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Abstract 

Understanding the establishment of polarity and the cell fate specification of epithelial cells is 

important for developmental biology, regenerative medicine and the study of cancer.  In this 

thesis, models of pre-implantation epithelial development are used to investigate the 

relationship between these two processes.  

 

The trophoblast is an extraembryonic epithelial tissue which contributes to the placenta.  

Addition of BMP4 to mouse and human embryonic stem (mES) cells grown in culture has been 

suggested to induce differentiation of cells to the trophoblast lineage.  The use of this 

differentiation method was investigated as a possible model of trophoblast polarisation and 

cell fate specification.    Unfortunately, with the protocol and reagents available this model did 

not appear to physiologically recapitulate trophoblast development and was not reliable.  

 

The primitive endoderm is an epithelium which arises from the inner cell mass during 

mammalian pre-implantation development.  It faces the blastocoel cavity and later gives rise 

to the extraembryonic parietal and visceral endoderm.  When mES cells are grown in 

suspension they form aggregates of differentiating cells known as embryoid bodies. The outer-

most cell layer of an embryoid body is an epithelial cell type comparable to the primitive 

endoderm.  Embryoid bodies were used here to study the polarisation and cell fate 

specification of the primitive endoderm.  The outer cells of these embryoid bodies were found 

to gradually acquire the hallmarks of polarised epithelial cells and express markers of primitive 

endoderm cell fate.  The acquisition of epithelial polarity occurred prior to the maximal 

expression of cell fate markers.  

 

Fgfr/Erk signalling is known to be required for specification of the primitive endoderm, but its 

role in polarisation of this tissue is less well understood. To investigate the function of this 

pathway in the primitive endoderm, embryoid bodies were cultured in the presence of a small 

molecule inhibitor of Mek.  This inhibitor caused a loss of expression of markers of primitive 

endoderm cell fate and maintenance of the pluripotency marker Nanog.  In addition, a 

mislocalisation of apico-basolateral markers and disruption of the epithelial barrier which 

normally blocks free diffusion across the epithelial cell layer occurred. Two inhibitors of the Fgf 

receptor elicited similar phenotypes, suggesting that Fgf receptor signalling promotes Erk-

mediated polarisation. This data shows that the formation of a polarised primitive endoderm 

layer in embryoid bodies requires the Fgfr/Erk signalling pathway.   
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1.1 Epithelia 

Epithelial tissues line and separate different compartments of the body, they contain sheets of 

epithelial cells tightly packed together (St Johnston and Ahringer, 2010).   The main function of 

an epithelium is to act as a selectively permeable barrier that regulates the transport of 

molecules between cellular compartments (St Johnston and Ahringer, 2010).  To perform this 

function epithelial cells are apico-basolaterally polarised, meaning that they have a different 

lipid and protein composition in the apical and basolateral domains of the cell (Figure 1.1) 

(Müller, 2000; St Johnston and Ahringer, 2010).  Epithelial cells contain specialised junctions 

between the cells to maintain the adherence of the cells together, and to regulate the 

movement of molecules across the epithelial sheet and between the epithelial cells (Figure 

1.1).   

 

Epithelia are divided into categories on the basis of the number of layers within the 

epithelium; simple epithelia have one layer, stratified are multilayered, and pseudostratified 

have only one layer but the nuclei are arranged so that it appears multilayered (Lee and 

Norden, 2013).  Additionally, each of these types of epithelia can be classified on the basis of 

their shape.  Squamous epithelia are wider than they are tall, cuboidal epithelia are equally 

wide as they are tall, and columnar epithelia are taller than they are wide.   

 

Understanding the establishment and maintenance of epithelial polarity is important for two 

main reasons.  Firstly, most cancers originate from epithelial tissues and a loss of polarity is a 

hallmark of cancer (Royer and Lu, 2011).  Secondly, many tissues within an organism are 

epithelial, it is therefore important for developmental biology and regenerative medicine to 

understand the development of these tissues (Bryant and Mostov, 2008).  This thesis will focus 

on the development of preimplantation epithelia in the mouse. 
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Figure 1.1: Polarised epithelial cells form an epithelial sheet which lines and separates 
compartments within an organism. 
Epithelial cells have apico-basolateral polarity, they have different lipid and protein 
composition in these domains.  Microvilli are present on the apical side, whilst the basement 
membrane forms on the basal side.  They have four different types of junctions.  Tight 
junctions are important in regulating transport of molecules across the epithelial sheet.  
Adherens junctions and desmosomes are critical for the adhesion of epithelial cells to each 
other, maintaining them in a sheet.  Gap junctions allow the movement of ions and small 
molecules between adjacent cells.  Epithelial cells can be layered in a stratified epithelia as 
shown here. 
 

