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Embryonic stem cell (ESC)-derived cardiomyocytes are anticipated to serve as a useful 

source for future cell-based cardiovascular disease therapies.  Research emphasis is currently 

focused on determining methods to direct the differentiation of ESCs to a large population of 

cardiomyocytes with high purity.  To this aim, understanding the molecular mechanisms that 

control ESC to cardiomyocyte differentiation should play a critical role to develop this 

methodology.  The Wnt/β-catenin signaling pathway has been implicated in both embryonic 

cardiac development and in vitro ESC differentiation into cardiomyocytes.  Chibby is a recently 

identified nuclear protein that directly binds to β-catenin and antagonizes its transcriptional 

activity. 

We found that Chibby was ubiquitously expressed in early stages of ESC differentiation 

but upregulated during cardiomyocyte specification. Of interest, the Chibby gene promoter has 

multiple binding sites for the cardiac-specific homeodomain protein, Nkx2.5, and its promoter 

activity was indeed positively regulated by Nkx2.5.  Furthermore, overexpression of Chibby 

increased cardiac differentiation of ESCs, whereas loss of Chibby by RNAi impaired 

cardiomyocyte differentiation.  These data illustrate the regulation and function of Chibby in 

facilitating cardiomyocyte differentiation from ESCs. 
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There are many obstacles preventing the use of ESC-derived cardiomyocytes (ESCM) in 

the clinic, such as heterogeneity.  In addition to this difficulty, we have found that ESCs are 

actually a heterogeneous cell-type during normal ESC maintenance.  Specifically, the expression 

of the ESC factor, Nanog, was not uniformly distributed in ESC colonies.  Upon further 

investigation of the Nanog positive and negative cells, we found that the positive cells have 

increased expression for ESC factors, cell-cycle genes, and mitochondrial genes, while the 

negative cells have increased expression for primitive endoderm markers, cell-cycle inhibitory 

genes, and extracellular matrix genes.  These data suggest that there is natural heterogeneity 

during ESC maintenance, which may provide further complications in ESC-derived therapies. 

By revealing the molecular mechanisms that control ESC to cardiomyocyte differentiation, 

this study will allow for the future development of technologies to improve ESCM formation.  

Only through a more detailed understanding of the obstacles that prevent a high percent 

differentiation to ESCM, can we begin to remove the barriers to the use of ESCM in the clinic. 
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CHAPTER 1 
INTRODUCTION 

Cardiovascular Diseases 

Cardiovascular diseases (CVD) are the leading cause of death in the United States for both 

men and women.  Cardiovascular diseases has been the leader in this category since 1900, with 

the exception of 1918, which was due to the influenza pandemic.  It has been approximated that 

2500 Americans die everyday from CVD, which is about 1 death every 35 seconds (American 

Heart Association). 

Cardiovascular diseases accounts for a multitude of diseases including hypertensive 

diseases, coronary (ischemic) heart disease, pulmonary heart disease, vascular disease (stroke), 

and atherosclerosis.  Together these diseases account for approximately $400 billion dollars in 

spending in the US on healthcare every year (Thom et al., 2006).  CVD therefore places a 

significant strain on both healthcare system and on the US government. 

In the most severe forms of CVD, heart transplantation may be the only viable option.  The 

first human heart transplantation was performed by Dr. Christiaan Barnard in South Africa, 

while the first heart transplant in the United States was performed at Stanford University by Dr. 

Norman Shumway (Hunt, 2006).  While initially the survival rates were very low due to post-

operative complications, in recent years heart transplantation has proved to be a highly 

successful surgical procedure with a greater than 75% 3-year survival rate for both men and 

women (Thom et al., 2006).  However, one of the major limitations of heart transplantation is the 

availability of donor hearts.  In fact, of the estimated 250,000 patients that may benefit from 

heart transplantations, only around 2000 are performed every year (Hunt, 2006; Thom et al., 

2006; American Heart Association).   
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To overcome the immense need of donor hearts, cell-based therapies have emerged as a 

promising new technology.  In this therapy, stem cells or their differentiated progeny, may be 

injected into an ischemic area and thus be used as a treatment for cardiac injury and disease.  In 

the future, this therapy may not completely replace the need for heart transplantation, but may be 

used as an alternative strategy for which conventional therapeutics is not a satisfactory 

alternative.  For example, a patient who is suffering from cardiac disease who does not quite 

meet the rigorous criteria to be a recipient of a donor heart, may gain significant improvement 

from cell-based therapeutics as a treatment option.  To date, several clinical trials have tested the 

use of various stem and progenitor cell types, including myoblast and bone marrow stem cells, as 

a treatment for CVD (Murry et al., 2005).  While the results of these studies have been 

promising, the findings are still inconclusive because of a lack of appropriate controls.  In most 

cases, the results have found an improvement in patient condition such as a reduction in end-

systolic and diastolic volumes, and an increase in ejection fraction.  However, direct cardiac 

regeneration from these stem cells was not apparent (Murry et al., 2005).  More recent clinical 

trials have suggested that the long term effects from bone marrow cell transplantation was not 

beneficial after an 18-month follow-up (Meyer et al., 2006).  The original hopes were that these 

stem cells could transdifferentiate into cardiomyocytes, as suggested by multiple animal studies.  

However, findings previously thought to have arisen from transdifferentiation are now 

considered to be a consequence of rare cell-fusion events (Terada et al, 2002; Ying et al., 2002; 

Alvarez-Dolado et al., 2003; Vassilopoulos et al., 2003; Murry et al., 2004).  Nonetheless, some 

studies show improvements in cardiovascular function from adult stem cell mediated therapies 

and thus further larger scale investigations may be warranted.  Currently, the improvements 

mediated by the adult stem cells are thought to be due to non-cell autonomous “paracrine effect”.  
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In particular, factors or cytokines are believed to be secreted from the stem cells and to mediate a 

recovery in cardiovascular function (Murry et al., 2005). Although, it has not yet been tested 

clinically, the use of embryonic stem cells (ESCs) for treatment of CVD is thought to be a 

promising avenue for cell-based therapeutics in the future. The current paradigm is that large 

amounts of ESCs can be directly differentiated to cardiomyocytes in vitro, purified by gradient 

or other separation technologies, and then directly injected into damaged myocardium.  Animal 

studies have indeed shown this to be plausible technique, as implants with ESC-derived 

cardiomyocytes were found to functionally integrate with the host tissue (Kehat et al., 2004; 

Xue. et al., 2005). 

In order for cell-based therapies to become a reality, the following requirements for a 

target cell population would be most ideal. First, the cell must be highly available for widespread 

clinical use “as an off-the-shelf reagent” (Murry et al., 2005).  This would then suggest that the 

cell should be tolerated by the immune system regardless of patient blood-type or HLA 

compatibility, and avoid potential dangers such as tumorigenesis.  Second, the cell-type would 

create new cardiomyocytes and largely repopulate the damaged myocardium.  The cells may 

achieve this by differentiation either in vitro or in vivo, and then by cellular transplantation.  

Adult stem cells are thought to “home” to the damaged area, so arterial injection may be a 

feasible approach.  Alternatively, cells may be directly injected into the damaged myocardium.  

Also, if the cells are moderately proliferative after implantation, this may be of a further benefit 

to repopulate the damaged area.  Third, the cells should integrate well with the host tissue to 

create new vasculature and minimize scar-tissue formation (Murry et al., 2005).  An important 

consideration here is that the appropriate electromechanical coupling take place such to reduce 

the risk from arrhythmias.  While no cell type currently meets these criteria, further investigation 
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may improve the opportunity to successfully develop a cell-based therapy in the future (Murry et 

al., 2005). 

Embryonic Stem Cells 

Historical Perspective 

The murine Embryonic Stem Cell (ESC) was first isolated in 1981 by Evans, Kaufman, 

and Martin (Evans and Kaufman, 1981; Martin, 1981.).  Two defining characteristics of ESCs 

quickly emerged.  First, these cells maintain the capacity for indefinite self-renewal in cell 

culture in the appropriate media composition, while maintaining a normal karyotype.  Second, 

these cells are pluripotent; that is, they have the ability to differentiate into many different cell 

lineages.  Indeed, ESCs have been shown to differentiate in almost every lineage, including 

neurons, osteocytes, chondrocytes, adipocytes, hepatocytes, and cardiomyocytes (Bain et al., 

1995; Strubing et al., 1995; Buttery et al., 2001; Kramer et al., 2000; Dani et al., 1997; Hamazaki 

et al., 2001; Doetschman et al., 1985; Maltsev et al., 1993).  These phenomena perpetuated the 

notion ESCs may become a useful tool in cell-based treatments.  The much-anticipated isolation 

of human ESCs in 1998 by James Thomson’s group at the University of Wisconsin further 

magnified the hopes of those who imagined that ESCs may one day be useful for cell-based 

therapies (Thomson et al., 1998).  These cells were also found to have the same characteristics as 

their murine counterparts.  However, research with these cells has lead to significant political and 

ethical controversies, which prompted a ban on federal funding for the development of new 

human ESC lines.  While these federal mandates have somewhat hampered progress in this field, 

the allowance of federal funding for previously established cell lines (prior to the 2001), have 

permitted continual research in this field.   

Although the potential for ESCs in a clinical environment is clear, the use of these cells as 

a tool for basic science should also not be overlooked.  For example, research on mouse ESCs 
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has been absolutely essential for the establishment of knock-out and transgenic mice.  Without 

these technologies, fundamental knowledge in embryonic development and gene function would 

be significantly decreased.  Additionally, ESCs have emerged as a useful tool in toxicology 

studies.  Together the use of ESCs for studying basic science and the use of ESCs in potential 

clinical treatments prompt further research in this field. 

Self-Renewal of Mouse ESCs  

The mechanisms that control self-renewal of mouse ESCs have been studied in significant 

detail.  Initially, these cells were maintained on feeder layers of mouse embryonic fibroblasts.  

The identification of Leukemia Inhibitory Factor (LIF) in 1988, as the essential factor secreted 

from the fibroblasts that maintain the mouse ESCs in the undifferentiated state, was the 

quintessential finding that perpetuated ESC research (Smith et al., 1988; Williams et al., 1988).  

This finding allowed for the development of feeder-free systems to maintain ESCs in culture.  

Later findings showed that LIF mediates its effect through the activation of LIF/gp130 receptors, 

which further activates JAK/STAT3 signaling (Zhang et al., 1997; Niwa et al., 1998; Matsuda et 

al., 1999).  Surprisingly, LIF was found not to promote hESC self-renewal (Thomson et al., 

1988; Reubinoff et al., 2000).  Other factors have also been found to be critical for ESC 

maintenance.  These include the identification of the master transcriptional regulators Oct4, 

Sox2, and Nanog, and the secreted factor BMP4 (Niwa et al., 2000; Ambrosetti et al., 2000; 

Mitsui et al., 2003; Chambers et al., 2003; Ying et al., 2003).   

Two groups simultaneously reported the identification of Nanog as a factor found to be 

essential for ESC maintenance and pluripotency (Chambers et al., 2003; Mitsui et al., 2003).  

This protein contains a homeobox domain, and is thus considered to be a DNA binding protein.  

Nanog does not have high homology to any other known proteins, but its closest relatives are 

those of the Nk-2 family.  Nanog was found to be highly expressed in ESCs, but then rapidly 
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down-regulated during their differentiation. Disruption of Nanog in murine ESCs rendered them 

incapable of differentiation to the mesoderm, trophoblast, primitive ectoderm, or neuroectoderm 

lineages, as detected by an inability to induce markers for T-brachyury, Cdx-2, Fgf-5, Islet-1, 

respectively.  In addition, growth and morphology of the homozygote-null ESCs differed 

dramatically from the heterozygote or wild type ESCs, as homozygotes could not be maintained 

for longer than 2 months (Mitsui et al., 2003).  Also, markers of pluripotency, Oct4 and Rex1, 

were expressed at lower levels.  Interestingly, markers for primitive endoderm lineages were 

upregulated, suggesting that Nanog may function to repress these lineages (Mitsui et al., 2003).   

Consistent with this data, embryos from Nanog knock-out mice completely lacked 

epiblasts and were composed entirely of disorganized extraembryonic tissues, such as 

trophectoderm and primitive endoderm.  Together this data suggests that Nanog is essential for 

ESC maintenance and pluripotency (Mitsui et al., 2003).  Additionally, since Oct4 null embryos 

do not form trophectoderm, while Nanog null do, this suggests that Nanog is required in the 

inner cell mass at a stage after expression of Oct4 (Nichols et al., 1998; Niwa et al., 2000; Mitsui 

et al., 2003). 

Unlike the overexpression of Oct4, which induced differentiation, overexpression of 

Nanog did not (Niwa et al., 2000; Mitsui et al., 2003).  In addition, removal of LIF, which 

normally leads to spontaneous differentiation, did not affect ESCs with Nanog overexpressed.  

These cells could be maintained without changes in morphology or markers of pluripotentcy for 

longer than one month.  Additionally, Stat-3 activation was not induced by Nanog 

overexpression, nor was Stat-3 downstream factors, such as Socs3, activated (Chambers et al., 

2003).  Nanog is thus not a downstream factor in LIF/Stat3 pathway, nor is simply able to 

activate this pathway.  Interestingly, using Oct4 knockout ESCs, with a tetracycline-off (Tet-off) 
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inducible system expressing Oct4 for ESC maintenance, Nanog was shown to be incapable of 

compensating for the loss of Oct4 when tetracycline was added.  This suggests that both Nanog 

and Oct4 are required for ESC maintenance (Chambers et al., 2003). 

Similar to the removal of LIF, overexpression of Nanog can compensate for the removal of 

BMP or serum from standard culture conditions.  However, the growth rate is significantly lower 

when LIF is removed, but not when BMP is removed.  This suggests that LIF, but not BMP, may 

act in combination with Nanog (Chambers et al., 2003; Mitsui et al., 2003).  Additionally, the 

downstream effector of BMP signaling, Id3, was found to be maintained or perhaps upregulated 

when Nanog is overexpressed and BMP is withdrawn.  However, it remains to be determined if 

BMP regulates Nanog.  Most likely, the relationship between BMP signaling and Nanog 

expression is indirect, as Nanog does not contain any clear Smad binding sites in its promoter 

region (Chambers et al., 2003).  More recent evidence has suggested that Oct4/Sox2 cooperate to 

regulate Nanog (Kuroda et al., 2005).  While all 3 function in tandem as a network of factors to 

promote stem cell self-renewal by the activation of genes that promote ESC maintenance, and 

the repression of lineage-specific genes (Boyer et al., 2005). 

Differentiation of ESCs 

ESCs may be differentiated in a variety of ways.  The most classical technique is by the 

use of the ‘hanging drop’ method (Doetschman et al., 1985).  In this method, ESCs are 

dissociated into a suspension of single cells, and are then aggregated into droplets on the lids of 

Petri dishes in differentiation media not containing LIF.  After 2 days, the aggregated ESCs, 

termed ‘embryoid bodies’ (EBs) are plated on UV-irradiated bacterial dishes in suspension 

culture for 2 more days.  At day 4, the EBs are plated onto gelatin-coated cell culture dishes and 

are allowed to differentiate further.  The EBs will attach to the plates and form outgrowths.  In 

these outgrowths, cells from all three germ layers become apparent.  The first 4 days of EB 



 

19 

development is said to recapitulate the early embryo.  A well-defined primitive endoderm layer 

forms at the outer surface overlaying a basement membrane.  In the embryo, this primitive 

endoderm layer will go on to form the yolk sac.  The inner cells of the EB also mirror embryonic 

development as they form an inner core of cells along with a cystic region of widespread 

apoptosis, which is similar to the epiblast in the embryo. In contrast, differentiation during the 

later days is disorganized and no structural organization at the tissue level can be determined.  

Cardiomyocytes will become apparent starting around day 9-10 of differentiation, as they will 

form spontaneously beating regions within the embryoid body.  The maximum peak of 

cardiomyocyte formation is normally at day 12-15 of differentiation, depending on the ESC line 

used. 

Other methods to differentiate ESCs include monolayer differentiation or suspension 

culture (bulk aggregation).  In monolayer differentiation, ESCs are simply plated on gelatin-

coated dishes, in the absence of LIF in differentiation media.  The cells will differentiate into 

multiple lineages.  In general, we have found that in this method differentiation to AFP-positive 

primitive visceral endoderm is decreased, while Brachyury-positive mesendoderm is increased. 

