeletal muscle development in vivo can provide us 

with the tools required to achieve this goal. 

 

5.2 RA mediates expansion of the premyogenic progenitor pool in stem 
cells 

RA has long been known to be involved in multiple aspects of skeletal muscle 

development, from the earliest stages of somitogenesis to cooperation with MRFs in the 

context of terminal differentiation (17, 18).  It therefore represents a good candidate 

molecule for promoting this process in ESCs in vitro.  In fact, early work in mESCs 

indicated that RA could in fact enhance both cardiac and skeletal myogenesis in a time- and 
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concentration-dependent fashion consistent with its morphogenetic properties in vivo (19).  

We sought to better understand the molecular mechanisms whereby RA enhanced 

myogenesis in murine stem cells in order to apply this knowledge to hESCs, a more relevant 

system for therapeutic purposes.  We found that RA enhanced the formation of premyogenic 

progenitors, as evidenced by increased expression levels of Meox1, Pax3 and Pax7, 

ultimately resulting in upregulated expression of MyoD and myogenin as well as in terminal 

myogenesis.  With regard to the mechanism for this, we found that the myogenic properties 

of RA could be attributed, at least in part, to binding of RARs to regulatory regions of 

Meox1, Pax3 and Wnt3a.  Furthermore, we found that RA could activate canonical Wnt 

signalling during differentiation.  Taken together, these data suggest that RA functions both 

upstream and downstream of Wnt signalling to enhance myogenesis.  Importantly however, 

RA required a functional β-catenin in order for this enhancement to occur.  In the context of 

cardiomyogenesis, RA was inhibitory and could override BMP4-mediated enhancement of 

cardiac differentiation.  This occurred, at least in part, by activation of the BMP inhibitor 

Tob1. 

Clearly, crosstalk with other pathways plays an important role during RA-directed 

differentiation in vitro.  There are several other examples of crosstalk between RA and 

canonical Wnt signaling during endodermal differentiation as well as during neurogenesis 

(20, 21).  Interestingly, the effect of RA on Wnt signaling differs depending on the context 

and can result in either activation or inhibition of this cascade.    For example, RA can inhibit 

Wnt activity by activating expression of antagonists, restricting the domain of expression or 

by inhibiting downstream effectors (22-24).  Furthermore, it has been shown that RARγ can 

interact directly with β-catenin in retinoid-free cultures, promoting its dissociation from LEF 

and thereby inhibiting Wnt-dependent gene transcription in chondrocytes (25). Conversely, 
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RA can activate Wnt expression during adult murine neurogenesis or vertebrate limb 

induction (26, 27). It can also activate the Wnt signaling cascade in chondrocytes (25). With 

respect to crosstalk between RA and BMP, the interaction is quite similar.  RA can induce or 

inhibit BMP expression, depending on the context (28-30).  Some mechanistic insight into 

this was gained when it was shown that RA promotes the interaction of phosphorylated 

Smad1 with E3 ubiquitin ligases, resulting in degradation of Smad1 by the proteasome and 

attenuation of the BMP signal (31). 

Given that crosstalk between these three cascades occurs in multiple systems, it is 

likely to reflect fundamentally conserved molecular interactions between components of 

each pathway.  It is also clear however, that these interactions are context-dependent, as they 

often involve discrete molecular components of each pathway, resulting in different 

outcomes.  This could be explained by the abundance of ligands, receptors and downstream 

effectors that participate in the Wnt and BMP pathways as well as by the variety of 

RAR/RXR isoforms, which are differentially activated under distinct conditions, and their 

individual binding affinities.  These interactions are likely to occur at multiple levels within 

the signaling cascade and are probably characterized by a high degree of complexity.  

Further research in this area should make use of high-throughput systems biology approaches 

such as location analysis (chromatin immunoprecipitation coupled to sequencing), and 

proteomics in order to gain a more global understanding of the interactions between these 

pathways and the resulting impact on differentiation. 

We next sought to exploit the mechanistic insight gained in our studies of RA-

mediated enhancement of myogenesis in P19 cells and mESCs to the hESC system.  It has 

proven difficult to generate skeletal muscle from hESCs and previously published protocols 
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involved covalent chemical modification of cells or extremely lengthy timecourses (32, 33).  

Furthermore, these studies have not reported the formation of a Pax3+ve/Meox1+ve 

premyogenic progenitor population.  This progenitor population could potentially be 

particularly valuable in the context of cell therapy as it has been shown that it can replenish 

the satellite cell niche more efficiently than progenitor cells expressing MRFs (34).  We 

found that treatment of differentiating hESCs with RA resulted in a significant enhancement 

in the number of Pax3+ve progenitor cells as well as in the number of terminally 

differentiated muscle cells.  Furthermore, we have shown that the Pax3+ve/Meox1+ve 

progenitor population occurs prior to MRF expression.  

 Although the total amount of muscle generated amounted to only approximately 4% 

of total cells in our hESC cultures, these data indicate that RA could potentially be used as 

part of a directed differentiation protocol for the generation of skeletal muscle form hESCs.  

In the past few years protocols of this nature have been developed to generate high yields of 

cardiomyocytes from mESCs, hESCs and iPSCs (35-37).  These protocols are modelled on 

knowledge gained from our understanding of the signalling networks that control 

cardiomyogenesis and heart development in vivo.  Cells are treated with carefully optimized 

combinations of cardiogenic factors such as Dkk1, FGF2, VEGFA, BMP4 and activin A at 

distinct timepoints during the early stages of differentiation and this directed differentiation 

protocol can yield more than 50% cardiomyocytes from hESC cultures (35).  An equivalent 

protocol remains to be designed to drive skeletal myogenesis but might include such pro-

myogenic factors as Wnt3a, sonic hedgehog and noggin, in addition to RA, as well as 

modulation of the Notch and FGF signalling cascades.  These protocols are particularly 

valuable because they do not require genetic modification of the cells. 



 

175 

The question remains, however, at what stage of differentiation should the cells be 

transplanted?  In muscular dystrophy patients, the progressive wasting of skeletal muscle 

requires massive levels of regeneration and leads to exhaustion of the muscle stem cell 

compartment.  Therefore, transplantation strategies that address this by employing a cell 

population that can replenish the satellite cell niche will be more likely to result in long-term 

engraftment and will not require repeated intervention.  Muscle transplantation studies by the 

Perlingeiro group have shown improved contractility of muscle of dystrophic mice 

transplanted with myofibers derived from mESCs engineered to overexpress Pax3 (13, 14).  

More recent work however, has begun to take the satellite cell compartment into account.  A 

study by this same group found that progenitors derived from mESCs overexpressing Pax3 

or Pax7 could also regenerate injured muscle but in addition, these cells could repopulate the 

satellite cell niche upon transplantation and could maintain self-renewal in vivo (12).  Two 

additional studies also found that progenitor cells derived from mESCs could generate 

satellite-like cells with myogenic potential in vivo (38, 39).  Importantly, these populations 

were derived without genetic modification of cells.  Taken together, these findings seem to 

indicate that the premyogenic progenitor population may in fact represent the more valuable 

source of cells for cell therapy, rather than terminally differentiated myofibers.  Our study 

represents the first identification of a premyogenic progenitor in hESCs, however, it only 

represents approximately 6% of total cells.  Future work in this area should focus on 

strategies to enhance the formation of this population using directed differentiation protocols 

coupled to purification.  A homogeneous progenitor population, ideally derived without 

genetic modification, will undoubtedly prove to be a valuable therapeutic tool. 

Expression  and epigenetic profiling of hESCs has shown that these cells are in fact 

more similar to mouse epiSCs than they are to mESCs (40).  This may seem to suggest that 
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mESCs and other murine stem cell models such as P19 cells might not be a good model in 

which to study the molecular mechanisms of myogenesis.  Our findings indicate that this is 

not the case.  The insight that we gained from our RA studies in mESCs and P19 cells held 

true in the hESC system.  In all three of these models, RA enhanced myogenesis by causing 

an expansion of the premyogenic progenitor population, suggesting that the mechanism of 

action is likely to be similar.  The implication of these results is that directed culture methods 

optimized in murine systems are likely to translate to human systems.  Indeed, this has 

proven to be the case for directed cardiomyogenesis, where factors used to induce cardiac 

differentiation in mESCs were also employed for the same purpose in hESCs with similar 

success (37).  Therefore, pro-myogenic factors identified in the mouse during differentiation 

in vivo or in vitro bear a re-examination as potential components of a directed culture system 

for myogenesis in hESCs. 