1.1.1 Polarity determinants 

The polarisation of epithelial cells requires the function of complexes of polarity proteins 

(Figure 1.2).  These proteins coordinate with each other to form and maintain a cell which is 

apico-basolaterally polarised and develops cell-cell junctions (Assémat et al., 2008). 
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Par complexes 

The first polarity complex to be identified was the Par complex.  Par polarity proteins were 

originally discovered in C. elegans for controlling the polarisation of P granules during 

cleavage, these mutations also result in defects in cleavage timing, patterning and localisation 

of the P granules (Kemphues et al., 1988).  In Par-6 mutants; Par-1, Par-2, and Par-3 are mis-

localised in early embryos suggesting that Par-6 is required to localise these other proteins 

(Watts et al., 1996).  Later, Pkc-3, an atypical-Protein kinase c (aPkc) was shown to directly 

interact with Par-3 (Tabuse et al., 1998).  These two proteins are co-dependent, and also 

depend on three other Par proteins (Tabuse et al., 1998).  This established the idea that the 

Par proteins and aPkc form a complex together which is important for epithelial polarity 

(Tabuse et al., 1998).  Homologues of the Par complex proteins exist in Drosophila 

melanogaster, similarly to C. elegans they are required for cellular polarity.  The aPkc complex 

exhibits an apically restricted localisation in Drosophila epithelial cells (Benton and St Johnston, 

2003). It has been shown that Par1 phosphorylates Bazooka (Drosophila Par3 homolog) 

thereby excluding the Bazooka-Par-6-aPkc complex from the lateral domain and restricting it 

to the apical domain (Benton and St Johnston, 2003). 

 

In mammals there are two identified aPkc proteins.  aPkcζ was first identified as a member of 

the Protein kinase c family.  It was noted however that all other members of the Protein kinase 

c family have a tandem repeat of the characteristic cysteine-rich zinc-finger-like sequence in 

the regulatory domain, whilst Pkcζ has only one (Ono et al., 1989).  This and other biochemical 

differences suggest it belongs to a separate related family, now known as aPkc (Ono et al., 

1989).  Both aPkcζ and aPkcλ/ι (λ in mouse, ι in human) are important for epithelial 

polarisation.  aPkcλ has similar structural and biochemical properties to aPkcζ, and is therefore 

also part of the atypical family of Protein kinase c (Selbie et al., 1993).  It was first shown in  

Madin darby canine kidney (MDCK) cells that aPkcλ co-localises at the tight-junction with Par-3 

protein to which it can bind (Izumi et al., 1998).   The calcium switch assay involves transferring 

cells to calcium free media which results in a loss of polarity.  Upon transfer to media 

containing calcium the formation of epithelial junctions and polarisation can be observed.  

Expression of a dominant-negative point mutant in aPkcλ or aPkcζ in MDCK cells prevents Zona 

occludens-1 (Zo-1) and other tight junction components from localising at the tight junction 

and forming a tight junction after calcium switch, demonstrating that aPkc is required for tight 

junction formation  (Suzuki et al., 2001).   

 

Cdc42 is another protein which forms part of the Par polarity complex.  In its active GTP-bound 

state, Cdc42 protein is linked to aPkc via Par-6 forming a complex with Par-3 (Joberty et al., 
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2000).  Overexpression of Par6 stimulates aPkcζ activity suggesting that the interaction of Par6 

with aPkcζ regulates the activity of aPkcζ, this occurs in a Cdc42 dependent manner (Qiu et al., 

2000).  Overexpression of Par6 causes mis-localisation of Par3, Zo-1 and aPkcζ from the tight 

junction (Joberty et al., 2000).  An activated mutant of Cdc42 also disrupts the co-localisation 

of Par3 and Zo-1, and tight junction formation suggesting that tight junction assembly depends 

on this complex.  This therefore demonstrates that the Par3-Par6-Cdc42-aPkc complex is 

required for the establishment and maintenance of mammalian epithelial cell polarity. 