In contrast, in suspension culture, ESCs are plated onto UV-irradiated bacterial dishes, such that 

they are incapable of attachment.  In this method ESCs will aggregate spontaneously to form 

EBs.  In gereral, EBs formed in this method are smaller and tend to be less spherical shaped.  

Nontheless, EBs generated from this method will also differentiate into multiple cell lineages.  

Other methods have also been developed to monitor the differentiation of ESCs, such as the use 

of Matrigel or by the formation of teratomas, but are beyond the scope of this research 

investigation. 
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ESC differentiation to primitive endoderm 

During embryonic development, the visceral endoderm (VE) and the parietal endoderm are 

derived from the hypoblast or primitive endoderm (PE).  The parietal endoderm forms in 

association with the trophectoderm and assists in the development of Reichert’s membrane 

surrounding the embryo and later assists in forming the placenta (Bielinska et al., 1999; Lu et al., 

2001). The VE forms in association with the epiblast (inner cell mass) and along with the 

extraembryonic mesoderm to help form the yolk sac.  The two major functions of the VE are to 

first provide a mechanism for nutrient uptake and delivery, and second to influence embryonic 

epiblast development and patterning by the secretion of various factors (Bielinska et al., 1999; 

Lu et al., 2001). 

VE differentiation can be readily observed during the differentiation of ESCs using the 

hanging drop technique.  VE cells cluster in the outer periphery of EBs after 2 days of 

differentiation (Hamazaki et al., 2004).  Interestingly, when EBs are formed in the presence of 

LIF and serum (ESC maintenance media) we still find that the outer layer has differentiated to 

visceral endoderm.  This differentiation to VE was verified by aggregating ESCs expressing GFP 

driven by the alpha-fetoprotein (AFP-GFP) promoter in ESC maintenance media. GFP was 

clearly visible after 2 days in the outer layer of EBs regardless of the presence of LIF (Hamazaki 

et al., 2004).  By the use of FACS to isolate the GFP positive and negative cell populations, RNA 

expression patterns showed that the negative population expressed markers for pluripotentcy, 

while the positive population had markers of primitive endoderm (Hamazaki et al., 2004).  These 

data suggest that PE differentiation induced by cell aggregation occur independently of the 

LIF/Stat-3 and BMP signaling pathways.  Additionally, ESCs that express β-galactosidase under 

control of the endogenous Nanog promoter do not stain for β-gal in the outer primitive endoderm 
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layer when aggregated in LIF containing media (Hamazaki et al., 2004).  This suggests that 

aggregation by itself is a cue for the downregulation of Nanog in the outer (PE) layer. 

To determine if forced Nanog expression can inhibit primitive endoderm differentiation, 

Nanog was inserted into ESCs under control of a tetracycline inducible system (Tet-off).  In the 

presence of doxycycline, Nanog was not expressed and ESCs could not be maintained in the 

absence of LIF.  However, without doxycycline, Nanog was expressed and could be maintained 

in LIF-free media (Hamazaki et al., 2004).  Upon aggregation of ESCs in LIF containing media 

by the hanging drop method, VE cells developed in the outer layer in the presence of 

doxycycline, but not in its absence (Hamakai et al., 2004).  This data suggests that when Nanog 

is overexpressed, ESCs are incapable of differentiation towards the VE lineage.  Additionally, 

this further suggests that Nanog may act as a repressor for specific endoderm genes. 

The mechanism by which Nanog downregulation occurs in the outer layer of ESC 

aggregates has been recently ascribed to the FGFR/Grb2/Ras/Mek/Erk signaling pathway 

(Hamazaki et al., 2006).  The use of orthovanadate, a protein tyrosine phosphatase inhibitor, was 

found to promote differentiation to PE, while the use of inhibitors against the FGFR or Mek was 

found to inhibit the differentiation to PE.  Nanog RNA expression was subsequently found to be 

downregulated by orthovanadate, but then upregulated by the FGFR or Mek inhibitors.  Further 

evidence to support this pathway as the mechanism of Nanog downregulation came from the use 

of Grb2 knockout ESCs which failed to differentiate to PE after orthovanadate treament, as 

determined by the lack of marker expression for endoderm markers Gata-6, Gata-4, BMP2, and 

HNF4.  Finally, when Nanog was overexpressed by an exogenous promoter, orthovanadate 

failed to induce differentiation to PE (Hamazaki et al., 2006).  These data clearly establish the 
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role of FGFR/Grb2/Ras/Mek/Erk pathway in the repression of Nanog to establish the 

differentiation to PE. 

Gata-6 is a master regulator of PE formation  

Gata-6 is a member of the Gata family of transcription factors.  All members of this family 

contain two zinc-finger binding domains and serve as transcriptional activators or repressors 

depending on the cell-type and co-activator/co-repressor involved.  Expression of Gata factors 

are generally tissue-type specific, with Gata-6 found in many developing organs such as heart, 

vasculature, and primitive endoderm (LaVoie, 2003).  Gata-6 consists of a rather unique genomic 

structure.  It consists of two promoters, two first exons (exon Ia and exon Ib), and two initiation 

codons which begin in exon 2.  Thus, both a short form and long form seem to exist for the Gata-

6 protein, with the long form seeming to be more potent.  However, there appears to be no 

diversity in cell or tissue expression between these two isoforms (Brewer et al., 1999). 

Gata-6 is considered to be a master regulator for primitive endoderm differentiation.  ESCs 

in which Gata-6 is overexpressed by use of a tetracycline inducible system forced the 

differentiation to the primitive endoderm lineage, as determined by morphology and detection of 

the upregulation of multiple endodermal genes such as Afp, Ttr, HNF3b, BMP2, Ihh, and ApoE.  

In addition, markers for pluripotency were downregulated, including Oct4, Rex1, and Sox2 

(Fujikura et al., 2002).  Furthermore, Gata-6 knockout embryos showed cellular defects in 

visceral endoderm morphologically and failed to develop markers of primitive endoderm. These 

knockout embryos were early embryonic lethal due to a failure of proper implantation.  Gata-4 

was found to be down-regulated in the Gata-6 knockouts, while Gata-6 was up-regulated in the 

Gata-4 knockouts.  This suggests that Gata-6 expression is upstream of Gata-4.  Taking all of this 

data together suggests that Gata-6 may control the differentiation towards primitive endoderm 

during normal embryonic development and by ESCs in culture (Fujikura et al., 2002).  
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Interestingly, during standard ESC culture, low levels of Gata-6 expression can be detected by 

RT-PCR (Koutsourakis et al 1999; Fujikura et al., 2002).  These data led to the threshold level 

model which suggests that for differentiation to primitive endoderm to occur, the expression of 

Gata-6 must exceed its basal level in ESCs.  Additionally, it has been postulated that a repressor 

of Gata-6 is expressed in ESCs to maintain these cells in the undifferentiated state and to keep 

Gata-6 below the threshold (Fujikura et al., 2002).  Nanog has been suggested to be this 

repressor for Gata-6 expression.  Using SELEX to identify the DNA binding site for Nanog, a 

consensus sequence of (C/G)(G/A)(C/G)C(G/C)ATTAN(G/C) was determined (Mitsui et al., 

2003).  This binding site has been identified in the Gata-6 enahancer region several times, 

although not at 100%.  Finally, since both Nanog-null ESCs and Gata-6 overexpression in ESCs 

lead to primitive endoderm differentiation, this suggests a potential relationship between Nanog 

and Gata-6.   

ESC differentiation to cardiomyocytes 

Investigating cardiomyocyte differentiation from ESCs is important for two reasons.  First, 

cardiomyocyte differentiation from ESCs provides a useful tool to study the mechanisms that 

regulate myocyte development.  In this regard, the roles of multiple pathways and factors have 

been determined to play a role in cardiomyocyte development, which are described in detail 

below.  Second, ESC-derived cardiomyocytes (ESCM) are considered to be a future potential 

source in cell-based therapeutics.  Therefore, a detailed biochemical understanding of the 

attributes of these cells will be useful for clinical applications. 

Wnt/β-catenin and Chibby.  The canonical Wnt/β-catenin signaling pathway has been 

found to be a critical cascade in multiple areas of cellular biology including differentiation and 

development, stem cell self-renewal, and tumorigenesis (Nusse, 2005; Sato et al., 2004; Ogawa 
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et al., 2006; Reya et al., 2003; Peifer, 1997).  Briefly, this pathway is activated upon Wnt binding 

to its Frizzled receptor and Lrp5/6 co-receptor.  This leads to the inactivation of the “β-catenin 

destruction complex”, which consists of several proteins, including APC, Axin, and GSK3β.  

The mechanism of this inactivation has been ascribed to inhibition of GSK3β by Dishevelled 

and/or recruitment of Axin to the cell membrane by Lrp5/6 co-receptors and its subsequent 

degradation (Reya and Clevers, 2005; Zeng et al., 2005; Davidson et al., 2005). Regardless of the 

mechanism, β-catenin is released from the destruction complex, where it now translocates to the 

nucleus and complexes with Tcf/Lef transcription factors to activate downstream target genes. 

The Wnt/β-catenin signaling pathway has been described as being important for cardiac 

myocyte development from both in vivo and in vitro studies.  Most studies have pointed to the 

inhibition of this pathway as necessary for cardiac myocyte differentiation, proliferation, or 

repair.  For example, in vivo studies using Xenopus or Mice with the Wnt antagonists, Dkk1 and 

sFRP, lead to enhanced cardiac development, or repair after myocardial infarction (Schneider 

and Mercola, 2001; Foley and Mercola, 2005; Barandon et al., 2003).  Furthermore, the 

conditional deletion of β-catenin in endoderm of mice leads to ectopic heart development 

(Lickert et al., 2002).  In contrast to the above reports, addition of Wnt3a has been suggested to 

induce cardiomyocyte differentiation of embryonic carcinoma cells (Nakamura et al., 2003).  

But, this Wnt3a addition has been recently suggested to improve cardiomyocyte differentiation 

in a temporally-regulated manner, where Wnt3a is critical during the very early stages of 

differentiation to mesoderm lineages and repressive during later stages of differentiation to 

cardiomyocytes (Koyanagi et al., 2005; Yamashita et al., 2005).  Wnt11 has also been suggested 

to enhance cardiomyocyte differentiation (Terami et al., 2004).  Unlike Wnt3a, Wnt11 has been 

shown to activate the non-canonical Wnt signaling pathway through JNK and PKC, and instead 
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inhibit the canonical signaling pathway through β-catenin (Maye et al., 2004).  Specifically, the 

addition of conditioned media containing Wnt11 to differentiating ESCs beginning after 4 days 

of differentiation was found to induce an approximate 2-fold increase in the number of 

cardiomyocytes (Terami et al., 2004). 

Chibby was identified in a protein-protein interaction screen (yeast Ras Recruitment 

System) using the C-terminal region of β-catenin as bait (Takemaru et al., 2003). Chibby is a 

nuclear protein that is conserved throughout evolution. Chibby competes with Tcf/Lef for 

binding to β-catenin, and thus represses β-catenin-mediated transcriptional activation. From 

northern blotting, chibby was found to be highly expressed in multiple human tissues including 

skeletal muscle, kidney, liver, placenta, and heart.  The identification of chibby expression in 

heart tissue warranted the further study of this newly identified protein during cardiac 

differentiation. 

Other factors and pathways that regulate cardiomyocyte differentiation.  In addition 

to the Wnt/β-catenin pathway, several other signaling pathways and molecules have been 

suggested to play a role during cardiomyocyte differentiation of ESCs.  An outline of the factors 

involved in this process is depicted in Figure 1-1.  Several factors that have been shown to be 

involved in cardiomyocyte differentiation are members of the TGF-β superfamily of genes.  This 

family is composed of two subgroups the TGF-β/Activin group and the BMP/GDNF group.  The 

growth factors in both of these groups are related structurally, but are subdivided based on their 

phylogeny (de Caestecker, 2004).  In this pathway, a growth factor dimer ligand binds to a 

receptor.  This leads to the receptor dimerization and cross-phosphorylation.  Smad factors are 

then recruited to the receptor where they also dimerize following phosphorylation.  Activated 

Smad dimers will then translocate to the nucleus to activate downstream genes (de Caestecker, 
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2004).  Indeed growth factors from both of the TGF-β superfamily subgroups have been found to 

influence cardiomyocyte differentiation.  Activin, for example, has been shown to be critical for 

T-brachyury+ mesendoderm lineages, in a concentration dependent manner.  Where high levels 

of Activin promote definitive endoderm, moderate levels promote cardiac mesoderm, and low 

levels promote mesoderm of vascular and haematopoietic lineages (Keller, 2005).  Other groups 

have also shown the importance of factors such as BMP2 and TGF-β2 to promote cardiomyocyte 

differentiation as either a pre-incubation step prior to ESC differentiation, or beginning at 2 days 

after differentiation (Behfar et al., 2002; Singla and Sun, 2005; Bin et al., 2006).  Conversely, it 

was reported that the BMP antagonist, Noggin, had a profound effect on cardiomyocyte 

differentiation.  Specifically, if this factor was added for 3 days prior to EB formation and 

differentiation, this would lead to increased brachyury+ mesoderm cells, and subsequently this 

would lead to a 100-fold increase in ESCM formation (Yuasa et al., 2005).  Taking all of these 

data together suggest that the TGF-β superfamily plays an important role during differentiation 

and onset to precardiac mesoderm lineages. 

Other growth factors and their receptors have also been shown to affect cardiomyocyte 

differentiation.  For example, factors such as Igf-2 and Fgf2 have both been shown to promote 

ESCM formation (Morali et al., 2000; Kawai et al., 2004).  Meanwhile, the ablation of the 

secreted factor, Cripto, in ESCs was found to be completely incompatible with differentiation to 

cardiomyocytes (Xu et al., 1998).  Similarly, the deletion of the FgfR1 also leads to defects in 

cardiomyocyte differentiation from ESCs (Dell’Era et al., 2003).  Other receptors have been 

shown to have the opposite effect.  For example, the increased expression of the Notch receptor 

seems to inhibit cardiac differentiation, and its downregulation may then promote ESCM 

formation (Schroeder et al., 2006; Nemir et al., 2006).  Furthermore, primitive endoderm has 
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itself been shown to promote cardiac differentiation (Passier et al., 2005; Bader et al., 2001; 

Mummery et al., 2003).  This is most likely due to a secretion of one or more factors that 

influence the cell lineage fate. 

Certain chemicals have also been shown to affect cardiomyocyte differentiation from 

ESCs.  For example, it has been well documented that treatment with all-trans-retinoic acid at 

high concentrations will repress mesoderm formation and promote neuroectoderm 

differentiation, during early stages of differentiation (Wobus et al., 1997).  However, treatment 

with low concentrations during the later stages of differentiation may actually promote cardiac 

differentiation (Wobus et al., 1997).  Recently, a chemical screen of 880 distinct compounds was 

performed in an attempt to identify factors that promote ESCM formation.  When ESCs were 

differentiated in monolayer culture, ascorbic acid was identified to significantly promote 

differentiation to a cardiac phenotype (Takahashi et al., 2003).  In subsequent findings the 

authors determined that the mechanism by which ascorbic acid promoted cardiac differentiation 

was through the enhancement of collagen synthesis (Sato et al., 2006).  Nitric oxide has also 

been shown to facilitate cardiomyocyte differentiation.  Through the specific use of a nitric oxide 

donor chemical (SNAP), ESCs were found to have enhanced differentiation to ESCM.  

Treatment with this chemical also led to increased purity of ESCM, as non-cardiac cells could 

not survive (Kanno et al., 2004).  Lastly, chemical inhibitors for different signaling pathways 

such as p38MapK, JAK/Stat, and PI3K have all been shown to hinder cardiomyocyte 

differentiation from ES cells (Aouadi et al., 2006; Foshay et al., 2005; Klinz et al., 1999; Sauer et 

al., 2000).  In total, the mechanisms and pathways that control cardiomyocyte differentiation of 

ESCs is particularly complex and likely rely on a large interplay of molecules and factors.  
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Further work is still needed to identify other players in this process, and how the identified 

players interact and cross-talk with each other. 