5.3 Wnt3a modulates cardiac cell fate in stem cells by regulating the 
subcelullar localization of Nkx2.5 

Nkx2.5 is one of the earliest markers of the cardiac fate in vivo and in vitro and is expressed 

in almost all the lineages of the heart (41).  Although its expression is not essential for 

differentiation of cardiomyocytes, it is required for proper morphogenesis of the heart and in 

its absence the primitive heart tube fails to undergo looping resulting in embryonic lethality 

(42-44).  Nkx2.5 is a weak transcriptional activator in vitro and it has been proposed that this 

results from the presence of an inhibitory domain within the C-terminus of the protein (45).  

It has also been shown that Nkx2.5 can cooperate with several other important 

cardiomyogenic transcription factors, and that these interactions determine that nature of 

Nkx2.5 activity (inhibitory vs activating) and confer a higher degree of target gene activation 
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through synergy (46-48).  Given the importance of protein interactions for proper function of 

Nkx2.5, we performed a proteomic screen to identify novel binding partners of this factor 

during differentiation in stem cells.  This screen identified PP1β and Mypt1, two subunits of 

the MP enzyme complex, as putative partners of Nkx2.5.  We found that coexpression with 

MP resulted in exclusion of Nkx2.5 from the nucleus and consequently, inhibition of its 

transcriptional activity.  This exclusion was found to be regulated by phosphorylation of 

Mypt1 by ROCK downstream of Wnt signalling.  Consistent with this, Wnt3a treatment of 

mESCs resulted in increased nuclear exclusion of Nkx2.5 and a failure to undergo terminal 

cardiomyogenesis.   

We also found that nuclear exclusion of Nkx2.5 could be prevented by treatment with 

the CRM1-dependent nuclear export inhibitor LeptomycinB.   This is not the first example of 

nucleo-cytoplasmic shuttling of cardiogenic transcription factors.  In fact, both GATA4 and 

SRF have been shown to be regulated by nucleo-cytoplasmic shuttling in a CRM1-dependent 

fashion (49, 50).  In the case of GATA4, exclusion was mediated by phosphorylation by 

GSK3β and this could be blocked by stimulation of the β-adrenergic receptor using 

isoproterenol, causing nuclear export of GSK3β (49).  This finding suggested a potential link 

to hypertrophic signalling. Moreover, RhoA/ROCK has been implicated in the regulation of 

subcellular localization of SRF (51).  Changes in Nkx2.5 expression levels are associated 

with cardiac hypertrophy (52, 53).   Therefore, it is possible that this mechanism has 

implications for more than stem cell differentiation and may represent a general mechanism 

whereby the activity of cardiac transcription factors is modulated by nuclear export in 

various contexts.  However, as we did not observe nuclear exclusion of GATA4 in response 

to coexpression with MP, the mechanism is probably not identical in each case. 
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 The canonical Wnt signalling pathway plays diverse roles at various stages of 

cardiomyogenesis.  Wnt signalling is required for expression of Mesp1+ve, the earliest marker 

and master regulator of cardiomyogenesis (54).  It also promotes expansion of cardiac 

progenitor populations (55).  Conversely, many groups have documented the inhibition of 

cardiac progenitor differentiation by canonical Wnt signalling in vivo and in vitro (56-58).    

Wnt3a-mediated nuclear exclusion of Nkx2.5 represents the first indication of a molecular 

basis for its ability to prevent terminal differentiation of progenitors.  Nuclear exclusion of 

Nkx2.5 will likely result in less activation of target genes and contribute to a subsequent 

failure to differentiate.  The regulation of Nkx2.5 localization can only represent part of this 

mechanism however, as Nkx2.5 is dispensable for cardiomyocyte differentiation in vitro, 

although downstream target genes are aberrantly expressed in this context (44).  Given that 

both SRF and GATA4 are excluded from the nucleus and that these processes are regulated 

by known targets of Wnt signalling (GSK3β and ROCK), it would be interesting to explore 

whether Wnt-mediated inhibition of cardiomyogenesis might be upstream of these exclusion 

events, albeit in an MP-independent pathway, as we have shown that co-expression with MP 

does not cause a redistribution of GATA4.  Furthermore, we know that treatment with the 

ROCK inhibitor y-27632 inhibited exclusion of Nkx2.5 and that it has also been shown to 

improve cardiomyocyte survival after dissociation of embryoid bodies.  As such, this drug 

should be considered as part of any directed differentiation/cardiomyocyte purification based 

strategy to derive cells for therapeutic purposes (59).  Future directions should also 

concentrate on a more thorough understanding of these mechanisms, in order to exploit them 

in directed differentiation and purification strategies. 
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5.4 Conclusion 

In summary, the work presented herein represents a novel contribution to the 

understanding of the signalling pathways regulating the molecular networks that control 

myogenic cell fate decisions in stem cells.  Future work should aim to expand on this 

information in an effort to optimize myogenesis in stem cells for the purposes of cell therapy.  

Although there has been significant progress made toward understanding the molecular 

mechanisms of stem cell self-renewal and myogenic differentiation, more research will be 

required to gain the level of insight into these processes that will be required in order to 

manipulate them to our advantage. 

5.5 References 

1. Thomson, J.A., J. Itskovitz-Eldor, S.S. Shapiro, M.A. Waknitz, J.J. Swiergiel, V.S. 
Marshall, and J.M. Jones. 1998. Embryonic stem cell lines derived from human 
blastocysts. Science 282:1145-1147. 

 
2. Geron. 2009. World's first clinical trial of human embryonic stem cell therapy 

cleared. Regen Med 4:161. 
 
3. McKernan, R., J. McNeish, and D. Smith. 2010. Pharma's developing interest in stem 

cells. Cell Stem Cell 6:517-520. 
 
4. Takahashi, K., K. Tanabe, M. Ohnuki, M. Narita, T. Ichisaka, K. Tomoda, and S. 

Yamanaka. 2007. Induction of pluripotent stem cells from adult human fibroblasts by 
defined factors. Cell 131:861-872. 

 
5. Hanna, J., M. Wernig, S. Markoulaki, C.W. Sun, A. Meissner, J.P. Cassady, C. 

Beard, T. Brambrink, L.C. Wu, T.M. Townes, and R. Jaenisch. 2007. Treatment of 
sickle cell anemia mouse model with iPS cells generated from autologous skin. 
Science 318:1920-1923. 

 
6. Palmieri, B., J.P. Tremblay, and L. Daniele. 2010. Past, present and future of 

myoblast transplantation in the treatment of Duchenne muscular dystrophy. Pediatr 
Transplant 14:813-819. 

 



 

180 

7. Tedesco, F.S., A. Dellavalle, J. Diaz-Manera, G. Messina, and G. Cossu. 2010. 
Repairing skeletal muscle: regenerative potential of skeletal muscle stem cells. J Clin 
Invest 120:11-19. 

 
8. Menasche, P. 2011. Cardiac cell therapy: lessons from clinical trials. J Mol Cell 

Cardiol 50:258-265. 
 
9. Menasche, P., O. Alfieri, S. Janssens, W. McKenna, H. Reichenspurner, L. Trinquart, 

J.T. Vilquin, J.P. Marolleau, B. Seymour, J. Larghero, S. Lake, G. Chatellier, S. 
Solomon, M. Desnos, and A.A. Hagege. 2008. The Myoblast Autologous Grafting in 
Ischemic Cardiomyopathy (MAGIC) trial: first randomized placebo-controlled study 
of myoblast transplantation. Circulation 117:1189-1200. 

 
10. Hare, J.M., J.H. Traverse, T.D. Henry, N. Dib, R.K. Strumpf, S.P. Schulman, G. 

Gerstenblith, A.N. DeMaria, A.E. Denktas, R.S. Gammon, J.B. Hermiller, Jr., M.A. 
Reisman, G.L. Schaer, and W. Sherman. 2009. A randomized, double-blind, placebo-
controlled, dose-escalation study of intravenous adult human mesenchymal stem cells 
(prochymal) after acute myocardial infarction. J Am Coll Cardiol 54:2277-2286. 

 
11. Schachinger, V., S. Erbs, A. Elsasser, W. Haberbosch, R. Hambrecht, H. 

Holschermann, J. Yu, R. Corti, D.G. Mathey, C.W. Hamm, T. Suselbeck, B. Assmus, 
T. Tonn, S. Dimmeler, and A.M. Zeiher. 2006. Intracoronary bone marrow-derived 
progenitor cells in acute myocardial infarction. N Engl J Med 355:1210-1221. 