 

Crumbs complex 

One of the complexes present in apico-basolaterally polarised epithelial cells is the Crumbs 

complex.  The Crumbs complex consists of three proteins which were all originally discovered 

in Drosophila melanogaster.  Crumbs protein was the first protein of the complex to be 

identified (Tepass et al., 1990).  It localises at the apical membrane of epithelial cells.  

Mutations in the Crumbs gene result in organisational defects in epithelia, suggesting it is 

required for the establishment and/or maintenance of cell polarity (Tepass et al., 1990).  

Overexpression of Crumbs causes an expansion of the apical plasma membrane of a cell 

(Wodarz et al., 1995).  There are three mammalian Crumbs genes 1-3 which each have 

different expression patterns (Assémat et al., 2008).  Crumbs 1 is expressed in the retina and 

brain, Crumbs2 has the same expression pattern as Crumbs 1 whilst also being expressed in 

the kidney.  Crumbs 3 is expressed in skeletal muscles and all epithelial tissues.  Mutations in 

Stardust, a different protein component of the Crumbs complex results in a similar phenotype 

in Drosophila melanogaster to that seen in Crumbs mutants suggesting that it is also required 

for apico-basolateral polarisation (Tepass and Knust, 1993).  The mammalian homologue of 

Stardust is Pals1. The final component of the Crumbs complex is PatJ.  The locus which 

encodes PatJ is Discs Lost; it encodes multiple proteins which when mutated cause mis-

localisation of Crumbs, causing a loss of polarity (Bhat et al., 1999).  dPatJ has since been 

shown to itself be required for polarisation of Drosophila epithelial cells (Nam and Choi, 2006).  

 

Scribble complex 

The last epithelial polarity complex described here is the scribble complex.  It is composed of 

three components, Scribble, Lethal giant larvae (Lgl), and Discs-large (Dlg), and is required for 

the establishment of the apical domain.  Mutations in the Drosophila Melanogaster Scribble 

protein cause mis-shaping of cells, a disruption of the wild-type monolayer organisation of 

epithelia, and a mislocalisation of apical proteins and adherens junctions to the basolateral 

domain (Bilder and Perrimon, 2000).  Scribble localises in Drosophila Melanogaster at the 
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equivalent of the mammalian tight junction, known as the septate junction (Bilder and 

Perrimon, 2000).  It is found in mammalian epithelial cells to localise at the adherens junction 

where its localisation is dependent upon E-cadherin, whilst the localisation of E-cadherin is 

dependent upon Scribble (Navarro et al., 2005).  The scribble complex is also composed of Lgl 

and, Dlg which were both discovered in Drosophila melanogaster to be required for epithelial 

polarisation (Bilder et al., 2000).  Dlg localises with Scribble at the septate junction, whilst Lgl 

mostly localises at the plasma membrane, but its expression is not polarised (Bilder et al., 

2000).  Genetic interaction of these three proteins; Scribble, Lgl, and Dlg suggest that they 

work in a common pathway (Bilder et al., 2000).  In mammals Lgl and Dlg localise in epithelial 

cells to the lateral plasma membrane, Lgl also localises in the cytoplasm (Müller et al., 1995; 

Müsch et al., 2002). 

 

Interactions between the polarity complexes 

The polarity protein complexes interact with each other in order to maintain their localisation, 

activity, and the apico-basolateral polarisation of the cells (Figure 1.2).  It has been shown in 

Drosophila, using multiple Lgl mutants, that Lgl can act as dose-dependent enhancer of 

Crumbs (Tanentzapf and Tepass, 2003).  Lgl can also rescue a Crumbs or Stardust loss of 

function phenotype, suggesting that Lgl normally limits Crumbs.  Dlg and Scribble mutants also 

have the same effect as Lgl in these experiments suggesting that the Scribble complex 

negatively regulates the function of the Crumbs complex.  Additionally, Drosophila 

melanogaster embryos that lack Bazooka (Par-3 homolog) and Dlg have an identical phenotype 

to the Bazooka mutant embryos, suggesting that the scribble complex also inhibits the Par 

complex in Drosophila (Bilder et al., 2003).   It has also been shown in Drosophila neuroblasts 

that aPkc can also inhibit the Scribble complex by phosphorylating Lgl (Betschinger et al., 