ESCM as a treatment for cardiovascular disease 

As described briefly above, ESCM are thought to be one of the most promising cell-types 

for use in cell-based therapies for the regeneration of damaged myocardium following 

cardiovascular disease or injury.  There are multiple advantages to using ESCM as opposed to 

other cell-types.  However, at the same time, there are considerable drawbacks that are 

preventing ESCM from immediate clinical use.  These advantages and disadvantages are 

described in detail below. 

Treatment for cardiovascular diseases with ESCM is considered to be advantageous for 

several reasons.  Firstly, ESCs can be maintained and differentiated quite easily with the 

appropriate culture media compositions.  This will allow for large amounts of ESCM to be 

prepared and to facilitate widespread usage.  Second, since ESCM are prepared in vitro, we are 

not requiring signals from the endogenous tissue “to convert” the stem cells to the appropriate 

lineage.  ESCM are terminally differentiated cells that have been shown to be the functional 

equivalents cardiac myocytes isolated from heart tissue.  Third, ESCM transplanted cells have 

been shown to functionally integrate in vivo with myocardium and may have low to moderate 

proliferative capacity.  This characteristic is considered to be highly beneficial for treatment in 

cardiac disease in which a significant amount of myocardium may need to be regenerated (Murry 

et al., 2005).   

While the advantages of ESCM as a treatment for cardiovascular disease are clear, there 

are many disadvantages which impede ESCM treatment in an immediate therapeutic setting.  

One obstacle is the considerable ethical controversy with the use of human ESCs.  The basis of 

this argument lies in the notion of whether it is acceptable to take a life in order to save a life.  
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Conventional methods to develop human ESCs require the destruction of the embryo at the pre-

implantation blastocyst stage.  Naturally, these embryos are derived from in vitro fertilization, 

and not by direct isolation, as is performed in pregnant mice.  In almost all cases these embryos 

are the remains from unwanted embryos not to be utilized for implantation.  These embryos may 

be otherwise discarded or simply stored permanently in liquid nitrogen.  Nonetheless, opponents 

of ESC research suggest that creation of human ESC lines requires the destruction of the embryo, 

which has the potential to be a life.  Proponents of ESC research have made the following 

counter-arguments.  Embryos at such an early stage should not be considered alive as an 

organism, but rather only alive on the cellular level, like any cell line maintained in a laboratory.  

For example, a person may be pronounced dead when there is a cease in brain activity or 

function.  Since an embryo does not have any neural development, it should not be considered 

alive at the organism level.  Alternatively, others have suggested that embryos should not be 

considered to be an “alive” until after implantation, as without implantation the embryo will not 

survive to develop further.  Since these embryos are not given the opportunity for implantation, 

they should not be considered alive (Landry and Zucker, 2004). 

Recently investigators have developed methods to try to avoid the criticisms of “destroying 

life” by developing ESCs from embryos which would be incapable to develop into a full animal, 

by deleting a gene, CDX2, required for trophectoderm formation. In vivo, the trophectoderm 

lineage is responsible for formation of the placenta (Meissner and Jaenisch, 2006).  Their 

argument was that this embryo did not have the potential for life (as it could not form the 

placenta and then implant properly), and therefore destroying the embryo should have no ethical 

conflicts.  Other investigators cleverly showed that it was indeed possible to develop ESCs 

without actually destroying the embryo, and that this embryo could then still give rise to mice 
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(Chung et al., 2006).  This was achieved by a single cell isolation of an 8-cell stage blastomere 

embryo, and culturing this single cell to obtain an ESC colony.  This has also more recently been 

suggested to be possible with human in vitro fertilized embryos, by the development of ESC 

lines from a single cell isolated from a blastomere-stage embryo (Klimanskaya et al., 2006).  

Furthermore, it has been shown that ESC lines can be developed from “dead embryos” (Zhang et 

al., 2006).  These embryos are considered to be dead, since they have undergone a growth arrest, 

and are likely not to develop any further.  Only time will tell how the media, public, and elected 

officials respond to these developments. 

Besides the ethical controversy, there are also technical and scientific problems with using 

ESCs for clinical treatments.  One such problem with the use of ESCs in cell-based therapies is 

immune compatibility and rejection.  Unlike adult stem cells, which may be technically 

harvested from a patient or a patient’s family member, and used for the appropriate treatment, 

ESCs cannot be isolated from a patient.  Any ESC line would then not likely be tolerated by a 

patient’s immune system.  Ideally, the development of technologies to create one or a few ESC 

lines that would be tolerated by a variety of patients with different genetic backgrounds would be 

the best option.  Alternatively, some have suggested the development of stem cell banks that we 

could go to when we need the appropriate compatible line.  Finally, the development of methods 

for reprogramming an adult somatic cell to pluripotent-like embryonic stem cells via somatic cell 

nuclear transfer (SCNT) or direct dedifferentiation via reprogramming factors will likely be 

useful to avoid the problems with immune compatibility (Gurdon, 2006).  While it has been 

shown that SCNT is an effective technique for reproductive cloning (cloning for the purpose to 

develop a full animal) in animals, SCNT has not been shown to be successful in humans for the 

development of therapeutic cloning (cloning to develop embryos which may be used for the 
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production of ESC lines).  Recently, progress has been made to identify 4 factors, Oct4, Sox2, c-

Myc, and Klf4, which when introduced together were capable to reprogram mice somatic cells to 

embryonic stem cell-like cells.  These reprogrammed cells had the ability to differentiate into 

multiple lineages by in vitro differentiation (Takahashi and Yamanaka, 2006).  Future studies are 

needed to determine if these same 4 factors are capable to reprogram human somatic cells. 

Another obstacle with ESCs stems from their ability for sustained maintenance in cell 

culture and capacity to differentiate into almost every cell lineage.  Ironically, these are the same 

criteria which make them potential advantageous in cell-based therapies.  These phenomena lead 

to the strong possibility that treatment with ESCs may lead to uncontrolled growth after 

implantation and subsequent tumor formation.  Indeed, ESCs injected into immunocompromised 

mouse will develop teratomas.  These are tumors that are similar to teratocarcinomas that are the 

rare germ cell tumors generally found in the testis.  Teratomas, like teratocarcinomas, are large 

grotesque tumors that have a multitude of cell lineages within them, including hair, teeth, and 

bone, among others.  To circumvent these problems, absolute care must be taken during the 

lineage development stage.  In the case of ESCM for the treatment of CVD, the cells must be 

terminally differentiated, such that no ESCs remain.  Additionally, these cells must be purified to 

the highest standards.  To further reduce the risk of tumorigenesis, no other cells besides the 

purified ESCM should be injected into damaged myocardium.   ESCM are unlikely to have 

uncontrolled growth to a capacity that could give rise to a tumor.    

Therefore the technical problem with ESCM as a cell-therapy is the heterogeneity of cell-

types formed during ESC differentiation.  How can we effectively purify the ESCM from the 

total cell population, without using any gene-transfer mediated selection?  Furthermore, since 

ESCM formation is typically low (less than 5%) how can we increase the differentiation to this 
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lineage?  The ultimate goal would be to take ESCs and directly differentiate them to ESCM.  Our 

data suggest that by modifying signaling pathways this goal may be achievable.  Others have 

also shown that cell density-gradient centrifugation is a plausible technique to purify ESCM (E et 

al., 2006).  To complicate matters further, we have found that ESCs themselves are a 

heterogeneous population.  One might expect that if we start with a heterogeneous population of 

ESCs, it would be less likely to differentiate them to a homogenous population of ESCM.  

Fortunately, however, our data suggests that by modifying intracellular factors, we may be able 

to develop homogeneous populations of ESCs.  In summary, we believe that if the obstacles 

surrounding ESCs are overcome, these cells would provide a valuable resource in cell-based 

therapies as a treatment for CVD in the not too distant future. 
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Figure 1-1.  Factors found to influence the differentiation of Embryonic Stem (ES) cells to T+ 

Mesoderm progenitors and then to Embryonic Stem Cell-derived Cardiomyocytes 
(ESCM). 
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CHAPTER 2 
MATERIALS AND METHODS 

Maintenance of Mouse ESCs 

The cell lines used for this study were α-Myosin Heavy Chain-EGFP (MHC-GFP) CGR8 

ESCs (a gift from Dr. Richard Lee, Harvard, MA), Afp-GFP ESCs as we described previously, 

Nanog-TRE ESCs as we previously described, Brachyury-GFP ESCs (a gift from Dr. Gordon 

Keller), R1 ESCs (a gift from Dr. A. Nagy, Toronto, Canada), Nanog-βgeo ESCs (a gift from Dr. 

S. Yamanka) (Takahashi et al., 2003; Hamazaki et al., 2004; Fehling et al., 2003; Mitusi et al., 

2003). All embryonic stem cell lines were maintained in an undifferentiated state on gelatin-

coated culture plates in Knock-out DMEM (GIBCO BRL, Grand Island, NY) containing 10% 

Knockout-Serum Replacement (GIBCO, BRL), 1% fetal bovine serum (Atlanta Biologicals, 

Norcross, GA), 2 mM L-glutamine, 100 units/ml penicillin, 100 µg/ml streptomycin, 25 mM 

HEPES (GIBCO BRL), 300 µM monothioglycerol (Sigma, St. Louis, MO), and 1000 units/ml 

recombinant mouse LIF (ESGROTM, Chemicon, Temecula, CA). 

Differentiation of ESCs to Cardiomyocytes 

ESCs were differentiated by the hanging drop method.  ESCs were first washed in PBS 

and detached from culture plates with 0.05% Trypsin/EDTA (GIBCO BRL).  ESCs were 

aggregated into 25 µL droplets on bacterial Petri dish lids at 2000 cells/drop in differentiation 

media.  Differentiation media consists of Iscove’s Modified Dullbeco’s Medium (GIBCO BRL) 

containing 20% fetal bovine serum (Atlanta Biologicals), 100 units/ml penicillin, 100 µg/ml 

streptomycin, and 300 µM monothioglycerol (Sigma).  After 2 days of hanging drops, embryoid 

bodies (EBs) were collected and plated in suspension culture for 2 more days on a UV-irradiated 

bacterial Petri dish.  At day 4, EBs were plated for attachment on gelatin-coated cell culture 

plates.  Media was changed every other day.  In some cases, reduced serum media were used, 
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containing the same components as described above except with 1%, instead of 20%, of fetal 

bovine serum (Atlanta Biologicals).   Individual EBs containing beating areas in some 

experiments were observed by microscopy and scored as positive or negative for 

cardiomyocytes, and total percentages with standard deviations are shown.  In other experiments, 

the percent of cardiomyocytes within the total sample was determined by flow cytometry. 

Chemical Activation of Wnt/β-catenin Signaling 

To determine how activation of Wnt/β-catenin signaling would impact cardiac 

differentiation of ESCs, Wnt3a and LiCl were used.  Experimental procedures were performed as 

follows.  MHC-GFP ESCs were aggregated by hanging drop as described above.  EBs were 

plated onto gelatin coated dishes at day 4.  Beginning at day 5, serum in the differentiation media 

was reduced from 20% to 1%.  Additionally, recombinant Wnt3a (R&D Systems) at a final 

concentration of 10 ng/ml, or LiCl (Sigma) at a final concentration of 5 mM was added to the 

media.  Media was changed every other day with the fresh addition of Wnt3a or LiCl.  No visible 

changes in EB size or percent of cell death were apparent.  Flow cytometry analysis was 

performed at day 15 of differentiation as described in Methods. 

Vectors, Transfections, and DNA Cloning 

The Nkx2.5 and mutant R190H Nkx2.5 were cloned into pcDNA3 as previously described 

(Kasahara and Benson, 2004).  MHC-GFP tetracycline-off inducible cell line was developed by 

the cotransfection of pCAG20-1 (CAG promoter driving the tet activator-tTA2) and pUHDIO-3 

(CMV minimal promoter with tet-operator driving the puromycin resistance gene) with Fugene-6 

(Roche, Indianapolis, IN) as previously described (Era and Witte, 2000).  ESCs were selected 

with 1.25 µg/ml of puromycin for 14 days and individual colonies were manually picked up and 

transferred to a 24-well plate.  After further growth of the individual colonies, cell lines were 



 

36 

deemed tetracycline-responsive by the treatment of puromycin alone, or puromycin plus 

doxcycline, where in the former the cells survive, but in the latter the cells die.   

The MHC-GFP Chibby-TRE-off inducible cell line was developed by first cloning flag-

tagged human Chibby (hCby) into pTRE2-hyg vector (Clontech, Mountain View, CA), which 

contains the tet-operator followed by a minimal CMV promoter, using Not1 and Sal1 restriction 

endonucleases (New England Biolabs, Ipswich, MA).  pTRE2-Cby was then transfected into 

MHC-GFP Tet-off inducible cell line.  After 14 day selection with hygromycin B (100 µg/ml, 

Invitrogen, Carlsbad, CA), individual colonies were picked up and assayed for Cby inducibility 

by western blotting.   

To develop the Cby RNAi vector, mouse Cby short-hairpin RNA (shRNA) construct was 

developed by subcloning the targeting sequence (5’-GTGGCAGACTCCGTGATTAGT-3’) into 

the pSuppressor Retro vector (Imgenex, Sorrento Valley, CA).  The Cby knockdown ESC and 

control cell lines were developed by transfecting the empty vector or Cby knockdown vector into 

R1 ESCs and selecting with G418 for 14 days.  Individual colonies were picked up, cultured 

further, and then analyzed for Cby expression by western blotting.   

The hCby rescue of the mouse Cby RNAi ESC line was developed by cloning flag-tagged 

hCby, using Not1 and Sal1 restriction endonucleases, into a pCAG-hyg vector (a vector 

developed by the removal of the tet operator/min cmv promoter from the pTRE2-vector and 

insertion of a CAG promoter) and transfection into the Cby knockdown clone.  After 14 day 

selection with hygromycin B (100 µg/ml, Invitrogen) individual colonies were picked up and 

assayed by western blotting for human Cby expression. 

Vectors were constructed using the following procedures.  First insert was amplified using 

LA-Taq kit (Takara Bio Inc., Shiga, Japan).  Reaction consisted of 1.5 μl each primer to a 
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1.5 μM final concentration, 10 – 50 ng of DNA Template, 10 μl 10X LA PCR buffer II, 2 μl of 

10 mM DNTP, 0.5 μl LA-Taq, and H2O to a final volume of 100 μl.  PCR program was 

performed by an initial denaturation at 94C for 1 minute, then a denaturing step at 98°C for 5 

seconds, and anneal/elongation step at 68°C for 5 minutes, a repetition to step 2, 19 times, and a 

final elongation step at 72°C for 10 minutes.   

Second, PCR reactions were purified by Qiagen PCR purification kit.  A 5X volume of 

Buffer PB was added to the PCR reaction.  Mixture was spun through Qiagen minicolumn.  

Minicolumn was washed with 750 μl Buffer PE.  Following an extra spin to remove residual 

wash buffer, DNA was eluted using 40 μl Elution Buffer. 

Third, purified PCR products were digested.  Digestion was performed by mixing 33.6 μl 

purified PCR product with 4 μl restriction buffer (NEB), 0.4 μl BSA (if suggested by 

manufacturer), 1 μl of each restriction endonuclease, and then an overnight incubation at 37°C.  

Vector was similarly digested to allow for directional cloning with compatible ends. 

Fourth, vector and insert were gel purified on 1% agarose/TBE ethidium bromide stained 

gels.  DNA bands were cut out with a clean scalpel.  DNA was purified from gels using Qiagen 

Gel Extraction Kit according to manufacturer’s instructions.  Briefly, gel slices were solubilized 

in 3X (weight to volume) Buffer QG at 50°C for 5 to 10 minutes.  A 1X volume of Isopropanol 

was added, and DNA was collected on Qiagen minicolumns.  Minicolumns were washed with 

750 μl of Buffer PE, and following an extra spin to remove residual buffer, DNA was eluted 

using 50 uL Elution Buffer. 

Fifth, ligation reaction was performed using the Takara Ligation Kit.  DNA concentration 

was determined by spectrophotemetry at Abs of 260 nm (1 A260 equal 50 ug/ml of DNA).  The 

A260/A280 ratio between 1.8 and 2.0 suggested a high DNA purity.  A 3:1, insert:vector molar 
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ratio was used for the ligation in a volume of 4 μl.  One μl of 5X ligation buffer was added to the 

mixture.  Next 1 μl of this mixture was added to 4 μl of Buffer A, and then 1 μl of Buffer B 

(containing Ligase) was added.  The ligation reaction was performed by incubation at 16°C 

overnight. 