 
12. Darabi, R., F.N. Santos, A. Filareto, W. Pan, R. Koene, M.A. Rudnicki, M. Kyba, 

and R.C. Perlingeiro. 2011. Assessment of the myogenic stem cell compartment 
following transplantation of pax3/pax7-induced embryonic stem cell-derived 
progenitors. Stem Cells 29:777-790. 

 
13. Darabi, R., J. Baik, M. Clee, M. Kyba, R. Tupler, and R.C. Perlingeiro. 2009. 

Engraftment of embryonic stem cell-derived myogenic progenitors in a dominant 
model of muscular dystrophy. Exp Neurol 220:212-216. 

 
14. Darabi, R., K. Gehlbach, R.M. Bachoo, S. Kamath, M. Osawa, K.E. Kamm, M. 

Kyba, and R.C. Perlingeiro. 2008. Functional skeletal muscle regeneration from 
differentiating embryonic stem cells. Nat Med 14:134-143. 

 
15. Laflamme, M.A., J. Gold, C. Xu, M. Hassanipour, E. Rosler, S. Police, V. Muskheli, 

and C.E. Murry. 2005. Formation of human myocardium in the rat heart from human 
embryonic stem cells. Am J Pathol 167:663-671. 

 
16. Caspi, O., I. Huber, I. Kehat, M. Habib, G. Arbel, A. Gepstein, L. Yankelson, D. 

Aronson, R. Beyar, and L. Gepstein. 2007. Transplantation of human embryonic stem 
cell-derived cardiomyocytes improves myocardial performance in infarcted rat hearts. 
J Am Coll Cardiol 50:1884-1893. 

 



 

181 

17. Moreno, T.A., and C. Kintner. 2004. Regulation of segmental patterning by retinoic 
acid signaling during Xenopus somitogenesis. Dev Cell 6:205-218. 

 
18. Froeschle, A., S. Alric, M. Kitzmann, G. Carnac, F. Aurade, C. Rochette-Egly, and 

A. Bonnieu. 1998. Retinoic acid receptors and muscle b-HLH proteins: partners in 
retinoid-induced myogenesis. Oncogene 16:3369-3378. 

 
19. Wobus, A.M., Rohwedel, J., Maltsev, V., Hescheler, J. 1994. In vitro differentiation 

of embryonic stem cells into cardiomyocytes or skeletal muscle cells is specifically 
modulated by retinoic acid. Roux's Arch Dev Biol 204:36-45. 

 
20. Lu, J., L. Tan, P. Li, H. Gao, B. Fang, S. Ye, Z. Geng, P. Zheng, and H. Song. 2009. 

All-trans retinoic acid promotes neural lineage entry by pluripotent embryonic stem 
cells via multiple pathways. BMC Cell Biol 10:57. 

 
21. Inoue, A., A. Nagafuchi, and A. Kikuchi. 2009. Retinoic acid induces discrete Wnt-

signaling-dependent differentiation in F9 cells. Biochem Biophys Res Commun 
390:564-569. 

 
22. Halilagic, A., V. Ribes, N.B. Ghyselinck, M.H. Zile, P. Dolle, and M. Studer. 2007. 

Retinoids control anterior and dorsal properties in the developing forebrain. 
Developmental Biology 303:362-375. 

 
23. Verani, R., I. Cappuccio, P. Spinsanti, R. Gradini, A. Caruso, M.C. Magnotti, M. 

Motolese, F. Nicoletti, and D. Melchiorri. 2007. Expression of the Wnt inhibitor 
Dickkopf-1 is required for the induction of neural markers in mouse embryonic stem 
cells differentiating in response to retinoic acid 
doi:10.1111/j.1471-4159.2006.04207.x. Journal of Neurochemistry 100:242-250. 

 
24. zur Nieden, N.I., F.D. Price, L.A. Davis, R.E. Everitt, and D.E. Rancourt. 2007. Gene 

Profiling on Mixed Embryonic Stem Cell Populations Reveals a Biphasic Role for 
{beta}-Catenin in Osteogenic Differentiation 
10.1210/me.2005-0438. Mol Endocrinol 21:674-685. 

25. Yasuhara, R., T. Yuasa, J.A. Williams, S.W. Byers, S. Shah, M. Pacifici, M. 
Iwamoto, and M. Enomoto-Iwamoto. 2010. Wnt/beta-catenin and retinoic acid 
receptor signaling pathways interact to regulate chondrocyte function and matrix 
turnover. J Biol Chem 285:317-327. 

 
26. Jacobs, S., D.C. Lie, K.L. DeCicco, Y. Shi, L.M. DeLuca, F.H. Gage, and R.M. 

Evans. 2006. Retinoic acid is required early during adult neurogenesis in the dentate 
gyrus. Proc Natl Acad Sci U S A 103:3902-3907. 

 
27. Mercader, N., S. Fischer, and C.J. Neumann. 2006. Prdm1 acts downstream of a 

sequential RA, Wnt and Fgf signaling cascade during zebrafish forelimb induction 
10.1242/dev.02455. Development 133:2805-2815. 

 



 

182 

28. Qin, P., J.M. Haberbusch, Z. Zhang, K.J. Soprano, and D.R. Soprano. 2004. Pre-B 
cell leukemia transcription factor (PBX) proteins are important mediators for retinoic 
acid-dependent endodermal and neuronal differentiation of mouse embryonal 
carcinoma P19 cells. J Biol Chem 279:16263-16271. 

 
29. Hallahan, A.R., J.I. Pritchard, R.A. Chandraratna, R.G. Ellenbogen, J.R. Geyer, R.P. 

Overland, A.D. Strand, S.J. Tapscott, and J.M. Olson. 2003. BMP-2 mediates 
retinoid-induced apoptosis in medulloblastoma cells through a paracrine effect. Nat 
Med 9:1033-1038. 

 
30. Mic, F.A., and G. Duester. 2003. Patterning of forelimb bud myogenic precursor cells 

requires retinoic acid signaling initiated by Raldh2. Dev Biol 264:191-201. 
 
31. Sheng, N., Z. Xie, C. Wang, G. Bai, K. Zhang, Q. Zhu, J. Song, F. Guillemot, Y.G. 

Chen, A. Lin, and N. Jing. 2010. Retinoic acid regulates bone morphogenic protein 
signal duration by promoting the degradation of phosphorylated Smad1. Proc Natl 
Acad Sci U S A 107:18886-18891. 

 
32. Zheng, J.K., Y. Wang, A. Karandikar, Q. Wang, H. Gai, A.L. Liu, C. Peng, and H.Z. 

Sheng. 2006. Skeletal myogenesis by human embryonic stem cells. Cell Res 16:713-
722. 

 
33. Barberi, T., M. Bradbury, Z. Dincer, G. Panagiotakos, N.D. Socci, and L. Studer. 

2007. Derivation of engraftable skeletal myoblasts from human embryonic stem cells. 
Nat Med 13:642-648. 

 
34. Kuang, S., K. Kuroda, F. Le Grand, and M.A. Rudnicki. 2007. Asymmetric self-

renewal and commitment of satellite stem cells in muscle. Cell 129:999-1010. 
 
35. Yang, L., M.H. Soonpaa, E.D. Adler, T.K. Roepke, S.J. Kattman, M. Kennedy, E. 

Henckaerts, K. Bonham, G.W. Abbott, R.M. Linden, L.J. Field, and G.M. Keller. 
2008. Human cardiovascular progenitor cells develop from a KDR+ embryonic-stem-
cell-derived population. Nature 453:524-528. 

 
36. Kattman, S.J., T.L. Huber, and G.M. Keller. 2006. Multipotent flk-1+ cardiovascular 

progenitor cells give rise to the cardiomyocyte, endothelial, and vascular smooth 
muscle lineages. Dev Cell 11:723-732. 

 
37. Kattman, S.J., A.D. Witty, M. Gagliardi, N.C. Dubois, M. Niapour, A. Hotta, J. Ellis, 

and G. Keller. 2011. Stage-specific optimization of activin/nodal and BMP signaling 
promotes cardiac differentiation of mouse and human pluripotent stem cell lines. Cell 
Stem Cell 8:228-240. 

 
38. Sakurai, H., Y. Okawa, Y. Inami, N. Nishio, and K. Isobe. 2008. Paraxial 

mesodermal progenitors derived from mouse embryonic stem cells contribute to 
muscle regeneration via differentiation into muscle satellite cells. Stem Cells 
26:1865-1873. 