2003).  Phosphorylated Lgl can then no longer associate with the apical membrane or actin, 

restricting it to the basolateral membrane.  Additionally, Lgl associates with the Par complex 

and inhibits the interaction of the complex with other partners suggesting a mutual 

antagonism between Lgl and the Par complex (Yamanaka et al., 2003).  The interaction 

between Lgl and aPkc was confirmed in vivo in the vertebrate epithelial model Xenopus laevis 

(Chalmers et al., 2005).  The overexpression of Xenopus Lgl2 in blastomeres has the same 

phenotype as an aPkc knockout, and Lgl can rescue the overapicalisation caused by 

overexpression of aPkc suggesting that Lgl and aPkc act antagonistically. The antagonistic 

effect of the Scribble complex on the Crumbs and Par complexes maintains the basolateral 

domain whilst the Crumbs, and Par complexes also antagonises Scribble activity, maintaining 
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the apical domain (Betschinger et al., 2003; Bilder et al., 2003; Chalmers et al., 2005; 

Yamanaka et al., 2003). 

 

A computer model of the mutually antagonistic relationships between polarity complex 

proteins outlined above suggest that they are not sufficient to maintain polarity of the cells 

(Fletcher et al., 2012).  A model however, including both mutual antagonism between apical 

and basal determinants and positive feedback of the apical determinants does generate and 

maintain polarity within a cell.  Work in Drosophila Melanogaster has suggested that this 

positive feedback loop causes self-recruitment of apical determinants to the plasma 

membrane (Fletcher et al., 2012).  Crumbs molecules recruit additional Crumbs molecules via 

the extracellular domain.  Crumbs is phosphorylated by aPkc and Stardust and the aPkc-Par6-

Cdc42 complex is recruited to the new Crumbs molecule.  The phosphorylation of Crumbs by 

aPkc is required to stabilise it at the plasma membrane, preventing its endocytosis.  The basal 

determinant Lgl acts to inhibit this positive feedback, therefore causing the endocytosis of 

Crumbs from the basolateral membrane.   
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Figure 1.2: Protein components of the three epithelial polarity complexes 
Epithelial polarity complexes are present within epithelial cells to establish and maintain the 
apico-basolateral polarisation of the cell.  There are three main polarity complexes: Crumbs 
(Crumbs-PatJ-Pals) shown in pink, Par (Par6-Par3-aPkc) shown in orange, and Scribble (Scribble 
(Scribble-Dlg-Lgl) shown in blue.  The Crumbs and Par complexes define the apical membrane 
domain, whilst the Scribble complex defines the basolateral membrane domain.  The proteins 
within the complex interact with each other to ensure that each of the domains is maintained, 
and therefore the cell remains polarised (Modified from (Bryant and Mostov, 2008; Coradini et 
al., 2011). 
 

1.1.2 Epithelial Junctions 

In addition to maintaining polarity the polarity complexes help to maintain the four main types 

of junctions present in epithelial cells; tight junctions, adherens junctions, desmosomes and 

gap junctions.  Each of these junctions is composed of different proteins and has a different 

role to contribute to the epithelial sheet (Figure 1.3). 
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Tight junctions 

Tight junctions are the most apical junction found in epithelia (Balda and Matter, 1998; Matter 

and Balda, 2007; Shin et al., 2006; Steed et al., 2010).  They function as a semi-permeable 

barrier to regulate movement of solutes between the two compartments which the epithelia 

separates (Anderson et al., 2004).  It is predominantly their protein composition which makes 

them leakier allowing the transport of different solutes into the adjacent compartment 

(Anderson et al., 2004).  Tight junctions were originally also thought to act as a fence, a 

phsycial blockade which prevents the diffusion of lipids and transmembrane proteins to 

maintain the polarity of the epithelial cell.  Recent studies however, show that loss of two of 

the key components of the tight junction, Zo-1 and Zo-2 has no effect on the polarisation of 

the cells, suggesting that tight junctions may not have a role in maintaining the polarisation of 

the cell (Umeda et al., 2004). 