Sixth, ligated vector was transformed using Max Efficiency DH5α E.coli chemical 

competent cells, according to manufacturer’s protocol (Invitrogen).  Approximately, 1–2 μl of 

ligation reaction was incubated with 40 μl of E.coli for 30 minutes on ice.  Mixture was 

incubated at 42°C for 45 seconds, and then returned to ice for 2 minutes.  Next, 950 μl of SOC 

medium was added, and transformed cells were incubated at 37°C on a bacterial shaker for 1 

hour.  Then, 100–200 μl of transformation was plated onto LB-antibiotic plates (ampicillin or 

kanamycin, depending on vector) and incubated overnight at 37°C.  Colonies were then picked 

up and grown in 2 ml of LB broth with the appropriate antibiotic overnight.   

Seventh, vectors were purified from the bacteria using Qiagen Miniprep Kit, according to 

manufacturer’s instructions.  First, bacterial cells were pelleted by centrifugation in a table-top 

centrifuge at max speed for 1 minute.  Bacterial pellets were resuspended in 250 μl of Buffer P1, 

250 μl of Buffer P2 was added and mixed, and 350 μl of Buffer N3 was then added and mixed.  

Mixture was then pelleted by centrifugation for 10 minutes as above.  Supernatant was collected 

and spun through minicolumns.  Minicolumns were washed using 750 μl Buffer PE.  Following 

an extra spin to remove residual buffer, vectors were eluted using 50 μl Buffer EB.  To confirm 

the insert was present, vectors were digested as described above for 1 hour and then analyzed by 

gel electrophoresis to see if the insert would drop out.  DNA sequencing reactions using Big Dye 

T3 mix were performed to confirm that no DNA mutations had occurred during PCR synthesis. 
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Flow Cytometry and Fluorescent-Assisted Cell Sorting (FACS) 

Differentiated cells were prepared into a single cell suspension by treatment with 0.05% 

trypsin/EDTA and incubation at 37°C for 5–10 minutes.  Flow cytometric analysis was 

performed with FACS Sort machine (Becton Dickinson, Franklin Lakes, NJ) using CellQuest 

Acquisition data analysis software (Becton Dickinson).  Sorted cells were collected by Vantage 

machine (Becton Dickinson) also using CellQuest Acquisition data analysis software (Becton 

Dickinson).  Quantitation of MHC-GFP flow cytometry  was determined by the ratio of GFP+ 

cells for each condition to the GFP+ cells for Cby-TRE+Dox (non-induced control) for each 

independent experiment.   

Site-Directed Mutagenesis 

Mutagenesis of the Gata-6 β-galactosidase reporter vector was performed using 

QuikChange Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA) according to the 

manufacturer’s instructions.  Briefly, the following forward 

(GTGTTACAGCGCTGGATGGGCCTGGGTCGCTGGCC) and reverse 

(GGCCAGCGACCCAGGCCCATCCAGCGCTGTAACAC) PAGE purified primers were 

ordered from Integrated DNA Technologies, Inc. (Coralville, IA; mutated sites are underlined).  

Reaction consisted of 5 μl 10X reaction buffer, 50 ng of vector template, 125 ng each primer, 1 

μl of dNTP mix, and 1 μl of pfuTurbo DNA polymerase up to a final volume of 50 μl.  Reaction 

consisted of 1 cycle at 95°C for 30 seconds, and then 18 cycles of 95°C for 30 seconds, 55°C for 

1 minute, 68°C for 9 minutes.  Template vector was next degraded by the addition of 1 μl of 

DpnI restriction endonuclease and incubated at 37°C for 1 hour.  Reactions were transformed 

into Max Efficiency DH5α (Invitrogen) and analyzed by gel electrophoresis and sequencing as 

described above. 
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RT-PCR 

Total RNA was extracted using the RNA aqueous kit, according to manufacturer’s 

instructions (Ambion Inc., Austin, TX).  Briefly, cells were collected using 350 μl of 

Lysis/Binding Solution by scraping with a rubber spatula.  An equal volume of 64% ethanol was 

added, and the lysate was spun through a filter cartridge at 13,000 RCF for 1 minute in a tabletop 

centrifuge.  Cartridge was washed with 700 μl Wash Solution 1, then 2 more times with 500 μl 

Wash Solution 2.  RNA was eluted in two steps using first 40 μl preheated Elution Solution, 

followed by 20 μl Elution Solution.  RNA was stored at -80°C. 

The cDNA was synthesized using SuperScript II first-strand synthesis system with oligo 

dT (GIBCO BRL).  PCR was performed using Taq DNA polymerase kit (Eppendorf, Westbury, 

NY).  RT step was performed by mixing 1 μl Oligo(dT), 1 μl 10 mM dNTP, and 1–2 μg of total 

RNA, and DEPC-H2O to a final volume of 10 μl.  Mixture was incubated at 65°C for 5 minutes, 

and then 4°C for 2 minutes.  Next, 9 μl of reaction mixture consisting of 2 μl 10X PCR buffer, 2 

μl 0.1 M DTT, 4 μl 25 mM MgCl2 and 1 μl RNaseOUT, was added to the reaction and incubated 

at 42°C for 2 minutes. Then, 1 μl of SuperScript RT was added to the mixture and the reaction 

was performed by incubation at 42°C for 50 minutes.  The reaction was terminated by a 15 

minute incubation at 70°C.  The RNA was degraded by the addition of 1 μl Rnase H at 37°C for 

20 minutes.  The cDNA was dilute up to 200 μl with water.  The PCR reaction was performed by 

incubating 5 μl of cDNA with 0.25 μl of 50 μM each primer, 0.5 μl 10 mM dNTPs, 2.5 μl 10X 

PCR buffer, 0.125 μl Taq in a final volume of 25 μl. The PCR reaction program consisted of the 

following steps:  a preliminary incubation at 94C for 3 minutes, then 94°C for 1 minute, 55°C for 

1 minute, 72°C for 1 minute, and repeated to step 2, 29 more times.  For each gene, primers were 

designed from different exons, avoiding psuedogenes, and being sure that the PCR product 
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would represent the mRNA target and not background genomic DNA (Primers sequences listed 

in Table 2-1).  Lastly, 5 μl of each PCR reaction, mixed with 1 μl 6x loading dye, was run on 2% 

agarose/TBE ethidium bromide-stained gels and analyzed by UV-light.  Pictures of gels were 

taken using BioRad gel doc. 

Real-Time PCR 

Total RNA was extracted using the RNA aqueous kit (Ambion).  cDNA was synthesized 

using the HiCapacity cDNA Archive kit using random primers (Applied Biosystems, Foster City, 

CA).  Briefly, 10 μl Reverse Transcription Buffer, 4 μl 25X dNTPs, 10 μl 10X Random Primers, 

5 μl MultiScribe Reverse Transcriptase, and 21 μl of nuclease-free H2O was incubated with 

50 μl RNA (2 μg).  Reaction consisted of two steps, first a 25°C incubation for 10 minutes, and 

second a 37°C incubation for 120 minutes. 

 Real-time PCR reaction was performed using the TaqMan Gene Expression Assay 

(Applied Biosystems, Foster City, CA) according to manufacturer instructions.  Each 20 μL 

reaction consisted of 10 μL of TaqMan Universal PCR Master Mix, No AmpErase-UNG; 1 μL 

of TaqMan Gene Expression Assay Mix, for β-actin (VIC-labeled), Cby/pgea1 (FAM-labeled), 

or Nkx2.5 (FAM-labeled); and 9 μL of cDNA (50 ng).  Reactions were performed using Applied 

Biosystems 7900HT Fast Real-Time PCR instrument.  Gene expression analysis was performed 

using the comparative CT method using β-actin for normalization.  All data are representative of 

multiple experiments performed in triplicate. 

Chromatin Immunoprecipitation (ChIP) 

ChIP was performed using the Chromatin Immunoprecipitation (ChIP) assay kit from 

Upstate—Cell Signaling Solutions (Lake Placid, NY) according to the manufacturer’s 

instructions.  Briefly, a 100-mm plate of ESCs were fixed by the addition of formaldehyde to 10 
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ml of media to a final concentration of 1%, and incubated for 10 minutes at 37°C.  Media was 

removed, and cells were collected by scraping in ice-cold PBS containing protease inhibitors.  

Cells were collected by centrifugation, and resuspended in 1 ml of SDS-Lysis Buffer at room 

temperature.  Cells were sonicated by 3, 20 second bursts with 2 minute rests on ice using setting 

7 of a Fisher Scientific Sonicator Dismembrator Model 100.  Lysates were centrifuged for 10 

minutes at maximum speed in a table-top centrifuge.  Sonicated cell supernatant was collected 

and then diluted in ChIP Dilution Buffer by10-fold.  A 50 µl sample was kept from this step as 

the Input DNA.  The cell supernatant was next precleared using 80 µl Salmon Sperm 

DNA/Protein A Agarose-50% slurry.  The supernatant was again collected after centrifugation.  

Approximately 5 µl of each antibody was then added to the supernatant and incubated overnight 

on a rocker at 4°C.  The following day, 60 µl of Salmon Sperm DNA/Protein A Agarose-50% 

slurry was added to the reaction and further incubated for 1 hour rocking at 4°C.  The 

agarose/protein/DNA complex was then collected by gentle centrifugation at 1000 rpm in a 

tabletop centrifuge.  The agarose complex was then washed with Low Salt Immune Complex 

Wash Buffer, High Salt Immune Complex Wash Buffer, LiCl Immune Complex Wash Buffer, 

and the finally two washes with TE.  DNA was then eluted off in 1%SDS, 0.1M NaHCO3 and 

crosslinks were revesed by incubating at 65°C for 4 hours.  Proteins were degraded by treatment 

with Proteinase K for 1 hour at 45°C.  Finally, DNA was recovered using the Qiagen PCR 

Purification Kit as described above, and PCR was performed with the Taq DNA polymerase kit 

(Eppendorf) as described above.  

Immunoblotting 

Immunoblotting was performed by first lysing cells in RIPA buffer and then normalizing 

total protein using a Lowry assay (Bio-Rad, Hercules, CA).  Next, 20–30 µg of total protein were 

separated on 15% SDS-PAGE gels and transferred to nitrocellulose membranes at 100V for 1 
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hour.  The following primary antibodies were used: Flag M2 (Stratagene), Actin (Santa Cruz, 

Santa Cruz, CA), and Cby (Takemaru et al., 2003).  Species specific peroxidase conjugated IgG 

(Santa Cruz) was used as the secondary antibody followed by enhanced chemiluminenescence 

(ECL) detection (Amersham, Piscataway, NJ).  Densitometry analysis was performed using 

ImageJ software (NIH, Bethesda, MD). 

Immunocytochemistry 

Immunocytochemistry was performed by first fixing the differentiated cells in 3.7% 

formaldehyde.  Cells were next permeabilized with 0.5% Triton X-100 in PBS.  Cells were 

blocked for an hour in 5% BSA/PBS and then incubated the with the Cby antibody overnight in 

blocking solution.  Cells were washed 5 times in PBS and incubated with secondary antibody, 

IgG-rhodamine conjuaged anti-Rabbit for 45 minutes.  Cells were again washed 5 times in PBS.  

One drop of DAPI-containing VectaShield was added prior to mounting with cover slip.  

Immunofluoresence was detected using an Olympus IX70 inverted fluorescent microscope with 

an Optronics digital camera. 

Electrophoretic Mobility Shift Assays (EMSA) 

EMSA assays were performed as previously described (Kasahara et al., 2001).  Briefly, 

MBP fusion proteins with Nkx2.5 or Nkx2.5 homeodomain were expressed in Escherichia coli 

BL21(DE3) by IPTG induction, and purified on amylase beads (New England Biolabs, Ipswich, 

MA) and eluted with maltose.  End-labeled oligonucleotide containing distal site, 

TTTGGACAAACCGAGTTAAGTGCAACAATAGTC (-1734 to -1701) was annealed to 

GACTATTGTTGCACTTAACTCGGTTTGTCCAAA; mutant distal end-labeled 

TTTGGACAAACCGAGTTGGGTGCAACAATAGTC (-1734 to -1701) was annealed to 

GACTATTGTTGCACCCAACTCGGTTTGTCCAAA; proximal end-labeled oligonucleotide 

TCCAGCCTGGGTCACCACTTAACATTTTTAACACAAC (-385 to -348) was annealed to 
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GTTGTGTTAAAAATGTTAAGTGGTGACCCAGGCTGGA; mutant proximal end-labeled 

TCCAGCCTGGGTCACCACCCAACATTTTTAACACAAC (-385 to -348) was annealed to 

GTTGTGTTAAAAATGTTGGGTGGTGACCCAGGCTGGA  and were used for EMSA.  

Approximately 50,000 cpm of probe were incubated with 3-fold serial dilutions of 66 ng of 

fusion protein, 50 µg of BSA, 0.5 µg of poly(dG-dC) in 10 mM HEPES, pH 8.0, 50 mM KCl, 

1mM EGTA, 10% glycerol, 2.5 mM DTT, 7 mM MgCl2 in a 15 µL reaction for 20 minutes at 

room temperature, separated on a 5% polyacrylamide gel in 0.5X Tris-glycine buffer.  Protein-

DNA binding affinity was estimated by the protein concentration at which 50% of DNA probe 

had become bound (Carey, 1991). 

Luciferase Assays 

Luciferase assays were performed using Dual-Luciferase Kit (Promega, Madison WI) 

according to manufacturer’s instructions.  Briefly, luciferase reporter vectors were cotransfected 

with expression vectors and renilla vector.  Lysates were collected with 1X Passive Lysis buffer, 

and read by a single-sample luminometer.  A 20 µl aliquot of lysate mixed with 100 µl 

Luciferase Assay Reagent II was measured, followed by measurement after addition of 100 µl of 

Stop & Glo Reagent.  The activity was determined by ratio of luciferase to renilla. 

X-gal Staining 

X-gal staining was performed using the In Situ β-galactosidase Staining Kit according to 

manufacturer’s instructions (Stratagene, La Jolla, CA).  Media from the cells was removed and 

the cells were then fixed in 1X fixing solution for 10 minutes at room temperature.  Cells were 

washed twice in PBS, and then 1X staining solution was added, which contains 1 mg/ml X-gal.  

Cells were incubated overnight at 37°C, and analyzed by bright field light microscopy. 
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β-galactosidase Activity Assays 

β-galactosidase activity assays were performed using the β-galactosidase Enzyme Assay 

System with Reporter Lysis Buffer kit (Promega) according to manufacturer’s instructions.  

Briefly, cells were collected using a rubber scraper in 1X Reporter Lysis Buffer.  Next, 150 µl of 

cell lysates were mixed with 150 µl of Assay 2X Buffer, and incubated for 3 hours at 37°C.  

Reactions were stopped by adding 500 µl of 1M Sodium Carbonate.  The absorbance was read at 

420 nm.  Readings were compared to a standard curve using β-galactosidase enzyme.  Activity is 

measured in units of β-galactosidase.  All assays were performed in triplicate and standard 

deviations and p-values from Student’s t-test were determined. 

Fluorescein di-β-D-Galactopyranoside (FDG) Staining of ESCs 

FDG (Sigma) was dissolved in DMSO to make a 20 mM stock solution, and aliquots were 

frozen at -20°C.  Staining was performed as previously described (Angeloti et al., 1993).  Cells 

were first washed twice in PBS, and then incubated in PBS for 5 minutes at 37°C.  Next, a 1 mM 

FDG solution in 50% PBS/H2O is prepared and warmed to 37°C.  PBS is then removed from the 

cells, and FDG solution is added to the plate, and incubated at 37°C for 1 minute.  Cells are then 

placed on ice, and 1 ml of ice-cold PBS is added to the cells for 5 minutes.  Cells can then be 

viewed by fluorescent microscopy. 