 

183 

 
39. Chang, H., M. Yoshimoto, K. Umeda, T. Iwasa, Y. Mizuno, S. Fukada, H. 

Yamamoto, N. Motohashi, Y. Miyagoe-Suzuki, S. Takeda, T. Heike, and T. 
Nakahata. 2009. Generation of transplantable, functional satellite-like cells from 
mouse embryonic stem cells. FASEB J 23:1907-1919. 

 
40. Tesar, P.J., J.G. Chenoweth, F.A. Brook, T.J. Davies, E.P. Evans, D.L. Mack, R.L. 

Gardner, and R.D. McKay. 2007. New cell lines from mouse epiblast share defining 
features with human embryonic stem cells. Nature 448:196-199. 

 
41. Akazawa, H., and I. Komuro. 2005. Cardiac transcription factor Csx/Nkx2-5: Its role 

in cardiac development and diseases. Pharmacol Ther 107:252-268. 
 
42. Lyons, I., L.M. Parsons, L. Hartley, R. Li, J.E. Andrews, L. Robb, and R.P. Harvey. 

1995. Myogenic and morphogenetic defects in the heart tubes of murine embryos 
lacking the homeo box gene Nkx2-5. Genes Dev 9:1654-1666. 

 
43. Tanaka, M., Z. Chen, S. Bartunkova, N. Yamasaki, and S. Izumo. 1999. The cardiac 

homeobox gene Csx/Nkx2.5 lies genetically upstream of multiple genes essential for 
heart development. Development 126:1269-1280. 

 
44. Nakashima, Y., K. Ono, Y. Yoshida, Y. Kojima, T. Kita, M. Tanaka, and T. Kimura. 

2009. The search for Nkx2-5-regulated genes using purified embryonic stem cell-
derived cardiomyocytes with Nkx2-5 gene targeting. Biochem Biophys Res Commun 
390:821-826. 

 
45. Sepulveda, J.L., N. Belaguli, V. Nigam, C.Y. Chen, M. Nemer, and R.J. Schwartz. 

1998. GATA-4 and Nkx-2.5 coactivate Nkx-2 DNA binding targets: role for 
regulating early cardiac gene expression. Mol Cell Biol 18:3405-3415. 

 
46. Durocher, D., F. Charron, R. Warren, R.J. Schwartz, and M. Nemer. 1997. The 

cardiac transcription factors Nkx2-5 and GATA-4 are mutual cofactors. EMBO J 
16:5687-5696. 

 
47. Habets, P.E., A.F. Moorman, D.E. Clout, M.A. van Roon, M. Lingbeek, M. van 

Lohuizen, M. Campione, and V.M. Christoffels. 2002. Cooperative action of Tbx2 
and Nkx2.5 inhibits ANF expression in the atrioventricular canal: implications for 
cardiac chamber formation. Genes Dev 16:1234-1246. 

 
48. Vincentz, J.W., R.M. Barnes, B.A. Firulli, S.J. Conway, and A.B. Firulli. 2008. 

Cooperative interaction of Nkx2.5 and Mef2c transcription factors during heart 
development. Dev Dyn 237:3809-3819. 

 
49. Morisco, C., K. Seta, S.E. Hardt, Y. Lee, S.F. Vatner, and J. Sadoshima. 2001. 

Glycogen synthase kinase 3beta regulates GATA4 in cardiac myocytes. J Biol Chem 
276:28586-28597. 

 



 

184 

50. Camoretti-Mercado, B., H.W. Liu, A.J. Halayko, S.M. Forsythe, J.W. Kyle, B. Li, Y. 
Fu, J. McConville, P. Kogut, J.E. Vieira, N.M. Patel, M.B. Hershenson, E. Fuchs, S. 
Sinha, J.M. Miano, M.S. Parmacek, J.K. Burkhardt, and J. Solway. 2000. 
Physiological control of smooth muscle-specific gene expression through regulated 
nuclear translocation of serum response factor. J Biol Chem 275:30387-30393. 

 
51. Liu, H.W., A.J. Halayko, D.J. Fernandes, G.S. Harmon, J.A. McCauley, P. 

Kocieniewski, J. McConville, Y. Fu, S.M. Forsythe, P. Kogut, S. Bellam, M. Dowell, 
J. Churchill, H. Lesso, K. Kassiri, R.W. Mitchell, M.B. Hershenson, B. Camoretti-
Mercado, and J. Solway. 2003. The RhoA/Rho kinase pathway regulates nuclear 
localization of serum response factor. Am J Respir Cell Mol Biol 29:39-47. 

 
52. Thompson, J.T., M.S. Rackley, and T.X. O'Brien. 1998. Upregulation of the cardiac 

homeobox gene Nkx2-5 (CSX) in feline right ventricular pressure overload. Am J 
Physiol 274:H1569-1573. 

 
53. Saadane, N., L. Alpert, and L.E. Chalifour. 1999. Expression of immediate early 

genes, GATA-4, and Nkx-2.5 in adrenergic-induced cardiac hypertrophy and during 
regression in adult mice. Br J Pharmacol 127:1165-1176. 

 
54. Lindsley, R.C., J.G. Gill, M. Kyba, T.L. Murphy, and K.M. Murphy. 2006. Canonical 

Wnt signaling is required for development of embryonic stem cell-derived mesoderm. 
Development 133:3787-3796. 

 
55. Cohen, E.D., Z. Wang, J.J. Lepore, M.M. Lu, M.M. Taketo, D.J. Epstein, and E.E. 

Morrisey. 2007. Wnt/beta-catenin signaling promotes expansion of Isl-1-positive 
cardiac progenitor cells through regulation of FGF signaling. J Clin Invest 117:1794-
1804. 

 
56. David, R., C. Brenner, J. Stieber, F. Schwarz, S. Brunner, M. Vollmer, E. Mentele, J. 

Muller-Hocker, S. Kitajima, H. Lickert, R. Rupp, and W.M. Franz. 2008. MesP1 
drives vertebrate cardiovascular differentiation through Dkk-1-mediated blockade of 
Wnt-signalling. Nat Cell Biol 10:338-345. 

 
57. Ueno, S., G. Weidinger, T. Osugi, A.D. Kohn, J.L. Golob, L. Pabon, H. Reinecke, 

R.T. Moon, and C.E. Murry. 2007. Biphasic role for Wnt/beta-catenin signaling in 
cardiac specification in zebrafish and embryonic stem cells. Proc Natl Acad Sci U S A 
104:9685-9690. 

 
58. Naito, A.T., I. Shiojima, H. Akazawa, K. Hidaka, T. Morisaki, A. Kikuchi, and I. 

Komuro. 2006. Developmental stage-specific biphasic roles of Wnt/beta-catenin 
signaling in cardiomyogenesis and hematopoiesis. Proc Natl Acad Sci U S A 
103:19812-19817. 

 
59. Braam, S.R., R. Nauw, D. Ward-van Oostwaard, C. Mummery, and R. Passier. 2010. 

Inhibition of ROCK improves survival of human embryonic stem cell-derived 
cardiomyocytes after dissociation. Ann N Y Acad Sci 1188:52-57. 



 

185 

APPENDICES 



 

186 

Appendix A: Permission Figure 1.1A 

OXFORD UNIVERSITY PRESS LICENSE 
TERMS AND CONDITIONS 

Jun 01, 2011 

 
 

 
This is a License Agreement between Tammy Ryan ("You") and Oxford University Press 
("Oxford University Press") provided by Copyright Clearance Center ("CCC"). The license 
consists of your order details, the terms and conditions provided by Oxford University 
Press, and the payment terms and conditions. 

All payments must be made in full to CCC. For payment instructions, please see 
information listed at the bottom of this form. 

License Number 2680271094903 

License date Jun 01, 2011 

Licensed content publisher Oxford University Press 

Licensed content publication Integrative and Comparative Biology 

Licensed content title Anterior-posterior patterning and segmentation of the vertebrate 
head: 

Licensed content author Thomas F. Schilling 

Licensed content date 11/01/2008 

Type of Use Thesis/Dissertation 

Institution name  

Title of your work Molecular Mechanisms of Myogenesis in Stem cells 

Publisher of your work n/a 

Expected publication date Jun 2011 

Permissions cost 0.00 USD 

Value added tax 0.00 USD 

Total 0.00 USD 

Total 0.00 USD 

Terms and Conditions 

STANDARD TERMS AND CONDITIONS FOR REPRODUCTION OF MATERIAL 
FROM AN OXFORD UNIVERSITY PRESS JOURNAL 

1. Use of the material is restricted to the type of use specified in your order details. 



 

187 

2. This permission covers the use of the material in the English language in the following 
territory: world. If you have requested additional permission to translate this material, the 
terms and conditions of this reuse will be set out in clause 12. 