 

Tight junctions are composed of transmembrane proteins which form the pore and act as the 

diffusion barrier.  The transmembrane proteins bind to a cytoplasmic plaque of adaptor 

proteins which link the junction to the cytoskeleton as well as acting as a signalling platform 

(Figure 1.3) (Matter and Balda, 2007).   There are three main families of transmembrane 

proteins present in the tight junction.  The Jams (Junctional adhesion molecules) are members 

of an immunoglobulin subfamily, there are three Jams (A-C).  At the tight junction Jams 

interact with Zo-1, Mupp1 and the polarity complex component Par-3 (Ebnet et al., 2004).  The 

role of Jam-A binding to Par-3 suggests that it might be required for the initial polarisation of 

cells (Ebnet et al., 2004).   

 

Claudins are another group of transmembrane proteins, they have four transmembrane 

domains (Furuse et al., 1998).  At least 24 claudins have been identified (Shin et al., 2006).  

Claudins form the strands of the tight junction which are present around the lateral membrane 

of the cell.  Expression of Claudin-2 in MDCK1 cells which do not usually express Claudin-2 

decreases the transepithelial resistance (TER) of the cells to that of MDCK2 cells which do 

express Claudin-2 (Furuse et al., 2001).   This suggests that it is the combination of Claudins 

which are present at the tight junction which regulates the paracellular permeability of the 

tight junction.  Claudins each have different selectivity against charged solutes due to the 

presence of different charges in the extracellular loop which forms the pore, this regulates 

whether cations or anions are able to pass through the pore (Anderson et al., 2004). For 

example, in MDCK cells mutating negatively charged residues in the extracellular loop of 

Claudin-15 to positively charged residues reverses its selectivity from cations to anions 
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(Colegio et al., 2002).  Similarly, substituting a negative charge for a positive charge in the 

extracellular loop of Claudin-4 increases paracellular Na+ permeability. 

 

The final group of transmembrane proteins within the tight junction is Occludin.  Occludin also 

consists of four transmembrane domains, and contributes to the strands of the tight junction 

(Furuse et al., 1993).  Overexpression of Occludin in MDCK cells results in an increase in TER 

suggesting that Occludin also functions in the regulation of paracellular transport in the tight 

junction (McCarthy et al., 1996).  Mammalian Occludin proteins are highly homologous, having 

90% amino acid sequence similarity with each other (Ando-Akatsuka et al., 1996).  Occludin is 

phosphorylated by Ck2 at S408 which enables it to phosphorylate T404 and T400 (Raleigh et 

al., 2011).  S408 phosphorylation is therefore the rate limiting step and potentially most 

important.  When S408 is phosphorylated, more Occludin-Occludin interactions occur, and less 

Occludin is present at the tight junction, this releases Zo-1, and promotes cation flux through 

Claudin-1 and Claudin-2 pores.  Conversely, when S408 is dephosphorylated, Occludin-Zo-1 

interactions are stabilised, this prevents Claudin-1 and Claudin-2 but not Claudin-4 pore 

assembly or opening, causing paracellular cation flux to decrease.   

 

The cytoplasmic plaque is essential for the transmembrane proteins to bind to, to attach the 

junction to the cytoskeleton, and to allow signalling.  Zo proteins belong to the Membrane-

associated guanylate kinase (Maguk) family of proteins, there are three Zo proteins (1-3) (Shin 

et al., 2006).  Zo proteins interact with F-actin and actin-binding protein (Shin et al., 2006).   Zo-

1 is recruited to Cadherin-based adherens junctions prior to formation of tight junctions during 

polarisation of epithelial cells (Yonemura et al., 1995).  Zo-1-/- epithelial cells are unable to 

form a tight junction initiated by Ca2+ switch, suggesting that Zo-1 is important in the 

formation of tight junctions (Umeda et al., 2004).  The cytoplasmic plaque is also composed of 

membrane-associated guanylate kinase with inverted domain structure (Magi) proteins (eg. 

Magi-1) which are involved in signal transduction from the tight junction (Shin et al., 2006).  