To stain cells for FACS, the following protocol is used.  A 2 mM FDG solution in sterile 

warm deionized H2O is first prepared.  Next, the cell pellet, collected trypsinization, is 

resuspended in 100 µl of prewarmed reduced serum media (Opti-Mem, Invitrogen).  Then, 100 

µl of FDG solution is added to the cells and the mixture is incubated at 37°C for 1 minute.  The 

cell-suspension is next diluted in ice-cold growth medium and kept on ice for 30 minutes.  
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Before FACS, 2 µl of PI stain is added to remove the dead cells that have occurred from the 

osmotic shock. 

Gene Expression Profiling 

Gene expression profiling was performed by GenUs Biosystems (Northbrook, IL).  RNA 

was extracted from FDG sorted cells using RNAqueous Kit (Ambion) as already described and 

shipped on dry ice to GenUs Biosystems.  Total RNA samples were quantitated by UV 

spectrophotometry (OD260/280).  Quality of total RNA was assessed using an Agilent 

Bioanalyzer.  First and second strand cDNA was prepared from the total RNA samples.  

Biotinylated cRNA target was prepared from the DNA template and verified on the Bioanalyzer.  

cRNA was fragmented to uniform size and verified on the Bioanalyzer. CodeLinkTM Mouse 

Whole Genome Bioarrays containing approximately 36,000 gene targets were hybridized with 

the cRNA target and stained with Cy5-streptavidin.  Slides were washed and then scanned on an 

Axon GenePix 4000B scanner. Data was analyzed with CodeLink and GeneSpring software 

packages.  Intensity values were normalized to the median value from the array, and those genes 

that were differentially expressed by 2-fold or more were annotated. 

Statistical Analyses 

Real-time PCR, Luciferase assays, β-galactosidase activity assays, and flow cytometry 

data are presented as mean with standard deviations of experiments in triplicate.  Data was 

analyzed by Student’s t test and p-value < 0.05 was considered to be statistically significant. 
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Table 2-1.  Forward and Reverse Primers used for semi-quantitative RT-PCR. 
 
Name Sequence Amplicon size (bp) 

F-AFP TCGTATTCCAACAGGAGG 173 

R-AFP AGGCTTTTGCTTCACCAG  

F-Albumin GCTACGGCACAGTGCTTG 260 

R-Albumin CAGGATTGCAGACAGATAGTC  

F-α-antitrypsin AATGGAAGAAGCCATTCGAT 484 

R-α-antitrypsin AAGACTGTAGCTGCTGCAGC  

F-β-actin ATGGATGACGATATCGCTG 500 

R-β-actin ATGAGGTAGTCTGTCAGGT  

F-β-MHC ACCCCTACGATTATGCG 300 

R-β-MHC GTGACGTACTCGTTGCC  

F-Brachyury TGCTGCCTGTGAGTCATAAC 947 

R-Brachyury TCCAGGTGCTATATATATTGCC  

F-Chibby AGCATATTCAGCCCAAAGAAG 289 

R-Chibby GCATGTCCAGCAGAATGTCCA  

F-Collagen II CTGCTCATCGCCGCGGTCCTA 432 (splice variant A-

Juvenile), 225 (splice 

variant B-adult) 

R-Collagen II AGGGGTACCAGGTTCTCCATC  

F-Cytokeratin-19 GTCCTACAGATTGACAATGC 570 

R-Cytokeratin-19 CACGCTCTGGATCTGTGACAG  
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Table 2-1.  Continued. 

F-Fgf5 AAAGTCAATGGCTCCCACGAA 464 

R-Fgf5 CTTCAGTCTGTACTTCACTGG  

F-Flk-1 AGCTCTCCGTGGATCTGAAA 427 

R-Flk-1  CAGAGCAACACACCGAAAGA  

F-Gata-4 GCCTGTATGTAATGCCTGCG 469 

R-Gata-4 CCGAGCAGGAATTTGAAGAGG  

F-Gata-6 GCAATGCATGCGGTCTCTAC 571 

R-Gata-6 CTCTTGGTAGCACCAGCTCA  

F-human Chibby GACATGGCGGCCGCATGGATTACA

AGGATGAC 

411 

R-human Chibby TCTGGTCGACTCATTTTCTCTTCCG

GCT 

 

F-Mef2c TAACTCCCAGTCGGCTCAGT 479 

R-Mef2c ATGTTGCCCATCCTTCAGAG  

F-Nanog AGGGTCTGCTACTGAGATGCTCTG 363 

R-Nanog CAACCACTGGTTTTTCTGCCACCG  

F-Nestin GAAGCCCTGGAGCAGGAGAAGCA 159 

R-Nestin TCCAGGTGTCTGCAAGCGAAAGTTC  

F-Nkx2.5 CAAGTGCTCTCCTGCTTTCC 507 

R-Nkx2.5 GCGTTGTAGCCATAGGCATT  

F-Oct4 TGGAGACTTTGCAGCCTGAG 800 

R-Oct4 TGAATGCATGGGAGAGCCCA  
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Table 2-1.  Continued. 

F-Rex1 CGTGTAACATACACCATCCG 130 

R-Rex1 GAAATCCTCTTCCAGAATGG  

F-Sox2 GTTACCTCTTCCTCCCACTCCAG 407 

R-Sox2 CCCGCCCTCCCCGCCGCCCTCAG  

F-Ttr CTCACCACAGATGAGAAG 225 

R-Ttr GGCTGAGTCTCTCAATTC  

F-Wnt1  AAATCGCCCAACTTCTGCA 599 

R-Wnt1 AATACCCAAAGAGGTCACAGC  

F-Wnt2b  TGTACTCTGCGCACCTGCT 318 

R-Wnt2b TGCACTCACACTGGGTGAC  

F-Wnt3 ACCTGGAGAAGGCTGGAAGT 406 

R-Wnt3 AAAGTTGGGGGAGTTCTCGT  

F-Wnt3a GCTGGAGTAGCTTTCGCAGT 255 

R-Wnt3a CTTGAGGTGCATGTGACTGG  

F-Wnt5b TCGGAGGAGCAGGGCCGAGC 225 

R-Wnt5b CAGCTTGCCCTGGCGGGTGA  

F-Wnt8a CCATCATGTACGCAGTCACC 358 

R-Wnt8a GCGGTCATACTTGGCCTTTA  

F-Wnt9b AGGAGACGGCCTTCCTGTAT 398 

R-Wnt9b GACAGCCGTGTCATAGCGTA  

F-Wnt11 GCCATGAAGGCCTGCCGTAG 152 

R-Wnt11 GATGGTGTGACTGATGGTGG  
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CHAPTER 3 
RESULTS 

Chibby Facilitates Cardiomyocyte Differentiation of Embryonic Stem Cells 

The Wnt/β-catenin signaling pathway has been suggested to play a role in cardiomyocyte 

differentiation and development.  To determine the role of this pathway during the differentiation 

of ESCs to cardiomyocytes, we decided to investigate a new protein, Chibby (Cby), which was 

recently identified as a nuclear protein that antagonizes the transcriptional activity of β-catenin 

(Takemaru et al., 2003).  

The β-catenin Antagonist, Chibby, is Ubiquitously Expressed in ESCs and in Early Lineage 
Specification, But is Gradually Downregulated During Differentiation 

Since the expression pattern of Cby during embryonic development has not been 

elucidated, we initially studied the levels of Cby expression in undifferentiated mouse ESCs and 

during their in vitro differentiation.  ESCs may be differentiated in vitro by forming aggregates, 

termed embryoid bodies (EBs), on the lids of Petri dishes using the ‘hanging drop’ method 

(Doetschman et al., 1985).  To determine the levels of Cby expression in ESCs and during in 

vitro differentiation, R1 ESCs were differentiated by the hanging drop method and cells were 

collected at days 0, 4, 7, 10, and 14.  Total RNA was extracted and Cby expression, along with 

other genes, was analyzed by RT-PCR.  Our data suggest that Cby is expressed in ESCs, but 

gradually decreases through 14 days of differentiation (Figure 3-1A).  By comparison, multiple 

Wnts become upregulated during ESC differentiation, while cardiac markers, Nkx2.5, β-MHC, 

and Mef2c begin to be expressed at day 7.   Real-time PCR confirmed the gradual decrease in 

Cby expression during ESC differentiation and Nkx2.5 upregulation at day 7 (Figure 3-1B).  As 

Cby may be expressed in a temporal or lineage restricted manner, we analyzed Cby expression in 

primitive endoderm or mesendoderm progenitor cells.  To determine if Cby is expressed in 

primitive endoderm, AFP (alpha-fetoprotein)-GFP ESCs were aggregated in media for four days.  
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Similarly, to determine if Cby is expressed in mesendoderm progenitors, Brachyury-GFP ESCs 

were differentiated in monolayer adherent culture for four days.  All GFP positive and negative 

cells were isolated by FACS, and Cby RNA expression was detected by RT-PCR (Figure 3-2A 

and 3-2B).  Cby was found to be expressed in all positive and negative GFP cell populations.  

These data suggest that Cby is expressed throughout early lineage differentiation. 

High Cby Expression is Restricted to Cardiomyocytes During Late Stages of 
Differentiation and Development 

We next sought to determine the expression pattern of Cby during late stages of ESC 

differentiation.  After 10–15 days of differentiation by the hanging drop method, ESC-derived 

cardiomyocytes can be detected by a spontaneous beating phenotype.  To enhance visualization 

of the cardiomyocytes, ESCs containing a stable transgene for EGFP under the control of the 

cardiac promoter, α-Cardiac Myosin Heavy Chain (henceforth referred to as MHC-GFP cells) 

may be used. Using day 15 embryoid bodies, high Cby expression was specifically co-localized 

only with the MHC-GFP cardiomyocytes as determined by immunocytochemistry, as compared 

to the GFP-negative cells where Cby expression was found to be low or not expressed at all 

(Figure 3-3A).  It should also be noted that Cby may be able to shuttle between the nucleus and 

the cytoplasm (Takemaru et al., unpublished observations).  To further confirm the increased 

expression in cardiomyocytes compared to non-myocytes, we performed FACS on MHC-GFP 

ESCs differentiated for 12 days.  Real-time PCR was then used to compare the expression of 

Cby and Nkx2.5 in the GFP-negative and GFP-postive sorted populations (Figure 3-3B).  Cby 

was determined to be 2.7-fold higher in cardiomyocytes, compared to non-cardiomyocytes. 

Altogether, these data suggest that Cby is expressed fairly ubiquitously during the early stages of 

ESC differentiation, but at later stages high Cby expression is restricted to cardiomyocytes.   
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To determine the expression of Cby in vivo, lung, liver, and heart were isolated from E12.5 

mice embryos and 8–10 week old mice.  RNA was extracted from the tissues, and real-time PCR 

was performed to determine the expression of Cby and Nkx2.5 (Figure 3-4).  Cby was 

approximately 3-fold higher in both embryonic and adult heart compared to the lung and liver.  

These data suggest that high levels of Cby are expressed in cardiac tissue, compared to other 

tissues. 

Cby Expression is Upregulated by the Cardiac Specific Transcription Factor, Nkx2.5   

As Cby expression appeared to be highly expressed in cardiomyocytes during late stage 

embryoid body differentiation, we analyzed the Cby promoter region for any specific cardiac 

regulatory elements by computer “in silico” analysis.  Within 2 kb upstream of the 

transcriptional start site for murine Cby, we identified five potential bindings site for Nkx2.5 

(Figure 3-5).  Of these five sites, two were highly significant with a score of 97 out of 100 on the 

TRANSFAC database (http://motif.genome.jp/).   

To determine if Nkx2.5 can directly bind to the Cby promoter, EMSA assays were 

performed using probes that included the two highly significant putative binding sites (Figure 3-

6).  As predicted, full-length Nkx2.5 and the Nkx2.5 homeodomain were able to induce shifts for 

both probes with high efficiency (Kd ranged from 0.7 – 6.4 x 10-9 M). However, neither a mutant 

Nkx2.5 nor the MBP alone was able to induce a shift.  Interestingly, we found multiple shifts 

suggesting that Nkx2.5 may bind to multiple positions within these probes 

To further determine if Nkx2.5 can directly activate Cby expression, the 2 kb promoter 

region of mouse Cby was cloned into a luciferase reporter vector.  Transfection of an Nkx2.5 

expression vector activated the mouse Cby luciferase reporter in a dose-dependent manner in 

NIH3T3 cells (Figure 3-7).  Furthermore, an Nkx2.5 R190H mutant, incapable of DNA binding, 

failed to enhance the activity of the Cby luciferase reporter. Altogether, these data suggest that 
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Nkx2.5 binds to the Cby promoter to activate its expression during cardiomyocyte 

differentiation. 

Cby Antagonizes β-catenin Activity in ESCs  

To confirm the function of Cby as an antagonist of β-catenin signaling in pluripotent, non-

transformed cells, we performed luciferase activity assays in mouse embryonic stem cells.  

Initially, we found that the activity of β-catenin in ESCs by the Topflash/Fopflash system (a 

luciferase reporter with wild-type or mutated Tcf-binding sites) was undetectable (Korinek et al., 

1997).  To enhance this activity, a constitutive active β-catenin vector along with or without a 

Cby expression vector was transiently transfected into embryonic stem cells and 

Topflash/Fopflash activity was measured.   As expected, Cby overexpression significantly 

reduced β-catenin-dependent reporter activity by more than 3-fold (Figure 3-8). 

Loss of Cby Inhibits Cardiomyocyte Differentiation of ESCs 

Previous studies have suggested that activation of Wnt/β-catenin signaling can inhibit 

cardiac differentiation (Koyanagi et al., 2005; Yamashita et al., 2005; Schmidt et al., 2001).  

Consistent with these findings, activation of the Wnt/β-catenin signaling cascade during late ESC 

differentiation by either 5 mM LiCl or 10 ng/mL of rWnt 3a significantly reduced cardiomyocyte 

formation (Figure 3-9).  We therefore decided to test if the loss of the β-catenin antagonist, Cby, 

may also reduce cardiomyocyte differentiation.   

R1 ESCs were transfected with a siRNA vector against Cby to knockdown its expression, 

and stable cell lines were developed.  Immunoblot analysis demonstrates that Cby RNAi 

efficiently reduced endogenous protein levels by more than 80% (Figure 3-10).  Although Cby is 

expressed in ESCs, its knockdown did not seem to have any adverse effects on ESC 

maintenance.  However, upon differentiation of the Cby knockdown cell line, we found that the 

normal in vitro differentiation patterning between days 5 through 14 were dramatically altered. 
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Specifically, embryoid bodies showed decreased size of outgrowths and a decrease in the number 

of beating cells (Figures 3-11A and 3-11B).  To confirm that the differentiation defect was 

directly due to the loss of Cby, human Cby was reexpressed in the Cby knockdown clone (Figure 

3-11C).  Human Cby is not susceptible to the effect of the siRNA against the mouse Cby gene.  

The expression of human Cby was able to rescue both the differentiation of outgrowths from the 

embryoid bodies and the beating cardiomyocytes (Figure 3-11A and 3-11B).   

To confirm that the loss of Cby did not affect ESC maintenance or early differentiation, 

but did affect late stages of differentiation, RNA expression of various markers were determined 

by RT-PCR.  Pluripotency markers, Oct4 and Nanog, were not affected by Cby RNAi in ESCs.  

Similarly, neither early mesendoderm marker, Brachyury, nor endoderm markers, Afp and Ttr 

(transthyretin), appeared affected by the knockdown of Cby within 4 days of differentiation 

(Figure 3-12A).  However by day 12 of differentiation, cardiac markers, Nkx2.5, β-MHC, and 

Mef2c, were downregulated in the Cby knockdown but not in the negative control cells (Figure 

3-12B).  Furthermore, expression of human Cby rescued the expression of the cardiac markers.  