3. This permission is limited to the particular use authorized in (1) above and does not allow 
you to sanction its use elsewhere in any other format other than specified above, nor does it 
apply to quotations, images, artistic works etc that have been reproduced from other sources 
which may be part of the material to be used. 

4. No alteration, omission or addition is made to the material without our written consent. 
Permission must be re-cleared with Oxford University Press if/when you decide to reprint. 

5. The following credit line appears wherever the material is used: author, title, journal, 
year, volume, issue number, pagination, by permission of Oxford University Press or the 
sponsoring society if the journal is a society journal. Where a journal is being published on 
behalf of a learned society, the details of that society must be included in the credit line. 

6. For the reproduction of a full article from an Oxford University Press journal for 
whatever purpose, the corresponding author of the material concerned should be informed 
of the proposed use. Contact details for the corresponding authors of all Oxford University 
Press journal contact can be found alongside either the abstract or full text of the article 
concerned, accessible from www.oxfordjournals.org  

7. If the credit line or acknowledgement in our publication indicates that any of the figures, 
images or photos was reproduced, drawn or modified from an earlier source it will be 
necessary for you to clear this permission with the original publisher as well. If this 
permission has not been obtained, please note that this material cannot be included in your 
publication/photocopies. 

8. While you may exercise the rights licensed immediately upon issuance of the license at 
the end of the licensing process for the transaction, provided that you have disclosed 
complete and accurate details of your proposed use, no license is finally effective unless and 
until full payment is received from you (either by Oxford University Press or by Copyright 
Clearance Center (CCC)) as provided in CCC's Billing and Payment terms and conditions. If 
full payment is not received on a timely basis, then any license preliminarily granted shall 
be deemed automatically revoked and shall be void as if never granted. Further, in the event 
that you breach any of these terms and conditions or any of CCC's Billing and Payment 
terms and conditions, the license is automatically revoked and shall be void as if never 
granted. Use of materials as described in a revoked license, as well as any use of the 
materials beyond the scope of an unrevoked license, may constitute copyright infringement 
and Oxford University Press reserves the right to take any and all action to protect its 
copyright in the materials. 

9. This license is personal to you and may not be sublicensed, assigned or transferred by you 
to any other person without Oxford University Press’s written permission. 



 

188 

10. Oxford University Press reserves all rights not specifically granted in the combination of 
(i) the license details provided by you and accepted in the course of this licensing 
transaction, (ii) these terms and conditions and (iii) CCC’s Billing and Payment terms and 
conditions. 

11. You hereby indemnify and agree to hold harmless Oxford University Press and CCC, 
and their respective officers, directors, employs and agents, from and against any and all 
claims arising out of your use of the licensed material other than as specifically authorized 
pursuant to this license. 

12. Other Terms and Conditions: 

v1.4 

Gratis licenses (referencing $0 in the Total field) are free. Please retain this printable 
license for your reference. No payment is required. 

 

 



 

189 

Appendix B: Permission Figure 1.1B 

NATURE PUBLISHING GROUP LICENSE 
TERMS AND CONDITIONS 

Jun 01, 2011 

 
 

 
This is a License Agreement between Tammy Ryan ("You") and Nature Publishing Group 
("Nature Publishing Group") provided by Copyright Clearance Center ("CCC"). The license 
consists of your order details, the terms and conditions provided by Nature Publishing 
Group, and the payment terms and conditions. 

All payments must be made in full to CCC. For payment instructions, please see 
information listed at the bottom of this form. 

License Number 

2675470208065 

License date 

May 24, 2011 

Licensed content publisher 

Nature Publishing Group 

Licensed content publication 

Nature Reviews Genetics 

Licensed content title 

Looking back to the embryo: defining transcriptional networks in adult myogenesis 

Licensed content author 

Maura H. Parker , Patrick Seale and Michael A. Rudnicki 

Licensed content date 

Jul 1, 2003 

Type of Use 

reuse in a thesis/dissertation 



 

190 

Requestor type 

academic/educational 

Format 

print and electronic 

Portion 

figures/tables/illustrations 

Number of figures/tables/illustrations 

1 

High-res required 

no 

Figures 

Figure 1 

Author of this NPG article 

no 

Your reference number 

Title of your thesis / dissertation 

Molecular Mechanisms of Myogenesis in Stem Cells 

Expected completion date 

May 2011 

Estimated size (number of pages) 

150 

Total 

0.00 USD 

Terms and Conditions 

Terms and Conditions for Permissions 



 

191 

Nature Publishing Group hereby grants you a non-exclusive license to reproduce this 
material for this purpose, and for no other use, subject to the conditions below: 

1. NPG warrants that it has, to the best of its knowledge, the rights to license reuse of 
this material. However, you should ensure that the material you are requesting is 
original to Nature Publishing Group and does not carry the copyright of another 
entity (as credited in the published version). If the credit line on any part of the 
material you have requested indicates that it was reprinted or adapted by NPG with 
permission from another source, then you should also seek permission from that 
source to reuse the material.  
  

2. Permission granted free of charge for material in print is also usually granted for any 
electronic version of that work, provided that the material is incidental to the work as 
a whole and that the electronic version is essentially equivalent to, or substitutes for, 
the print version. Where print permission has been granted for a fee, separate 
permission must be obtained for any additional, electronic re-use (unless, as in the 
case of a full paper, this has already been accounted for during your initial request in 
the calculation of a print run). NB: In all cases, web-based use of full-text articles 
must be authorized separately through the 'Use on a Web Site' option when 
requesting permission. 
  

3. Permission granted for a first edition does not apply to second and subsequent 
editions and for editions in other languages (except for signatories to the STM 
Permissions Guidelines, or where the first edition permission was granted for free).  
  

4. Nature Publishing Group's permission must be acknowledged next to the figure, table 
or abstract in print. In electronic form, this acknowledgement must be visible at the 
same time as the figure/table/abstract, and must be hyperlinked to the journal's 
homepage. 

 

5. The credit line should read: 
Reprinted by permission from Macmillan Publishers Ltd: [JOURNAL NAME] 
(reference citation), copyright (year of publication) 
For AOP papers, the credit line should read: 
Reprinted by permission from Macmillan Publishers Ltd: [JOURNAL NAME], 
advance online publication, day month year (doi: 10.1038/sj.[JOURNAL 
ACRONYM].XXXXX)  
 
Note: For republication from the British Journal of Cancer, the following credit 
lines apply. 
Reprinted by permission from Macmillan Publishers Ltd on behalf of Cancer 
Research UK: [JOURNAL NAME] (reference citation), copyright (year of 
publication) For AOP papers, the credit line should read: 
Reprinted by permission from Macmillan Publishers Ltd on behalf of Cancer 
Research UK: [JOURNAL NAME], advance online publication, day month year 



 

192 

(doi: 10.1038/sj.[JOURNAL ACRONYM].XXXXX)  
 
  

6. Adaptations of single figures do not require NPG approval. However, the adaptation 

should be credited as follows: 

 

Adapted by permission from Macmillan Publishers Ltd: [JOURNAL NAME] 

(reference citation), copyright (year of publication) 

 

Note: For adaptation from the British Journal of Cancer, the following credit 

line applies. 

Adapted by permission from Macmillan Publishers Ltd on behalf of Cancer Research 

UK: [JOURNAL NAME] (reference citation), copyright (year of publication)  

  

7. Translations of 401 words up to a whole article require NPG approval. Please 

visithttp://www.macmillanmedicalcommunications.com for more information. 

Translations of up to a 400 words do not require NPG approval. The translation 

should be credited as follows: 

 

Translated by permission from Macmillan Publishers Ltd: [JOURNAL NAME] 

(reference citation), copyright (year of publication). 

 

Note: For translation from the British Journal of Cancer, the following credit 

line applies. 

Translated by permission from Macmillan Publishers Ltd on behalf of Cancer 

Research UK: [JOURNAL NAME] (reference citation), copyright (year of 

publication) 

We are certain that all parties will benefit from this agreement and wish you the best in the 

use of this material. Thank you. 

Special Terms: 



 

193 

v1.1 

Gratis licenses (referencing $0 in the Total field) are free. Please retain this printable 

license for your reference. No payment is required. 

 
 

 



 

194 

Appendix C: Permission Figure 1.2 

WOLTERS KLUWER HEALTH LICENSE 
TERMS AND CONDITIONS 

Jun 01, 2011 

 
 

 
This is a License Agreement between Tammy Ryan ("You") and Wolters Kluwer Health 
("Wolters Kluwer Health") provided by Copyright Clearance Center ("CCC"). The license 
consists of your order details, the terms and conditions provided by Wolters Kluwer Health, 
and the payment terms and conditions. 