Cingulin is also present at the cytoplasmic surface of epithelial tight junctions.  Cingulin is 

important in linking the tight junction with the actin cytoskeleton as it interacts with many 

other tight junction components as well as actin (Shin et al., 2006). 

 

Adherens junctions 

Adherens junctions are localised slightly basal to the tight junctions in epithelia. Their main 

function is in regulating the adhesion of adjacent cells within the sheet and linking the 
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cytoskeletons of these cells to maintain the architecture of the epithelial sheet (Niessen and 

Gottardi, 2008; Rudini and Dejana, 2008).   

 

The adherens junction is formed from two pairs of adhesive components (Figure 1.3).  

Cadherins are single-pass transmembrane proteins which are Ca2+-dependent cell adhesion 

molecules (Ozawa et al., 1989).  The cytoplasmic domain of Cadherins interacts with 

cytoplasmic proteins known as Catenins which link the adherens junction to the cytoskeleton 

(Ozawa et al., 1989).  In the adherens junction, β-catenin or Plakoglobin (γ-catenin) binds 

directly to a specific recognition site within the Cadherin whilst also binding to α-catenin which 

binds to Actin (Ozawa et al., 1990; Rimm et al., 1995).  Interestingly, β-catenin also has a very 

important role in signalling in the Wnt signalling cascade (Valenta et al., 2012).  p120-catenin 

has important roles in regulating the Cadherin adhesions (Niessen and Gottardi, 2008).   

 

The second pair of adhesive components is Nectin and Afadin.  Nectins are Ca2+-independent 

immunoglobulin-like cell-cell adhesion molecules (Irie et al., 2004; Takahashi et al., 1999).  

During polarisation it is Nectins which form initial ‘spot-like’ cell-cell contacts and recruit E-

cadherin through Afadin and Catenins to induce the formation of the adherens junctions (Irie 

et al., 2004).  Nectin interacts with Afadin, which links this complex to the actin cytoskeleton in 

adherens junctions (Takahashi et al., 1999). 

 

Desmosomes 

Like adherens junctions, Desmosomes are another type of junction which are important for 

the adherence of the cells to each other by tethering the intermediate filaments to the plasma 

membrane (Delva et al., 2009; Getsios et al., 2004).  Desmosomes also consist of 

transmembrane proteins which regulate the adherence of cells (Figure 1.3).  They attach to the 

cytoskeleton via the plaque proteins (Delva et al., 2009).  The transmembrane Cadherin 

proteins Desmoglein and Desmocollin bind to outer dense plaque protein Plakoglobin and 

Plakophilin (Delva et al., 2009).  Plakoglobin then binds to Desmoplakin linking the outer 

plaque to the inner plaque.  The inner plaque is composed of the interaction between 

Desmoplakin and the Keratin filaments of the cytoskeleton (Delva et al., 2009). 

 

 Gap Junctions 

Gap junctions are groups of intercellular channels creating a 2nm gap which permits the 

diffusion of ions and small molecules between cells (Goodenough and Paul, 2009).  The gap-

junction channels are made from hexamers of proteins known as Connexons (Figure 1.3).  
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Different connexins exist which can form homomeric or heteromeric hexamers (connexons) 

(Goodenough and Paul, 2009).    This means that there are many different combinations of 

connexons which can be used to form a channel, these different combinations cause the 

channel to have different physiological properties, and will allow movement of different 

molecules.  The gap junction channels are regulated by changing the conductance of single 

channels, or altering the number of channels present in the membrane. 

 

Extracellular matrix (ECM) 

Epithelia are attached to a basement membrane which is composed of extracellular matrix 

(ECM) proteins (Hynes, 2009).  There are many extracellular matrix proteins such as type IV 

Collagens, Laminins, Fibronctin, Nidogen and Perlecan (Hynes, 2009).   The basement 

membrane provides support to epithelial cell layers, as well as establishing the basal side of 

the cell.  It is important in epithelia as well as other cells for cell signalling in differentiation, 

proliferation and survival (Hynes, 2009).  Additionally, in other cell types the ECM is important 

as a substrate for migrating cells.  Epithelial cells interact with the ECM through receptors such 

as Integrins, which link the cytoskeleton with the extracellular matrix (Barczyk et al., 2010).  