Interestingly, endoderm differentiation at day 12, as determined by Afp, Albumin, and α-

antitrypsin expression, was also downregulated by the Cby RNAi and rescued by human Cby 

expression.  Additionally, there appeared to be an increase in neuroectoderm differentiation in 

the Cby knockdown, as determined by Nestin and Sox2 expression.  Lastly, a chondrocyte 

marker, Collagen II, a vascular endothelial marker, Flk1, and an epithelial marker, Cytokeratin 

19, were unaffected by the RNAi.  Taking these data together, Cby likely facilitates the 

formation of late-stage mesoderm/endoderm lineages, such as cardiomyocytes, but is not 

required for Brachyury-positive, mesendoderm progenitors. 
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Cby Overexpression Promotes Cardiomyocyte Differentiation of ESCs 

To investigate how ectopic expression of Cby would impact cardiac differentiation of 

ESCs, we developed a tetracycline-off, inducibile cell line using the MHC-GFP ESCs.  As 

shown in Figure 3-13A, low levels of Cby expression could be detected in the presence of 

doxycycline.  However upon the removal of doxycycline, Cby protein expression successively 

increased after 24, 48, and 72 hours.  The readdition of doxycycline for 24 hours led to a rapid 

reduction in protein to near background levels.  Sustained Cby overexpression in ESCs, like the 

loss of Cby by RNAi, did not have any adverse affects on ESC maintenance.  Upon the 

differentiation of these cells in the presence or absence of doxycycline by the hanging drop 

method, we found that when Cby was induced consecutively for 15 days, there was an increase 

in the number of GFP positive cells (Figure 3-13B).  To confirm this increase in cardiomyocytes, 

we performed flow cytometric analysis on the Cby inducible cell line and the parental cell line, 

with or without doxycycline, after 15 days of differentiation.  From multiple trials, we found that 

there was approximately a two-fold increase in the number of GFP+ cardiomyocytes among 

differentiated cells overexpressing Cby (Figures 3-14A and 3-14B).  Finally, we confirmed the 

increased differentiation of ESCs to cardiomyocytes by checking the RNA expression of cardiac 

markers by RT-PCR (Figure 3-14C).  Cardiac markers, Nkx2.5, β-MHC, and Mef2c, were 

significantly increased in the Cby-overexpressing cells, compared to the non-overexpressing 

cells.  Other lineage markers, Collagen II and Nestin appeared unchanged.  These data suggest 

that sustained Cby overexpression will increase cardiomyocyte differentiation, without 

significantly affecting other cell lineages.   

To further define the time window in which Cby overexpression best increases the 

cardiomyocyte population, we induced Cby expression by the removal of doxycycline during the 

early and late stages of differentiation.  Overexpression of Cby only in the first 4 days of 
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differentiation led to a cardiomyocyte population of 3.8% of the total cells, which was not 

significantly different from the control cells of 3.6% (Figures 3-14B and 3-15).  On the other 

hand, overexpression of Cby by doxycycline removal during the later stages of differentiation, 

days 4 – 15, led to a cardiomyocye population of 7.0%, representing a increase over the controls, 

but still less than sustained Cby overexpression through days 0 – 15, which was found to be 

9.9%.   These data suggest that sustained Cby overexpression throughout ESC differentiation 

leads to the largest increase in the cardiomyocyte population. 

Obstacles for ESCM Formation 

Heterogeneity of Embryonic Stem Cells  

As described in the introduction, heterogeneity during ESC differentiation is a major 

obstacle for the use of ESCM in cell-based therapies.  Recently, ESCs have also been suggested 

to be a heterogeneous population during normal maintenance conditions (Furusawa et al., 2006; 

Stewart et al., 2006).  We therefore decided to examine this further.  Previously, the β-

galactosidase-neomycin fusion gene (β-geo) has been inserted into the Nanog locus of ESCs to 

develop knock-out mice (Mitsui et al., 2003).  Using these Nanog-β-geo ESCs, we decided to 

examine the expression pattern of Nanog by X-gal staining during ESC maintenance (Figure 3-

16A).  Interestingly, we found that Nanog expression is heterogeneous in ESCs, as both positive 

and negative cells were evident after staining.  To further confirm this expression pattern of 

Nanog and to isolate the Nanog negative and positive populations during ESC maintenance, we 

used the Fluorescein-di-β-D-Galactopyranoside (FDG) to stain ESCs (Figure 3-16B).  This 

substrate is cleaved by β-galactosidase to release fluorescein, and live cells may be visualized by 

fluorescent microscopy or isolated by FACS.  Like X-gal staining, staining with the FDG 

substrate showed a heterogeneous expression pattern for Nanog.  To isolate the FDG positive 
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and negative population, we performed FACS separation (Figures 3-17A and 3-17B).  We found 

that approximately 6% of ESCs were negative for FDG.  To further understand the expression 

profiles of these two sub-populations, we analyzed the RNA expression of the FDG negative and 

positive populations by RT-PCR (Figure 3-17C).  While Nanog, Oct4, Rex1, and Sox2 were 

more highly expressed in the FDG positive population, we found that Gata-6 was more highly 

expressed in the FDG negative population.  These data suggest that Nanog and Gata-6 are 

expressed heterogeneously during ESC maintenance and their expression is localized to distinct 

subpopulations.  To examine the heterogeneity of Nanog on the protein level, we performed 

immunocytochemistry in R1 ESCs (Figure 3-18).  These data confirm the heterogeneous 

expression of Nanog during normal ESC maintenance conditions. 

To further examine the gene expression profile of these two subpopulations, we performed 

a microarray analysis from the RNA extracted from each of these cell types.  The microarray 

data fell into a linear plot, confirming the quality of the microarray results (Figure 3-19).  From 

the expression analysis, we found that 917 genes showed increased expression in the FDG+ 

population by 2-fold or more, while 542 genes showed increased expression in the FDG- 

population by 2-fold or more (Figure 3-20).  1,236 genes were expressed above background in 

both populations.  In the FDG+ population we found that there was increased expression for 

genes involved in ESC maintenance, cell-cycle regulation, and mitochondrial function (Tables 3-

1, 3-2, and 3-3).  In the FDG- population, we found increased expression of genes important for 

primitive endoderm formation, cell-cycle inhibition, and extracellular matrix formation (Tables 

3-1, 3-2 and 3-4). 

Nanog Represses Gata-6 

Nanog has previously been suggested to function as a repressor of Gata-6 (Mitusi et al., 

2003).  This prediction, coupled with our finding that Nanog and Gata-6 are expressed in 
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separate subpopulation during ESC maintenance, prompted us to explore if Nanog could directly 

repress Gata-6.  Previously we developed a tetracycline-off, Nanog-inducible (Nanog-TRE) ESC 

line (Hamazaki et al., 2004).  When doxycycline is removed from the media, Nanog is 

overexpressed, and the cells can be maintained in the absence of LIF.  To examine how Nanog 

overexpression would affect Gata-6 expression, Nanog-TRE ESCs and parental cells (TopES) 

were maintained in LIF media for 3 days with or without the addition of doxycycline.  RNA was 

extracted from these cells and the expression of Gata-6 and Nanog were analyzed by RT-PCR 

(Figure 3-21A).  We found that when Nanog was overexpresed by the removal of doxycycline, 

there was a loss of primitive endoderm markers Gata-4, Gata-6, and Dab2.  Additionally, there 

was a loss of extracellular matrix markers, Fibrillin1, Fibronectin, and Laminin α1.  

Interestingly, we found that there was not a substantial loss of cell cycle inhibitors INK4B and 

KIP1.  Altogether these data suggest that a low level of differentiation takes place during normal 

ESC maintenance conditions.  

To confirm that Gata-6 repression by Nanog overexpression occurs at the transcriptional 

level, we measured the activity of the Gata-6 promoter using a β-galactosidase reporter 

containing a 5.5 kb promoter region (Figure 3-21B).  Nanog-TRE ESCs were transfected with 

the Gata-6 β-gal reporter vector or a β-gal control vector, and maintained in the presence or 

absence of doxycycline for 2 days.  Nanog overexpression significantly reduced β-gal activity 

from the Gata-6 reporter by approximately 2-fold, but had no significant effect on the control 

reporter. 

Since Nanog expression could block Gata-6 promoter activity, we decided to test if Nanog 

could directly interact with the Gata-6 promoter.  The potential Nanog binding sequence has 

been previously determined using SELEX to be ‘(C/G)(G/A)(C/G)C(G/C)ATTAN(G/C)’ (Mitsui 
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et al., 2003).  Using this sequence we manually analyzed the previously characterized Gata-6 

promoter/enhancer region of approximately 5.5 kb, to look for the highly conserved ‘ATTA’ 

domain, characteristic of many homeodomain-containing factors.  We identified 12 of these 

regions as putative Nanog binding sites (Table 3-5). 

To perform a chromatin immunoprecipitation assay based on these putative binding sites, 

we first confirmed the ability to immunoprecipitate Nanog (Figure 3-22A).  We next developed 5 

primer sets surrounding these putative binding sites, and analyzed Nanog binding to these 

regions by chromatin immunoprecipitation (Figure 3-22B).  We found that Nanog only 

immunoprecipitated with the most proximal binding site, suggesting this is a likely binding site 

on the Gata-6 promoter for Nanog in vivo.  To further confirm that this site is required for Nanog 

repression of Gata-6, we mutated the conserved ‘ATTA’ domain of this most proximal binding 

site to a ‘GGCC’ on the Gata-6 β-galactosidase reporter and repeated these activity assays 

(Figure 3-23).  Using the mutated reporter with the Nanog overexpressing inducible cells, we 

surprisingly found that mutation of this site led to a complete loss of activity for the reporter.  

These data suggest that this site on the Gata-6 promoter is critical for Nanog binding, and also 

facilitates Gata-6 activation.  Altogether, these data suggest that Nanog binds to and directly 

represses the Gata-6 promoter during ESC maintenance. 

Consistency in ESCM Differentiation 

Another considerable obstacle for the use of ESCM in cell-based therapies as a treatment 

for cardiovascular diseases is the consistency of differentiation to cardiomyocytes.  We have 

found that cardiac differentiation of ESCs can be quite variable from experiment to experiment, 

and that the percent cardiomyocyte formation can range from 0.1-5.0% when ESCs are 

differentiated by the hanging drop method (data not shown).   We predicted that this high 
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experimental inconsistency could be partially due to variations in serum.  To address this 

question, we decided to analyze 4 different lots of fetal bovine serum from 3 independent 

companies.  R1 ESCs were differentiated by the hanging drop method in differentiation media 

with 20% FBS from each of the different lots.  As the use of Serum Replacement Media (SRM, 

Sigma) has been suggested to improve cardiomyocyte differentiation from ESCs and that the 

percent of serum during late stages of ESC differentiation may affect cardiomyocyte 

differentiation, we combined these approaches in the experimental analysis.  On day 4 of 

differentiation, EBs were attached to gelatin coated dishes, either in SRM alone, SRM+1% FBS, 

or SRM+20% FBS.  EBs were analyzed by light microscopy on day 2 and day 6 of 

differentiation (Figure 3-24).  Firstly, we found that lot 2 was generally not permissive of ESC 

differentiation.  EBs from lot 2 were dramatically smaller in size, failed to attach properly, and 

could not form the appropriate outgrowths found during the later stages of differentiation.  

Subsequently, EBs differentiated with lot 2 were excluded from further studies.  Analysis of the 

EBs from lots 1, 3, and 4 showed similar phenotypes on both days 2 and 6.  We also found that 

the % serum dictated the size of EB growth.  For example, EBs in SRM alone were smaller than 

those in SRM+1% FBS, which were smaller that those in SRM+20% FBS.  Furthermore, we 

found that the percent of serum influenced the ability for EBs to attach to gelatin-coated dishes 

on day 4 (Figure 3-25).  EBs in SRM alone generally showed a lessened ability for attachment 

than those in SRM+1% FBS, while EBs in SRM+20% FBS were able to attach almost 100% of 

the time.  We next examined cardiomyocyte differentiation with these different serum conditions 

by counting the number of beating EBs (Figure 3-26).  We found that there was high variability 

between lot 1 compared to lots 3 and 4, with lot 1 showing generally a better trend to give 

increased cardiomyocyte differentiation.  Additionally, we found that there was increased 
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cardiomyocyte formation in SRM+1% FBS, compared to the other two conditions.  We next 

decided to confirm that a reduction in serum to 1% at day 4 of differentiation would increase 

cardiomyocyte differentiation by more quantitative analysis using the MHC-GFP ESC line 

(Figure 3-27).  Indeed, we found that reduction in serum concentration to 1% would lead to 

increased cardiomyocyte differentiation, compared to SRM alone or SRM+20% FBS.  

Interestingly, we found that in the absence of serum (SRM alone condition) EBs will undergo 

higher levels of cell death, as determined by PI staining (Figure 3-28).  However, the levels of 

cell death between EBs in 1% or 20% FBS were not significantly different, suggesting a low 

level of serum is sufficient to prevent rapid amounts of EB cell death during differentiation.  All 

of these data combined suggest that both the quality and the percent of FBS affect EB growth, 

attachment, and cardiomyocyte differentiation during ESC differentiation. 
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Figure 3-1.  Cby expression patterns during ESC differentiation. A) RNA expression of Cby, 
cardiac markers, Nkx2.5, β-MHC, and Mef2c, and various Wnts determined by RT-
PCR for ESCs and EBs during differentiation.  B) Real-time PCR analysis of Cby 
(black) and Nkx2.5 (white), normalized to β-actin, in ESCs and EBs during 
differentiation.  Experiments were performed in triplicate and are representative of 
multiple experiments. Average fold change with standard deviations are shown, 
*P<0.05; **P<0.05, for any combination.. 
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Figure 3-2.  Lineage specific expression profile of Cby and other markers.  A) FACS isolation of 
primitive endoderm (AFP-GFP cells) at day 4 of differentiation and subsequent RT-
PCR.  B)FACS isolation of mesendoderm (Brachyury-GFP cells) at 4 days of 
differentiation and subsequent RT-PCR.  Cby is expressed in all negative and positive 
GFP populations. 
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Figure 3-3.  Cby is expressed in cardiomyocytes.  A) Immunocytochemistry of Cby of MHC-
GFP EBs after 15 days of differentiation.  High Cby expression colocalizes with 
MHC-GFP cells, bar 0.1 mm.  B) FACS isolation and real-time PCR of MHC-GFP 
cells.  Purification of cardiomyocytes by FACS shows Cby and Nkx2.5 expression 
increased significantly in the GFP+ cells, compared to GFP- cells, by real-time PCR. 
Mean fold change of samples in triplicate with standard deviations are shown, 
*P<0.005; **P<0.001. 
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Figure 3-4.  Real-time PCR for Cby and Nkx2.5 in embryonic and adult mice hearts.  Cby is 
approximately 3-fold higher in the heart, compared to lung or liver. .  Average fold 
change of experiment in triplicate with standard deviations are shown; *P<0.001.   
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AGGAGTTAACTGGCTGATGGGGAGAAGAAACAGCTCCCAGACAGAGGGCAACGAGGCTGG   Tranfac score 
AAGGAAAACACTCCTGGATGCTGCCCAGCCCCACGGCCACTAGCCACACACCAAAACAAA 
AGTTCTGAAATTTGGTTAGCGTGACTAAAGAAATTAATAACCAATACATGGTAAAAATTT 
AAAATATTTGTTTATTCGTATTTTGGACAAACCGAGTTAAGTGCAACAATAGTCAAGTTA     97, 86 
ATTTAATCTGTTTTGAATTGACTTGTTAAAAAGCCTAGGGCCGGGTATGGAGCACTAGCC 
TTTAATCCCAGCGCTCTGGAGAAAGAGGCGGGAGGACTTTTGTAAGTTGGGAGAGCAGCC 
AGAACTACATATTGAGCCCCAGTCTCAAATATCAAACAAACAAAGCGGGGCTGGTGAGAT 
GGCTCAGTGGGTAAGAGCACCCGACTGCTCTTCCGAAGGTCCGAAGTTCAAATCCCAGCA 
ACCACATGGTGGCTCACAACCATCCGTAACGAGATCTGACTCCCTCTTCTGGAGTGTCTG 
AGGACAGCTACAGTGTACTTACATATAATAAATAAATAAATAAATCTTAAAAAAAAAAAA 
ACAAACAAAGCAAAAGGGTAGGGGTTGAAGGCAGGCTGGGTGTGTGTCTGTAATTCCAGC 
ACTGAGAGGCTGAGGCAGGAGGATGAGATAAGGAGTACCCAGGGAGACTTTATCTCAAAA 
TACGAAAGGTGCTTCGGGGATAGCACCGGTAGAGGGCGCACAAGGTTTAATATCAAAAAG 
CTTCTAGAGCCTGGCGGTGGTGGCGGACGCCTTTAATCCCAGCACTTGGGAGGCAGGCGG     88 
ATTTCTGAGTTTGAGGCCAGCCTGGTCAACAGACTGAGTTCCAGGACAGCCAGGGCTACA 
CAGAGAAACCCTGTCTCGAAAAAAACAAACAAGCAAACAAACAAACATACAAACAAACAA 
ACAAACAAAAAAACTTCTAGAATGATCGCAACTTTCAAATGTGTTCTGCTTTATGTTTCT 
GTAGCGGTTGCTACACTAGATATGGTTGATTTTGATGTGGAATTCTCTCTTCGAACGCTG 
TGTGGCAAAGGTGGAGGAAGACTGCTTGGAGCTGGGTCCTGTCCTTTATGGTGGGATGAC 
CTCGTACACCCACTAGGCAGCCAAGAAACGCCTCCTGGATGGCCATTTCTTCATTTACCA 
AACCGAGCTACAATGTCCTTAGGACTTGAGGAATCCTGGAGCTGACTCTCCAGTTCTCTA      86 
CCCCTTGTACACTGGGCAACCTTCCCTGGACCTCAGTTTCCCTTGCTTGTGGGAGTGTGG 
AGGAGGCAAGACTGGCAGGAGCCAGTTTGCTACTGGCAGGGAGTCGTCATATCTGTCCGT 
CTGTCTTACCTGAAAGCTTCGGCAGAAGCGTCAGGGCGGGTTCCGCCACCAGCCCCTCCA 
GTGACCGGACCAAGCTCCGGATGTCCGCCAGCATCCGCGGCCCAAGGGGCGCGGTTTGCT 
TTGTGGCCGGGGCGGGGGAGCTGCAGGTCGGTCCATTTTGCTACTGTGAGTCCAGCCTGG 
GTCACCACTTAACATTTTTAACACAACAAAGCAGCTTTCGGCCTGCTTTGTTGCCAAGGA 97 
AAACGATTACTATGACGACGGCGGCGCTGACCCGGGGACCAGACCAACGTATTTAGGGGG 
TCATGCCTCTCCCAGCCTATGCCACAAGGCATGTGTGTATCTCCAGAAGTCGTGCCCAAG 
GCATGTGTGTATCTCCAGAAGTCGTGCCCAAGGCTTTCTTCTATTCGTGAACCTTAGAGA 
GTCCGCAGGGGCTCCGCTGCTTCGCGGAGGCTCGTCTCGGAGCTGGCTCCCTCTGCATTC 
TCAGTGGTAGAAGCCAGAGAGGCTGCGCATGCGCACGATGGTTGCCCGGCGCCGGCCAAT 
CGCGGTCGCGGCGGTTGACGCGGCCTGGGCAGATCCTTGCAGAAAGCTGCAGGCTAGCTC 
GGGATTCCGGCTTCGCAGACAG 