All payments must be made in full to CCC. For payment instructions, please see 
information listed at the bottom of this form. 

License Number 

2676630051384 

License date 

May 26, 2011 

Licensed content publisher 

Wolters Kluwer Health 

Licensed content publication 

Circulation Research 

Licensed content title 

The Multiple Phases and Faces of Wnt Signaling During Cardiac Differentiation and Development 

Licensed content author 

Susanne Gessert 

Licensed content date 

Jul 23, 2010 

Volume Number 

107 



 

195 

Issue Number 

2 

Type of Use 

Dissertation/Thesis 

Requestor type 

Individual 

Title of your thesis / dissertation 

Molecular Mechanisms of Myogenesis in Stem Cells 

Expected completion date 

May 2011 

Estimated size(pages) 

150 

Billing Type 

Invoice 

Billing Address 

Department of Biochemistry 

  

University of Ottawa 

  

Ottawa, ON K1H8M5 

  

Canada 

Customer reference info 

Total 

0.00 USD 

Terms and Conditions 



 

196 

Terms and Conditions 

1. A credit line will be prominently placed and include: for books - the author(s), title of 
book, editor, copyright holder, year of publication; For journals - the author(s), title 
of article, title of journal, volume number, issue number and inclusive pages. 

2. The requestor warrants that the material shall not be used in any manner which may 
be considered derogatory to the title, content, or authors of the material, or to Wolters 
Kluwer/Lippincott, Williams & Wilkins. 

3. Permission is granted for one time use only as specified in your correspondence. 
Rights herein do not apply to future reproductions, editions, revisions, or other 
derivative works. Once term has expired, permission to renew must be made in 
writing. 

4. Permission granted is non-exclusive, and is valid throughout the world in the English 
language and the languages specified in your original request. 

5. Wolters Kluwer Health/ Lippincott, Williams & Wilkins, cannot supply the requestor 
with the original artwork or a "clean copy." 

6. The requestor agrees to secure written permission from the author (for book material 
only). 

7. Permission is valid if the borrowed material is original to a LWW imprint 
(Lippincott-Raven Publishers, Williams & Wilkins, Lea & Febiger, Harwal, Igaku-
Shoin, Rapid Science, Little Brown & Company, Harper & Row Medical, American 
Journal of Nursing Co, and Urban & Schwarzenberg - English Language). 

8. If you opt not to use the material requested above, please notify Rightslink within 90 
days of the original invoice date. 

9. Other Terms and Conditions: 

v1.0 

Gratis licenses (referencing $0 in the Total field) are free. Please retain this printable 
license for your reference. No payment is required. 



 

197 

Appendix D: Permission Figures 1.3 and 1.4 

NATURE PUBLISHING GROUP LICENSE 
TERMS AND CONDITIONS 

Jun 01, 2011 

 
 

 
This is a License Agreement between Tammy Ryan ("You") and Nature 
Publishing Group ("Nature Publishing Group") provided by Copyright Clearance 
Center ("CCC"). The license consists of your order details, the terms and 
conditions provided by Nature Publishing Group, and the payment terms and 
conditions. 

All payments must be made in full to CCC. For payment instructions, please see 
information listed at the bottom of this form. 

License Number 

2676621176431 

License date 

May 26, 2011 

Licensed content publisher 

Nature Publishing Group 

Licensed content publication 

Nature Reviews Genetics 

Licensed content title 

Retinoic acid in development: towards an integrated view 

Licensed content author 

Karen Niederreither, Pascal Dollé 

Licensed content date 

Jun 10, 2008 

Type of Use 



 

198 

reuse in a thesis/dissertation 

Requestor type 

academic/educational 

Format 

print and electronic 

Portion 

figures/tables/illustrations 

Number of figures/tables/illustrations 

2 

High-res required 

no 

Figures 

figure 1 and box 1 

Author of this NPG article 

no 

Your reference number 

Title of your thesis / dissertation 

Molecular Mechanisms of Myogenesis in Stem Cells 

Expected completion date 

May 2011 

Estimated size (number of pages) 

150 

Total 

0.00 USD 

Terms and Conditions 

Terms and Conditions for Permissions 



 

199 

Nature Publishing Group hereby grants you a non-exclusive license to reproduce this 
material for this purpose, and for no other use, subject to the conditions below: 

1. NPG warrants that it has, to the best of its knowledge, the rights to license reuse of 
this material. However, you should ensure that the material you are requesting is 
original to Nature Publishing Group and does not carry the copyright of another 
entity (as credited in the published version). If the credit line on any part of the 
material you have requested indicates that it was reprinted or adapted by NPG with 
permission from another source, then you should also seek permission from that 
source to reuse the material.  
  

2. Permission granted free of charge for material in print is also usually granted for any 
electronic version of that work, provided that the material is incidental to the work as 
a whole and that the electronic version is essentially equivalent to, or substitutes for, 
the print version. Where print permission has been granted for a fee, separate 
permission must be obtained for any additional, electronic re-use (unless, as in the 
case of a full paper, this has already been accounted for during your initial request in 
the calculation of a print run). NB: In all cases, web-based use of full-text articles 
must be authorized separately through the 'Use on a Web Site' option when 
requesting permission. 
  

3. Permission granted for a first edition does not apply to second and subsequent 
editions and for editions in other languages (except for signatories to the STM 
Permissions Guidelines, or where the first edition permission was granted for free).  
  

4. Nature Publishing Group's permission must be acknowledged next to the figure, table 
or abstract in print. In electronic form, this acknowledgement must be visible at the 
same time as the figure/table/abstract, and must be hyperlinked to the journal's 
homepage. 

 

5. The credit line should read: 
Reprinted by permission from Macmillan Publishers Ltd: [JOURNAL NAME] 
(reference citation), copyright (year of publication) 
For AOP papers, the credit line should read: 
Reprinted by permission from Macmillan Publishers Ltd: [JOURNAL NAME], 
advance online publication, day month year (doi: 10.1038/sj.[JOURNAL 
ACRONYM].XXXXX)  
 
Note: For republication from the British Journal of Cancer, the following credit 
lines apply. 
Reprinted by permission from Macmillan Publishers Ltd on behalf of Cancer 
Research UK: [JOURNAL NAME] (reference citation), copyright (year of 
publication) For AOP papers, the credit line should read: 
Reprinted by permission from Macmillan Publishers Ltd on behalf of Cancer 
Research UK: [JOURNAL NAME], advance online publication, day month year 



 

200 

(doi: 10.1038/sj.[JOURNAL ACRONYM].XXXXX)  
 
  

6. Adaptations of single figures do not require NPG approval. However, the adaptation 

should be credited as follows: 

 

Adapted by permission from Macmillan Publishers Ltd: [JOURNAL NAME] 

(reference citation), copyright (year of publication) 

 

Note: For adaptation from the British Journal of Cancer, the following credit 

line applies. 

Adapted by permission from Macmillan Publishers Ltd on behalf of Cancer Research 

UK: [JOURNAL NAME] (reference citation), copyright (year of publication)  

  

7. Translations of 401 words up to a whole article require NPG approval. Please 

visithttp://www.macmillanmedicalcommunications.com for more information. 

Translations of up to a 400 words do not require NPG approval. The translation 

should be credited as follows: 

 

Translated by permission from Macmillan Publishers Ltd: [JOURNAL NAME] 

(reference citation), copyright (year of publication). 

 

Note: For translation from the British Journal of Cancer, the following credit 

line applies. 

Translated by permission from Macmillan Publishers Ltd on behalf of Cancer 

Research UK: [JOURNAL NAME] (reference citation), copyright (year of 

publication) 

We are certain that all parties will benefit from this agreement and wish you the best in the 

use of this material. Thank you. 

Special Terms: 



 

201 

v1.1 

Gratis licenses (referencing $0 in the Total field) are free. Please retain this printable 
license for your reference. No payment is required. 

 
 



 

202 

Appendix E: Permission Figure 1.5 

OXFORD UNIVERSITY PRESS LICENSE 
TERMS AND CONDITIONS 

Jun 01, 2011 

 
 

 
This is a License Agreement between Tammy Ryan ("You") and Oxford 
University Press ("Oxford University Press") provided by Copyright Clearance 
Center ("CCC"). The license consists of your order details, the terms and 
conditions provided by Oxford University Press, and the payment terms and 
conditions. 

All payments must be made in full to CCC. For payment instructions, please see 
information listed at the bottom of this form. 