Through interaction with the basement membrane Integrins have a role in regulating tissue 

polarity (Akhtar and Streuli, 2013).  In a 3 dimensional (3D) mammary-culture model, binding 

of β1-integrin to the basement membrane, and subsequent intracellular signalling through 

Integrin-linked kinase is required for the formation of the basolateral surface, but not the 

apical membrane (Akhtar and Streuli, 2013).  β1-integrin orients the epithelial polarity through 

endocytosis of apical components from the cell basement membrane.  This mechanism is 

required for the both establishment and maintenance of polarisation in these cells. 

 

Epithelial junctions in mES cells and the primitive endoderm 

There is currently limited understanding of whether mES cells have epithelial junctions, and 

what their role may be.  E-cadherin cell-cell contacts exist in mES cells and are required to 

maintain pluripotency of the cells (Malaguti et al., 2013).  β-catenin is also expressed in mES 

cells and is both nuclear and membrane-associated, it is the substrate of GSK-3 which 

regulates pluripotency (Kelly et al., 2011).  The tight junction proteins  Zo-1, Zo-2, Zo-3, 

Claudin-1, Occludin, and Cingulin are all expressed in mES cells (Xu et al., 2012).  Zo-1 and Zo-2 

are membrane associated in mES cells, Zo-1 regulates self-renewal and differentiation of mES 

cells.  It is however unknown whether tight junctions are present in mES cells (Xu et al., 2012).  

Interestingly, Desmoplakin is not present in the cytoskeletal protein fraction of mES cells 

suggesting that mature desmosomes are not present (Eshkind et al., 2002).  Desmoglein2 
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localises to small puncta in clusters on the cell membrane.  Electron microscopy show many 

small cell-cell contact sites associated with small plaques which lack filament bundles, the 

identity of these junctions is unknown.  Gap junctions are present in mES cells. Disruption of 

gap junction intercellular communication using pharmacological inhibitors, or siRNA of 

connexin43 causes a loss of pluripotency, and induces differentiation (Todorova et al., 2008).  

This suggests that gap junctions are important for mES cells to remain pluripotent and self-

renew.   

 

The presence of epithelial junctions in the primitive endoderm is less well characterised than in 

mES cells.  E-cadherin and β-catenin are known to be expressed and localised in a lateral 

position in the primitive endoderm cells of an embryoid body (Moore et al., 2009; Wu et al., 

2007), but to my knowledge the presence of functional adherens junction has not been 

examined in vivo.  Similarly, localisation of the tight junction protein Zo-1 has been observed in 

primitive endoderm cells of an embyoid body, but to my knowledge further investigation of 

the role of this protein or other tight junctions proteins in the primitive endoderm has not 

been carried out (Wu et al., 2007).  There is not, to my knowledge any published research 

about the existence of Desmosomes or Gap junctions in the primitive endoderm. 
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Figure 1.3:  Structural components of epithelial cell junctions 
Epithelia have four different types of junctions which each play an important role in the 
function of the epithelial sheet. The structural components of each junction are shown here. 
Tight junctions are the most apical junction, they regulate the movement of molecules across 
the epithelial sheet.  They are composed of the transmembrane proteins Jam, Claudin, and 
Occludin, which all bind to cytoplasmic proteins Zo1-3 which interact with the Actin 
cytoskeleton.  Adherens junctions localise basal to the tight junctions, and regulate the 
adherence of the cells to each other.  There are two adhesion complexes 1) Nectin-Afadin, 2) 
Cadherin-Catenin, both Afadin and Catenins interact with the Actin cytoskeleton.  
Desmosomes also regulate the adhesion of the epithelial cells to each other.  They are 
composed of the transmembrane proteins Desmogelin and Desmocollin, and the cytoplasmic 
proteins Plakoglobin (PG), Plakophilins (PKP), and Desmoplakin. Desmoplakin interacts with 
the intermediate filaments of the cytoskeleton.  The most basal junction is the gap junction.  
This regulates movement of small molecules between adjacent epithelial cells.  Gap junctions 
are composed of a hexamer of connexins known as a connexon which docks with other 
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connexons to form a channel across the plasma membranes.  (Modified from (Delva et al., 
2009; Goodenough and Paul, 2009; Martin-Belmonte and Perez-Moreno, 2012)) 

1.2 Mammalian pre-implantation development 

Two epithelia form during pre-implantation development, the trophoblast and the primitive 

endoderm. Understanding their formation is important for our knowledge of the mechanisms 

of early development.  Additionally, embryonic and extra-embryonic tissues provide a simple 

model which is relevant to the study of adult epithelial development.   