Figure 3-5.  Five putative Nkx2.5 binding sites are present in the mouse Cby 2 kb promoter 
sequence (red) as determined by TRANSFAC analysis (http://motif.genome.jp/).  
Two of these sites are predicted to be high affinity binding sites with a score of 97 out 
of 100.  Exon 1, which begins the 5’ UTR, is highlighted blue.   

http://motif.genome.jp/
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Figure 3-6.  Nkx2.5 can bind to both the proximal and distal binding site on the Cby promoter in 
vitro.  A) Nkx2.5 homedomain can bind to the distal site (-1719) shown with 3-fold 
serial increasing concentrations (lanes 1-6).  B) Nkx2.5 homeodomain can bind to the 
proximal site (-370) shown with 3-fold serial increasing concentrations (lanes 1-6).  
C) Full-length Nkx2.5 can bind to the distal site (-1719) shown with 3-fold serial 
increasing concentrations (lanes 1-6).  D) Full-length Nkx2.5 can bind to the proximal 
site (-370) shown with 3-fold serial increasing concentrations (lanes 1-6).  Closed 
arrowhead, shifted probe; open arrowhead, free probe; F, free probe only lane; lane 7, 
mutated Nkx2.5; lane 8, MBP. 
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Figure 3-7.  Nkx2.5 can activate the Cby promoter.  Increasing concentrations of Nkx2.5 (0.6 
and 1.2 µg DNA) failed to activate the SV40 control luciferase, but activated Cby 
luciferase reporter dose-dependently in NIH3T3 cells; *P<0.001. An Nkx2.5 R190H 
mutant, incapable of DNA binding, does not activate the Cby reporter 
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Figure 3-8.  Cby inhibits β-catenin activity. Overexpression of Cby and constitutive active β-

catenin mutant inhibits β-catenin transcriptional activity in ESCs as measured by 
Topflash/Fopflash luciferase activity.  Open bars, topflash; closed bars, fopflash.  
Average of 3 trials are shown with standard deviation, *P<0.05. 
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Figure 3-9. Wnt/β-catenin activators inhibit cardiac differentiation of ESCs.  Wnt 3a (10 ng/mL) 
or LiCl (5 mM) were added to reduced serum media beginning at day 5 of 
differentiation of MHC-GFP ESCs.  EBs were collected on day 15 and analyzed by 
flow cytometry 
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Figure 3-10. An immunoblot showing Cby was successfully knocked-down by RNAi.  β-Actin 
was used as a loading control.  Densitometry analysis shows more than 80% 
reduction in Cby protein. 
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Figure 3-11. In vitro differentiation of Cby RNAi clone showed severely decreased 
differentiation and decreased number of beating embryoid bodies, which could be 
rescued by reexpression of human Cby.  A) Phase-contrast microscopy at days 0, 4, 7, 
10, and 14 of control and Cby RNAi clone.  Reexpression of human Cby was able to 
compensate for the loss of endogenous mouse Cby and restore normal outgrowth size 
for embryoid bodies, bar: 1 mm.  B) Percentage of beating embryoid bodies at day 10, 
12, and 14 of differentiation. Cby RNAi failed to develop beating areas compared to 
the empty RNAi vector control.  Introduction of human Cby compensated for loss of 
mouse Cby to restore beating areas.  More than 25 embryoid bodies were counted per 
condition per day (more than 75 embryoid bodies per condition in total). Open bars, 
control vector; closed bars, Cby RNAi; and shaded bars, +hCby. Data is 
representative from multiple experiments.  C) An immunoblot showing the 
reexpression of human flag-Cby in the Cby knockdown clone.  β-actin was used as a 
loading control. 
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Figure 3-12. Marker expression at early and late stages of Cby knockdown cells during 
differentiation by RT-PCR.  A) RNA expression at days 0 and 4.  In Cby knockdown or rescue 
cells, expression of ES cell markers, Oct4 and Nanog, early mesoderm marker, Brachyury, and 
primitive endoderm markers, Afp (alpha-fetoprotein) and Ttr (transthyretin) appeared normal.  
B) At day 12 of differentiation, Cby RNAi blocks induction of cardiac markers, Nkx2.5, β-MHC, 
and Mef2c, and endodermal markers, Afp, Albumin, and α-antitrypsin. Expression of these 
markers was rescued by introduction of human Cby.  Neuroectodermal markers, Nestin and 
Sox2, were upregulated in the Cby knockdown.  Markers, Collagen II, Flk1, and Cytokeratin-19 
were unaffected by the knockdown of Cby.  All data are representative from multiple 
experiments.  The effect from the loss of Cby (outgrowth formation, cardiomyocyte 
differentiation defect, and reduced marker expression) was confirmed in three independent 
knockdown clones (data not shown). 
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Figure 3-13.  Overexpression of Cby increases cardiomyocyte differentiation.  A) Induction and 
clearance of tetracycline-off inducible Cby in MHC-GFP ESCs by immunoblotting.  
Densitometry analysis shows a more than 3-fold increase after Dox removal for 72 
hrs, and rapid reduction back to near background levels after 24 hrs of Dox 
readdition.  B) An increase in MHC-GFP+ cells, as determined by fluorescent 
microscopy, when Cby is overexpressed.  Parental cell line (MHC-GFP TopES) +/- 
Dox, and MHC-GFP Cby-TRE +/- Dox, bar: 0.25 mm. 
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Figure 3-14.  An increase in the percent MHC-GFP cells and cardiac marker expression when 
Cby is overexpressed.  A) Flow cytometry analysis of parental and Cby inducible 
cells.  B) Average of 3 independent flow cytometry experiments normalized to Cby 
with Dox, *P<0.05.  C) RNA expression by RT-PCR for cardiac markers, Nkx2.5, β-
MHC, Mef2c; mesoderm marker, Collagen II; and neuroectoderm marker, Nestin. β-
actin is the loading control. 
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Figure 3-15.  The percentage of cardiomyocytes when Cby is overexpressed only in the early or 
late stages of differentiation.  Flow cytometry analysis of MHC-GFP Cby-TRE ESCs 
when doxycycline is removed during days 0-4 or 4-15 of differentiation. 

 



 

77 

 

 

 

 

Figure 3-16.  Heterogeneous expression of Nanog.  A) X-gal staining of Nanog-βgeo ESCs 
shows Nanog is heterogeneously expressed during normal ESC maintenance.  B) 
Fluorescein-di-β-D-Galactopyranoside (FDG) staining of Nanog-βgeo ESCs.  Live 
staining of ESCs confirms heterogeneous expression for Nanog. 
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Figure 3-17.  Separation and RNA expression of Nanog-βgeo heterogeneous cell types.  A) Flow 
cytometric analysis of FDG-treated control R1 ESCs.  B) FACS of FDG-treated 
Nanog-βgeo ESCs and purification of +/- cell populations.  C)  RT-PCR analysis for 
ESC markers Nanog, Oct4, Sox2, and Rex1; and endoderm marker, Gata-6, from the 
FDG-treated Nanog-βgeo +/- ESC populations. 
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Figure 3-18.  Immunocytochemisty of Nanog in R1 ESCs.  Nanog is also heterogeneously 
expressed at the protein level.  Arrows indicate neighboring cells, left arrow highly 
expresses Nanog, while the right arrow shows low expression of Nanog; bar: 0.5 mm.  
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Figure 3-19.  Microarray scatterplot analysis across treatment.  Genes present (above 
background) in at least one sample (14,458); Red=High expression, Yellow=Medium 
expression, Blue=Low expression.  Expression normalized to median value of the 
array. 
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Figure 3-20.  Gene expression profile analysis performed by GenUS Biosystems.  A Venn 
diagram depicting the increased and overlapping number of genes expressed in the 
FDG +/- FACS isolated populations. 
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Figure 3-21.  Nanog overexpression reduces primitive endoderm and Gata-6 activity.  A) RNA 
expression analysis of Nanog inducible cells.  Nanog-TRE or parental (TopES) ESC 
line were maintained in the presence or absence of doxycycline for 3 days.  RT-PCR 
was performed for ESC markers Oct4 and Nanog; endoderm markers, Gata-4, Gata-6, 
Dab2; extracellular matrix genes, Fibrillin1, Fibronectin, Laminin α1, and cell-cycle 
inhibitors INK4B and KIP1.  B) Gata-6 β-galactosidase activity in Nanog-TRE ESCs.  
Overexpression of Nanog by the removal of doxycycline reduced the activity of the 
Gata-6 reporter by almost half, but had no effect on an EF2 control reporter. 
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Figure 3-22.  Chromatin Immunoprecipitation (ChIP) of Nanog on the Gata-6 promoter in R1 
ESCs.  A) Immunoprecipitation and immunoblotting with Nanog antibody 
(Chemicon).  B) PCR analysis from ChIP assays suggest that Nanog can bind to 
primer set 1, which contains the most proximal potential binding site identified (Table 
3-5). 
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Figure 3-23.  Site-directed mutagenesis of the Nanog binding site, identified by ChIP (Figure 3-
22) on the Gata-6 β-galactosidase reporter.  Mutation of the consensus ‘ATTA’ led to 
a complete inactivity of the reporter. 
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Figure 3-24. Comparison of different lots of serum on the effect of ESC differentiation, bar 0.5 
mm. 
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Figure 3-25.  Comparison of different lots of serum and the percentage of serum on the effect of 
EB attachment after 4 days of differentiation. 
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Figure 3-26.  Comparison of different lots of serum and the percentage of serum on the effect of 
beating cardiomyocyte formation during ESC differentiation.  A reduction to 1% FBS 
generally leads to highest percent of beating cardiomyocytes. 
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Figure 3-27.  Comparison of different serum concentrations on the formation of MHC-GFP 
ESCMs by flow cytometry. 

 



 

89 

EBs in SRM + 1% FBS EBs in SRM + 20% FBS

ES cells EBs in SRM
1.6%

15.2%15.7%

34.6%

EBs in SRM + 1% FBS EBs in SRM + 20% FBS

ES cells EBs in SRM
1.6%

15.2%15.7%

34.6%

 

Figure 3-28.  Comparison of different serum concentration on the percent cell death during ESC 
differentiation.  The percentage of cell death was determined by PI staining and flow 
cytometry. 
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Table 3-1.  Gene expression profile of ESC and PE genes by microarray analysis, orange FDG+ 
> 2.0, blue FDG- < 0.5. 
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Table 3-2. Gene expression profile of cell cycle and mitotic genes by microarray analysis, orange 
FDG+ > 2.0, blue FDG- < 0.5. 
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Table 3-3. Gene expression profile of mitochondrial genes by microarray analysis, orange FDG+ 
> 2.0, blue FDG- < 0.5. 
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Table 3-4. Gene expression profile of extracellular matrix genes by microarray analysis, orange 
FDG+ > 2.0, blue FDG- < 0.5 

. 
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Table 3-5.  Potential Nanog binding sites in the 5.5 kb Gata-6 promoter, identified from the 
Nanog consensus binding sequence (C/G)(G/A)(C/G)C(G/C)ATTAN(G/C) 
determined by SELEX. 

 

251 bpSet 5-4030 : -40208/10CATAC ATTA AG12

251 bpSet 5-3843 : -38338/10GGTGC ATTA GC11

307 bpSet 4-3548 : -35387/10GGAAA ATTA GG10

307 bpSet 4-3368 : -33588/10TGAAC ATTA AG9

307 bpSet 4-3300 : -32906/10TGTTT ATTA AC8

306 bpSet 3-2589 : -25796/10AACAA ATTA GA7

306 bp Set 3-2528 : 25186/10TTTAC ATTA AC6

306 bpSet 3-2356 : -23466/10GTAAA ATTA TG5

169 bpSet 2-2035 : -20255/10CATTT ATTA TT4

169 bp Set 2-2027 : -20175/10ATTTT ATTA GC3

169 bpSet 2-1978 : -19778/10GAGAC ATTA TT2

179 bpSet 1-255 : -2458/10GGATG ATTA TG1
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Location from 
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CHAPTER 4 
DISCUSSION AND CONCLUSION 

Development of Pure, High Percentage ESCM Populations 

As discussed in great detail in the introduction, there are many obstacles that need to be 

overcome prior to using ESCM in the clinic.  One of the major difficulties for ESC-based 

therapies is the development of a pure, high percentage population of the desired cell lineage.  A 

major theme of this research investigation was to understand signaling pathways and intracellular 

factors that influence cell-fate specification, such as to ESCM.  We hope that by understanding 

theses pathways, we may then influence the cell-fate specification during the ESC differentiation 

to promote our lineage of choice, and perhaps as equally important, to reduce the resulting 

heterogeneity. 

Our data suggest that the β-catenin antagonist, Cby, facilitates cardiomyocyte 

differentiation from mouse ESCs.  We find that ectopic expression of Cby will lead to a two-fold 

increase in the number of cardiomyocytes formed.  Cby overexpression did not have any adverse 

effects on ESC maintenance or differentiation.  The expression of multiple lineage markers in the 

Cby-overexpressing embryoid bodies suggests that Cby was not increasing cardiomyocyte 

percentages by simply inducing cell death in non-cardiac lineages.  Indeed, the general 

morphology of embryoid bodies with or without Cby overexpression displayed no significant 

differences in the size of outgrowths, variety of cell lineages that developed, or the total number 

of cells.  These findings are in contrast to other reports that increase the purity of cardiomyocytes 

formed but not necessarily the total percentage of cardiomyocytes, by purification of progenitor 

cell populations or by inducing the cell death of non-cardiomyocyte lineages (Kouskoff et al., 

2005; Kanno et al., 2004).  Since the ultimate goal of ESC research is to develop a high 

percentage and pure population of specific lineage cells useful for transplantation, genetic 
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manipulation by overexpression of exogenous proteins may not be a feasible approach.  