License Number 

2676630568837 

License date 

May 26, 2011 

Licensed content publisher 

Oxford University Press 

Licensed content publication 

Cardiovascular Research 

Licensed content title 

Role of bone morphogenetic proteins in cardiac differentiation: 

Licensed content author 

Bram van Wijk, Antoon F.M. Moorman, Maurice J.B. van den Hoff 

Licensed content date 

05/01/2007 

Type of Use 



 

203 

Thesis/Dissertation 

Institution name 

Title of your work 

Molecular Mechanisms of Myogenesis in Stem Cells 

Publisher of your work 

n/a 

Expected publication date 

May 2011 

Permissions cost 

0.00 USD 

Value added tax 

0.00 USD 

Total 

0.00 USD 

Total 

0.00 USD 

Terms and Conditions 

STANDARD TERMS AND CONDITIONS FOR REPRODUCTION OF MATERIAL 
FROM AN OXFORD UNIVERSITY PRESS JOURNAL 

1. Use of the material is restricted to the type of use specified in your order details. 

2. This permission covers the use of the material in the English language in the following 
territory: world. If you have requested additional permission to translate this material, the 
terms and conditions of this reuse will be set out in clause 12. 

3. This permission is limited to the particular use authorized in (1) above and does not allow 
you to sanction its use elsewhere in any other format other than specified above, nor does it 
apply to quotations, images, artistic works etc that have been reproduced from other sources 
which may be part of the material to be used. 

4. No alteration, omission or addition is made to the material without our written consent. 
Permission must be re-cleared with Oxford University Press if/when you decide to reprint. 



 

204 

5. The following credit line appears wherever the material is used: author, title, journal, year, 
volume, issue number, pagination, by permission of Oxford University Press or the 
sponsoring society if the journal is a society journal. Where a journal is being published on 
behalf of a learned society, the details of that society must be included in the credit line. 

6. For the reproduction of a full article from an Oxford University Press journal for whatever 
purpose, the corresponding author of the material concerned should be informed of the 
proposed use. Contact details for the corresponding authors of all Oxford University Press 
journal contact can be found alongside either the abstract or full text of the article concerned, 
accessible from www.oxfordjournals.org  

7. If the credit line or acknowledgement in our publication indicates that any of the figures, 
images or photos was reproduced, drawn or modified from an earlier source it will be 
necessary for you to clear this permission with the original publisher as well. If this 
permission has not been obtained, please note that this material cannot be included in your 
publication/photocopies. 

8. While you may exercise the rights licensed immediately upon issuance of the license at the 
end of the licensing process for the transaction, provided that you have disclosed complete 
and accurate details of your proposed use, no license is finally effective unless and until full 
payment is received from you (either by Oxford University Press or by Copyright Clearance 
Center (CCC)) as provided in CCC's Billing and Payment terms and conditions. If full 
payment is not received on a timely basis, then any license preliminarily granted shall be 
deemed automatically revoked and shall be void as if never granted. Further, in the event that 
you breach any of these terms and conditions or any of CCC's Billing and Payment terms and 
conditions, the license is automatically revoked and shall be void as if never granted. Use of 
materials as described in a revoked license, as well as any use of the materials beyond the 
scope of an unrevoked license, may constitute copyright infringement and Oxford University 
Press reserves the right to take any and all action to protect its copyright in the materials. 

9. This license is personal to you and may not be sublicensed, assigned or transferred by you 
to any other person without Oxford University Press’s written permission. 

10. Oxford University Press reserves all rights not specifically granted in the combination of 
(i) the license details provided by you and accepted in the course of this licensing 
transaction, (ii) these terms and conditions and (iii) CCC’s Billing and Payment terms and 
conditions. 

11. You hereby indemnify and agree to hold harmless Oxford University Press and CCC, and 
their respective officers, directors, employs and agents, from and against any and all claims 
arising out of your use of the licensed material other than as specifically authorized pursuant 
to this license. 

12. Other Terms and Conditions: 

v1.4 



 

205 

Gratis licenses (referencing $0 in the Total field) are free. Please retain this printable 
license for your reference. No payment is required. 

 
 



 

206 

Appendix F: Permission Figure 1.6 

NATURE PUBLISHING GROUP LICENSE 
TERMS AND CONDITIONS 

Jun 01, 2011 

 
 

 
This is a License Agreement between Tammy Ryan ("You") and Nature 
Publishing Group ("Nature Publishing Group") provided by Copyright Clearance 
Center ("CCC"). The license consists of your order details, the terms and 
conditions provided by Nature Publishing Group, and the payment terms and 
conditions. 

All payments must be made in full to CCC. For payment instructions, please see 
information listed at the bottom of this form. 

License Number 

2666610634864 

License date 

May 12, 2011 

Licensed content publisher 

Nature Publishing Group 

Licensed content publication 

Nature Reviews Genetics 

Licensed content title 

Building the mammalian heart from two sources of myocardial cells 

Licensed content author 

Margaret Buckingham, Sigolene Meilhac and Stephane Zaffran 

Licensed content date 

Nov 1, 2005 

Volume number 



 

207 

6 

Issue number 

11 

Type of Use 

reuse in a thesis/dissertation 

Requestor type 

academic/educational 

Format 

print and electronic 

Portion 

figures/tables/illustrations 

Number of figures/tables/illustrations 

1 

High-res required 

no 

Figures 

Figure 3B 

Author of this NPG article 

no 

Your reference number 

Title of your thesis / dissertation 

Molecular Mechanisms of Myogenesis in Stem Cells 

Expected completion date 

May 2011 

Estimated size (number of pages) 

150 



 

208 

Total 

0.00 USD 

Terms and Conditions 

Terms and Conditions for Permissions 

Nature Publishing Group hereby grants you a non-exclusive license to reproduce this 
material for this purpose, and for no other use, subject to the conditions below: 

1. NPG warrants that it has, to the best of its knowledge, the rights to license reuse of 
this material. However, you should ensure that the material you are requesting is 
original to Nature Publishing Group and does not carry the copyright of another 
entity (as credited in the published version). If the credit line on any part of the 
material you have requested indicates that it was reprinted or adapted by NPG with 
permission from another source, then you should also seek permission from that 
source to reuse the material.  
  

2. Permission granted free of charge for material in print is also usually granted for any 
electronic version of that work, provided that the material is incidental to the work as 
a whole and that the electronic version is essentially equivalent to, or substitutes for, 
the print version. Where print permission has been granted for a fee, separate 
permission must be obtained for any additional, electronic re-use (unless, as in the 
case of a full paper, this has already been accounted for during your initial request in 
the calculation of a print run). NB: In all cases, web-based use of full-text articles 
must be authorized separately through the 'Use on a Web Site' option when 
requesting permission. 
  

3. Permission granted for a first edition does not apply to second and subsequent 
editions and for editions in other languages (except for signatories to the STM 
Permissions Guidelines, or where the first edition permission was granted for free).  
  

4. Nature Publishing Group's permission must be acknowledged next to the figure, table 
or abstract in print. In electronic form, this acknowledgement must be visible at the 
same time as the figure/table/abstract, and must be hyperlinked to the journal's 
homepage. 

 

5. The credit line should read: 
Reprinted by permission from Macmillan Publishers Ltd: [JOURNAL NAME] 
(reference citation), copyright (year of publication) 
For AOP papers, the credit line should read: 
Reprinted by permission from Macmillan Publishers Ltd: [JOURNAL NAME], 
advance online publication, day month year (doi: 10.1038/sj.[JOURNAL 



 

209 

ACRONYM].XXXXX)  
 
Note: For republication from the British Journal of Cancer, the following credit 
lines apply. 
Reprinted by permission from Macmillan Publishers Ltd on behalf of Cancer 
Research UK: [JOURNAL NAME] (reference citation), copyright (year of 
publication) For AOP papers, the credit line should read: 
Reprinted by permission from Macmillan Publishers Ltd on behalf of Cancer 
Research UK: [JOURNAL NAME], advance online publication, day month year 
(doi: 10.1038/sj.[JOURNAL ACRONYM].XXXXX)  
 
  

6. Adaptations of single figures do not require NPG approval. However, the adaptation 
should be credited as follows: 
 
Adapted by permission from Macmillan Publishers Ltd: [JOURNAL NAME] 
(reference citation), copyright (year of publication) 
 
Note: For adaptation from the British Journal of Cancer, the following credit 
line applies. 
Adapted by permission from Macmillan Publishers Ltd on behalf of Cancer Research 
UK: [JOURNAL NAME] (reference citation), copyright (year of publication)  
  

7. Translations of 401 words up to a whole article require NPG approval. Please 
visithttp://www.macmillanmedicalcommunications.com for more information. 
Translations of up to a 400 words do not require NPG approval. The translation 
should be credited as follows: 
 
Translated by permission from Macmillan Publishers Ltd: [JOURNAL NAME] 
(reference citation), copyright (year of publication). 
 