However, by understanding the signaling pathways that are critical to cardiomyocyte 

differentiation, we may then utilize specific factors or chemicals to influence these pathways and 

improve the differentiation.  To this aim, we have attempted to use several chemicals that have 

been previously reported to directly inhibit the interaction between β-catenin and Tcf (Rice et al., 

2003; Park et al., 2005; Dashwood et al., 2002).  Unfortunately, the chemicals tested so far, 

Sulindac, Quercetin, and EGCG, have proved too toxic for use in ESC culture.   

Although we demonstrate that Cby functions to inhibit β-catenin dependent transcription 

activation of downstream genes, how Cby overexpression leads to an increase cardiomyocyte 

differentiation is still unknown.  Cby may promote the differentiation of mesoderm progenitors 

towards a cardiomyocyte fate, and away from non-cardiac mesoderm.  Alternatively, Cby may 

simply promote increased proliferation of cardiomyocytes.  Yet another hypothesis is that Cby 

may block cell death of normal cardiomyocyte turnover that may occur during ESC 

differentiation. By analyzing the percent of cardiomyocytes at a fixed time point in late stages of 

differentiation, we would thus only see the total increase the cardiomyocyte population.  While 

the mechanism of Cby function should be determined, these data suggest that by modifying 

signal transduction cascades, we may influence the resulting lineage specification. 

Recently, Wnt11 was identified as a factor to increase ESCM formation by 2-fold (Terami 

et al., 2004).  Wnt11 promotes non-canonical signaling through JNK and PKC while inhibiting 

canonical signaling through β-catenin (Maye et al., 2004).  These data therefore support our 

findings with Cby.  Several groups have suggested a role for Wnts and β-catenin in myocyte 

maturation or regeneration, which may seem at odds with findings presented here (Polesskaya et 

al., 2003; Cossu and Borello, 1999).  However, the role of Cby may not negate a role for Wnt or 
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β-catenin.  Wnts may serve to stabilize β-catenin to promote its role in adherens junctions to 

support contractility in myocytes (Toyofuku et al., 2000).  Cby may thus serve to repress the 

unwarranted β-catenin dependent transcriptional regulation.  Other groups have identified 

factors, such as Noggin, that significantly promote cardiomyocyte differentiation from ESCs 

(Yuasa et al.,2005).  Noggin was found to promote differentiation preferentially in the early 

phases of differentiation to Brachyury+ cells and lead to a 100-fold increase in cardiomyocyte 

differentiation.  However, it should be noted that the true percentage of cardiomyocytes within 

the embryoid body population was not determined in their study.  The 100-fold increase was 

determined by immunostaining and confocal microscopy.  Since embryoid bodies grow in a 3-D 

structure, the total cardiomyocytes within the population cannot be determined unless the 

embryoid body is dispersed into single cells and analyzed by flow cytometry.  The 100-fold 

increase in ESCM formation most likely does not represent 100% efficiency.  However, by using 

a combination of methods, such as described by Fukada and colleagues, and by our study, we 

may further promote cardiac differentiation to reach this ultimate goal. 

In contrast to our gain-of-function studies, which increased cardiac differentiation of ESCs, 

the loss of Cby by RNAi led to an inhibition of normal embryoid body formation, along with a 

strong decrease in the number of cardiomyocytes.  These data, coupled with our finding that Cby 

expression is ubiquitous during early stages of embryoid body differentiation, but at late stages 

of differentiation high Cby expression is found primarily in ESC-derived cardiomyocytes, 

implicates Cby in the cardiac differentiation cascade.  Cby, thus, likely inhibits β-catenin activity 

of downstream genes in precardiac mesoderm to permit the differentiation towards the 

cardiomyocyte lineage.  It is still currently unclear what genes are transcriptionally regulated by 

the Tcf/β-catenin complex that may be repressive to cardiomyocyte development.   
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Interestingly, in addition to the loss of cardiac differentiation by the knockdown of Cby, 

there was also a loss of endoderm during the late stages of differentiation (day 12), but not 

during the early stages of differentiation (day 4).  This suggests that while Brachyury+ 

mesendoderm progenitors form normally, their subsequent differentiation to specified mesoderm 

or endoderm lineages is defective.  Additionally, we find an increase in neuroectoderm markers 

expression in the Cby RNAi.  Since, β-catenin activity has been reported to be required for 

neural differentiation of ESCs, the loss of the β-catenin antagonist, Cby, may promote neural 

differentiation at the expense of mesoderm and endoderm differentiation (Otero et al., 2004).  

Alternatively, neuroectoderm lineages may simply be over-represented due to the loss of other 

cell types. 

The finding that the homeodomain containing protein, Nkx2.5, can bind to and activate the 

Cby promoter is of significant interest.  Nkx2.5 plays a critical role in early cardiac development, 

as the knockout mice are embryonic lethal at day 9-10 postcoitum with a strong defect in looping 

morphogenesis (Lyons et al., 1995).  Nkx2.5 has also been shown to be essential for in vitro 

cardiac differentiation through the use of Nkx2.5 dominant negatives in P19 embryonal 

carcinoma cells (Jamali et al., 2001).  Since Cby knockdown led to reduced Nkx2.5 expression 

during ESC differentiation, and Cby overexpression increased Nkx2.5 expression, it is possible 

that Nkx2.5 and Cby may regulate each other through a positive feedback loop to enhance 

cardiac differentiation. The regulation of Cby by Nkx2.5 may also represent a novel mechanism 

by which Nkx2.5 can affect the Wnt/β-catenin signaling cascade.    

In summary, our data strongly indicates that the inhibition of β-catenin signaling by Cby, 

most likely following the onset of Brachyury-positive mesendoderm progenitors, is a key step in 

forming cardiomyocytes from ESCs.  Inhibition of the Wnt/β-catenin pathway, perhaps by the 
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use of small inhibitory molecules, may provide a useful tool to increase cardiomyocyte 

differentiation from ESCs.  By understanding the intracellular signaling pathways that control 

cardiomyocyte differentiation from ESCs, we may further facilitate the potential use of ESCs in 

cell-replacement therapies for cardiovascular injury and disease.   

Heterogeneity of ESCs 

Heterogeneity during ESC differentiation is a major concern for the use of ESCM in cell-

based therapies.  To further complicate matters, we have found that ESCs are also a 

heterogeneous cell type.  By examining the expression of Nanog, we have found that during ESC 

culture, Nanog does not have a ubiquitous expression, and 6% of cells in an ESC culture stains 

negative for Nanog.  By examining the expression profile of the Nanog positive and negative 

cells, we found that most ESC markers were more highly expressed in the Nanog positive cells.  

Furthermore, we found that in the Nanog negative cells, markers for primitive endoderm, Gata-6, 

Gata-4, and Disabled-2, were more apparent.  Additionally, we found that genes important for 

cell-cycle regulation and mitochondrial function were more highly expressed in the Nanog 

positive cells, while genes that may be inhibitory to the cell cycle and genes involved in 

extracellular matrix (ECM) formation were more highly expressed in the Nanog negative 

population.  The identification of ECM genes in the Nanog negative population was quite 

surprising, as this suggests that this cell-type is more differentiated than we previously imagined.  

However, neither markers for visceral endoderm, AFP and Ttr, nor pariental endoderm, SPARC, 

were expressed in the Nanog negative cells.  This suggests that this cell lineage is more likely to 

represent an early primitive endoderm lineage that has yet to further commit to visceral or 

parietal endoderm. 

Recently, work from Janet Rossant’s group has shown that early stage E3.5 blastocyst 

embryos also show heterogeneity in the expression of markers for Nanog and Gata-6 in a “salt & 
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pepper” configuration (Chazaud et al., 2006).  Previous models for the development of hypoblast 

vs. epiblast, suggested that the cellular location specified the resulting cell-lineage.  However, 

her work suggests that heterogeneity exists in the early blastocyst and a “sorting out” mechanism 

may occur to specify the hypoblast and epiblast lineages.  Considering this data, along with our 

data showing the heterogeneity of ESCs, suggest that ESCs may be more representative of the 

inner cell mass from an early blastocyst, than previously thought.   Furthermore, the aggregation 

of ESCs may also facilitate a sorting out mechanism to permit further differentiation to visceral 

endoderm.  This work, thus, demonstrates how the ESC model of differentiation may recapitulate 

early embryonic development. 

The low levels of Gata-6 expression during ESC maintenance have been well documented 

by others (Fujikura et al., 2002).  We predict that the Gata-6 positive cells are the differentiated 

progeny of the Nanog positive cells.  However, we speculate that because of the low expression 

of cell-cycle regulatory genes in the Gata-6 positive cells, these cells do not proliferate well, and 

are unlikely to sustain themselves in prolonged culture.  As the Nanog positive cells do express 

many cell-cycle genes, they have a high capacity for proliferation, and thus remain as the 

dominant cell-type in the heterogeneous population.   

Our lab has shown that the FGFR/Grb2/Ras/Mek/Erk pathway is responsible for the 

repression of Nanog and development of primitive endoderm (Hamazaki et al., 2006).  In the 

presence of a FGFR inhibitor, there is a clear loss of Gata-6 expression and an increase in Nanog 

expression.  This suggests that this inhibitor will block the low level differentiation to PE that 

naturally occurs during ESC maintenance.  Furthermore the use of this inhibitor, or an inhibitor 

against Mek, would be sufficient to reduce the heterogeneity during ESC maintenance, which 

would likely be useful for ESC-based therapies.  However, the question remains as to whether 
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the Gata-6 positive cells support the growth of the Nanog positive cells, such as by the 

development of ECM.  Two pieces of evidence may contradict this hypothesis.  First we, and 

others, have shown that the overexpression of Nanog is sufficient to maintain ESCs in the 

absence of LIF.  In this culture condition, the low level of expression of Gata-6 is lost, along 

with the heterogeneity during ESC maintenance.  We have been able to maintain ESCs in this 

manner for several months, suggesting that the expression of Gata-6 positive cells is not required 

for the survival of the Nanog positive cells.  Second, using Nanog-βgeo ESCs, we can maintain 

this cell line in the presence of G418, for several months.  Again, the expression of Gata-6 

positive cells and the heterogeneity is lost.  This then confirms that Nanog-positive cells do not 

require Gata-6 positive cells for survival.  While we found that the Nanog-positive cells can 

grow in the absence of Gata-6 positive cells, it is still more difficult to deny that the Gata-6 

positive cells support the growth of the Nanog positive cells or vice-versa.  Further investigation 

will be needed to address this difficult question. 

Nanog was previously predicted to serve a direct repressor for Gata-6 transcription (Mitsui 

et al., 2003).  Since we found that Nanog and Gata-6 are expressed in separate subpopulations in 

ESCs, we decided to investigate if Nanog could truly repress Gata-6.  We were able to determine 

that Nanog overexpression could repress Gata-6 RNA expression, and also reduce the activity of 

a Gata-6 reporter.  Using chromatin immunoprecipitation methods we were able to determine a 

binding site for Nanog in a proximal region to the Gata-6 transcriptional start site.  Surprisingly, 

the mutation of this site in a Gata-6 reporter led to an inactivity of the reporter.  We hypothesize 

from this finding that this site on the Gata-6 promoter may serve to both positively and 

negatively regulate Gata-6 expression.  Nanog may thus compete with other factors that normally 

activate Gata-6 transcription.  Recently, Gata-6 was identified as a direct target of Nanog using 
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ChIP on Chip based screening in human ESCs (Boyer et al., 2005).  This site was also in a 

proximal region to the Gata-6 transcription start site.  This finding confirms our data that Nanog 

directly repress Gata-6 in mouse ESCs.  In summary, the relationship between Nanog and Gata-6 

likely dictates the heterogeneity during ESC culture.  By further understanding the relationship 

between these two factors, and the signaling pathways that regulate their expression, we will be 

able reduce the heterogeneity during ESC maintenance and further promote the potential use of 

ESCs for cell-based therapeutics. 

Reproducibility of ESCM Formation 

Another major issue for using ESCM in a clinical setting is the reproducibility of lineage-

specific differentiation.  The classical method for the differentiation of ESCs to cardiomyocytes 

calls for the use of the ‘hanging drop’ method with differentiation media that contains a high 

percentage of serum, usually 15-20%.  However, one of the drawbacks from this procedure is the 

experimental inconsistency that occurs.  In general, we have found that the percentage of ESCM 

formed during differentiation can vary from none, to as low as 0.1%, to as high as 5.0%.  As the 

procedure itself does not vary between experiments, we sought to determine the reason for such 

high rates of inconsistency. 

We reasoned that the major unknown in the procedure was the use of Fetal Bovine Serum 

in the differentiation media.  To investigate if this was a likely cause, we compared 4 different 

lots of serum from 3 independent companies.  Furthermore, the percentage of serum in the media 

has also been suggested to influence cardiomyocyte differentiation, so we also compared this 

factor during the experiment (Sachinidis et al., 2003; Passier et al., 2005).    From our initial 

experiments, we found that serum was absolutely required during the initial aggregation of 

ESCs.  Without any serum, or if we tried to replace the serum using KSR (Invitrogen) or SRM 

(Sigma), we were unable to develop any embryoid bodies.  When we reduced the serum during 
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later stages of differentiation, we found this also affected cell growth and there was an increased 

amount of cell death in the absence of serum.  Furthermore, serum was important for the 

attachment of embryoid bodies at day 4.  When we looked at the percentage of ESCM formation, 

we found that serum did indeed play a significant role in experimental variability, as we found 

one lot of serum was significantly better than the others to permit cardiomyocyte differentiation.  

More interestingly, we found that the percentage of serum played a critical role.  While high 

serum concentrations seemed to be necessary for the initial aggregation and embryoid body 

formation, a reduction in serum to 1% seemed more beneficial during the later stages of 

differentiation to facilitate cardiomyocyte differentiation.  These data suggest that serum contains 

both positive and negative factors that influence cardiomyocyte differentiation from ESCs.  In 

summary, we find that both the quality and the quantity of serum will affect cardiomyocyte 

differentiation from ESCs.  However, we should consider that serum itself is not ideal for use in 

the development of ESCM in cell-based therapies.  The use of animal products should be 

avoided in preparation of ESCM as this would contaminate the cell-type and render it useless in 

cell transplantation treatments.  More research needs to be performed to develop methods for the 

differentiation of ESCs in serum-free conditions. 

Concluding Remarks 

The obstacles that challenge ESC researchers are serious and complicated.  Some of these 

obstacles include ethical, social, and political controversies, immune tolerance and rejection, 

heterogeneity during ESC maintenance and differentiation, and experimental inconsistency.  The 

focus of the present research investigation was on the latter two, with an emphasis on 

understanding the signaling pathways and factors that regulate both ESC maintenance and 

differentiation to ESCM.  Cardiovascular diseases are the leading cause of death in the United 

States, and are perhaps one of the areas where ESC-based therapeutics may be most beneficial.  
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ESCs could theoretically provide an unlimited source of ESCM, which may be useful in 

transplantation and subsequent regeneration of damaged cardiac tissue. 

When considering the use of human ESCs for cell-based therapies, three areas are of 

critical interest.  First, we should consider the source of the cells.  Human ESCs are traditionally 

derived from the destruction of the pre-implantation blastocyst.  This is thus the area with the 

highest level of ethical and political controversy.  As the techniques emerge for the development 

of ESCs that do not lead to the destruction of the embryo, we feel that this consideration will no 

longer be at the forefront of ESC research.  The second area we must consider is the self-renewal 

of ESCs.  ESCs should be maintained in a feeder-free, serum-free environment that would allow 

for the propagation of the cells without the occurrence of genetic mutations, epigenetic 

modifications, or chromosomal aberrations.  Lastly, the third area we should consider is the 

differentiation to our lineage of choice.  Again, this should be performed in a serum-free 

environment, where we may obtain a pure, high percentage population of cells useful for 

transplantation that is free of any permanent genetic modifications.  We believe that by 

understanding the signaling pathways that regulate lineage specification, these goals may be 

achieved.  In particular, through the use of various factors, ECM, chemicals, peptides, or 

scaffolds, lineage-specific differentiation may be attainable.  In conclusion, while there are many 

difficulties that are yet to be overcome, continuous research on basic science with ESCs may be 

very fruitful for the future development of treatments with cell-based therapies.   
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