Note: For translation from the British Journal of Cancer, the following credit 
line applies. 
Translated by permission from Macmillan Publishers Ltd on behalf of Cancer 
Research UK: [JOURNAL NAME] (reference citation), copyright (year of 
publication) 

We are certain that all parties will benefit from this agreement and wish you the best in the 
use of this material. Thank you. 

Special Terms: 



 

210 

v1.1 

Gratis licenses (referencing $0 in the Total field) are free. Please retain this printable 
license for your reference. No payment is required. 

 
 



 

211 

Appendix G: QPCR Primers 

m: mouse; h: human 

Primer Name Forward primer sequence Reverse Primer sequence 
hPax3 CTCACCTCAGGTAATGGGACT CGTGGTGGTAGGTTCCAGAC 
   
hMeox1  GCAGGGGGTTCCAAGGAAAT GTCAGGTAGTTATGATGGGCAAA 
   
hPax7 CCCCCGCACGGGATT TATCTTGTGGCGGATGTGGTTA 
   
hMyoD  TGCACGTCGAGCAATCCAAA CCGCTGTAGTCCATCATGCC 
   
hMyogenin GCTGTATGAGACATCCCCCTA CGACTTCCTCTTACACACCTTAC 
   
hMyf5 AATTTGGGGACGAGTTTGTG CATGGTGGTGGACTTCCTCT 
   
hNkx2.5 GCAGGACCAGACTCTGGAGC GAGTCCCCTAGGCATGGCTT 
 
hTbx5 

 
CAGGGCATGGAGGGAATCAAA 

 
TCGTGGAATTTTAGCCAAGTT 

   
hOsteopontin TTTACAACAAATACCCAGATGC ATGGCTTTCGTTGGACTTAC 
 
hOsteocalcin 

 
GGACTGTGACGAGTTGGCTG 

 
CCGTAGAAGCGCCGATAGG 

   
hNeuroD TGCTACTCCAAGACGCAGAAG CACGTAGGACACTAGGTCTGG 
 
hNeurogenin1 

 
GCTCTCTGACCCCAGTAGC 

 
GCGTTGTGTGGAGCAAGTC 

   
hVEGFR2 GTGACCAACATGGAGTCGTG TGCTTCACAGAAGACCATGC 
 
hMyHC11 

 
TGAACGCACTCAAGAGCAAG 

 
TCTACGTCCTCCAGACCTTCT 

 
hBrachyuryT 

 
TTCATAGCGGTGACTGCTTATCA 

 
CACCCCCATTGGGAGTACC 

 
hMesp1 

 
GAAGTGGTTCCTTGGCAGAC 

 
TCCTGCTTGCCTCAAAGTGT 

 
hMesp2 

 
CTTTAGCCAAGGCTCCCTTT 

 
TGCCTCCTACACCCATTCTC 

   
hGAPDH TGGTGCTGAGTATGTCGTGGAGT AGTCTTCTGAGTGGCAGTGATGG 
 
Meox1-1 (ChIP) 

 
CATGAGTTCAAGCCTCAGCA 

 
CCAGAGATACGCTTGGTGTC 

   
Meox1-2 (ChIP) GAGGCCTAGCTTCAGCTCCT TGAAATGCCTGATCTGACACA 
 
Wnt3a1-1 (ChIP) 

 
GAGGGAATCAAATCCCATTATAGA 

 
GGCAGAACCTGTAGTCAGAAACT 

 
Wnt3a-2 (ChIP) 

 
CAGGTATTGCCATCCAGGTT 

 
GAGAATGCTCTGTGGGGTTC 

 
Pax3-1 (ChIP) 

 
ACAGGGTAAAACAATGTGTGGA 

 
TTGAAGCCAGCCTGACCTAT 

 
Pax3-2 (ChIP) 

 
AGTGGAGCGCACCTCTGT 

 
CTACAAACCCTTAATGACAAACG 
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RARβ2 (ChIP) GGTTCACCGAAAGTTCACTCGCAT CAGGCTCGCTCGGCCGATCCA 
 
mPax3 

 
TTTCACCTCAGGTAATGGGACT 

 
GAACGTCCAAGGCTTACTTTGT 

 
mPax7 

 
CTCAGTGAGTTCGATTAGCCG 

 
AGACGGTTCCCTTTGTCGC 

 
mMyoD 

 
CCCCGGCGGCAGAATGGCTACG 

 
GGTCTGGGTTCCCTGTTCTGTGT 

 
mMeox1 

 
TGGCCTATGCAGAATCCATTCC 

 
TGGATCTGAGCTGCGCATGTG 

 
mβ-Actin 

 
AAATCGTGCGTGACATCAAA 

 
AAGGAAGGCTGGAAAAGAGC 

 
mGATA4 

 
AAAACGGAAGCCCAAGAACCT 

 
TGCTAGTGGCATTGCTGGAGT 

 
mWnt3a 

 
TGGCTGAGGGTGTCAAAGC 

 
CGTGTCACTGCGAAAGCTACT 

 
mNkx2.5 

 
AAGCAACAGCGGTACCTGTC 

 
GCTGTCGCTTGCACTTGTAG 

 
mMlc2v 

 
ATCGACAAGAATGACCTAAGGGA 

 
ATTTTTCACGTTCACTCGTCCT 

 
mCx40 

 
GGTCCACAAGCACTCCACAG 

 
CTGAATGGTATCGCACCGGAA 

 
mANF 

 
ACTAGGCTGAACAGCTTCC 

 
TGACACACCACAAGGGCTTA 

 
mMyHC6 

 
CAACAACCCATACGACTACGC 

 
ACATCAAAGGGCCACTATCAGTG 
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Appendix H: Mass Spectrometry Data and Protein Sequence Alignment 

IPI NUMBER PROTEIN NAME 
MASCOT 
SCORE 

IPI00133185 60S ribosomal protein L14 141 
IPI00222549 60S ribosomal protein L30 170 
IPI00468203 Annexin A2 125 
IPI00230035 ATP-dependent RNA helicase DDX3X 128 
IPI00474883 Capping protein (Actin filament) muscle Z-line 268 
IPI00307837 Elongation factor 1-alpha 1 429 
IPI00330063 F-actin capping protein subunit alpha-1 744 
IPI00308607 F-box only protein 30 153 
IPI00223714 Histone H1.4 333 
IPI00153400  Histone H2A 293 
IPI00114642 Histone H2B 319 
IPI00230730 Histone H3 245 
IPI00407339 Histone H4 405 
IPI00117496 Homeobox protein Nkx-2.5 273 
IPI00354819 Isoform Smooth muscle of Myosin light polypeptide 6 245 
IPI00319994 L-lactate dehydrogenase A chain 512 
IPI00109044 myosin regulatory light chain A 370 
IPI00109044 myosin regulatory light chain A 497 
IPI00127415 Nucleophosmin 294 
IPI00117910 Peroxiredoxin-2 108 
IPI00420814 Pol protein 133 
IPI00128904 Poly(rC)-binding protein 1 106 
IPI00671847 Protein phosphatase 1 regulatory subunit 12A 289 
IPI00222509 Protein RCC2 88 
IPI00126010 Ribosomal protein SA 114 
IPI00469713 RIKEN cDNA 3732412D22 gene 92 

IPI00311873 
Serine/threonine-protein phosphatase PP1-beta catalytic 
subunit 804 

IPI00465823 similar to 60S ribosomal protein L18 149 
IPI00467833 Triosephosphate isomerase 111 
IPI00230044 Tropomyosin alpha-3 chain 1115 
IPI00421223 Tropomyosin alpha-4 chain 655 
IPI00123319 Tropomyosin beta chain 950 
IPI00110753 Tubulin alpha-1 chain 672 
IPI00110753 Tubulin alpha-1A chain 129 
IPI00314844 Twinfilin-1 335 

* Proteins identified in control purifications have been excluded 
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Serine/threonine-protein phosphatase PP1-beta catalytic subunit protein sequence 
alignment (Sequence 1: Human Sequence 2: Mouse) 
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Protein phosphatase 1 regulatory subunit 12A protein sequence alignment (Sequence 1: 

Human Sequence 2: Mouse) 
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