 

Mammalian development begins with the fertilisation and subsequent fusion of the two 

gametes (Figure 1.4).  Three cleavages follow which results in an embryo with double the total 

number of cells that existed before (2 to 4 to 8 cells), this produces the 8-cell stage embryo 

(Gilbert and Singer, 2000).  At the 8-cell stage compaction occurs. Compaction involves the 

cells of the embryo maximising their contact with each other, this produces a tight ball of 

flattened cells (Gilbert and Singer, 2000).  In the mouse, E-cadherin is required for the process 

of compaction (Shirayoshi et al., 1983).  Until this stage in development all cells are totipotent, 

meaning that they can differentiate into any cell of the embryonic or extra-embryonic tissue 

(Tarkowski, 1959).  Additionally, single-cell mRNA analysis has shown that until the late 8-cell 

stage there is no difference in expression patterns between cells (Guo et al., 2010).   

 

During compaction cells develop intracellular apico-basolateral polarity, the outward facing 

membrane becomes the apical membrane and the inward facing becomes the basolateral 

(Cockburn and Rossant, 2010).   For example, cell organelles localise in a polarised manner, 

actin localises apically, and some of the polarity determinants, for example Par3, Par6, aPkc, 

and Lgl develop their polarised localisation (Cockburn and Rossant, 2010). 

 

After the compacted 8-cell stage, the embryo divides again to produce a morula which 

contains 16 cells (Cockburn and Rossant, 2010).  At this stage there are some cells on the 

inside, and some cells on the outside.  After another cleavage event, an internal cavity is 

created by a process known as cavitation.  Cavitation involves an accumulation of Na+ on the 

basolateral side of the outer cells driven by Na+/K+-ATPase (Watson and Kidder, 1988).  The 

resulting osmotic gradient causes the outer cells to secrete fluid into the centre of the morula 

(Watson and Kidder, 1988).  Tight junctions form to seal the cavity (Watson and Kidder, 1988).  

This creates a fluid filled cavity known as a blastocoel, and marks the formation of the 

blastocyst-stage embryo (Gilbert and Singer, 2000).  It is at this stage that the first cell fate 

choice occurs, the formation of the trophoblast and the inner cell mass (ICM).  The trophoblast 

is present around the outside of the blastocyst. The ICM, is formed from the remaining 
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totipotent cells, it is located to one side of the circle of trophoblast cells (Figure 1.4) (Cockburn 

and Rossant, 2010).   

 

In the late blastocyst stage the cells of the ICM are segregated and form either the primitive 

endoderm, an extraembryonic endodermal epithelium, or cells of the epiblast which remain 

pluripotent (Saiz and Plusa, 2013; Schrode et al., 2013).  The blastocyst embryo will then 

implant into the uterus of the mother and undergo gastrulation to continue its development to 

produce a fully grown embryo (Gilbert and Singer, 2000).   

 

 

 

Figure 1.4:  Mammalian pre-implantation development 
Following the fusion of the egg and sperm a zygote is formed.  Three rounds of cleavage then 
follow which produces the 8-cell stage embryo, until this stage there is no difference between 
the cells in the embryo.  Subsequently, compaction occurs which forces the cells closer 
together.  Following another round of cell division to form a 16-cell morula, cavitation takes 
place and the trophoblast and inner cell mass is specified.  The second cell-fate decision which 
occurs is the formation of the epiblast and the primitive endoderm which is derived from the 
inner cell mass. The embryo then undergoes implantation and its development continues.  
(Adapted from (Saiz and Plusa, 2013)) 
 

1.2.1 Mouse embryonic stem cells 

Properties of mES cells 

Mouse embryonic stem (mES) cells are derived from the ICM of embryonic day (E) 3.5 

embryos.  They have two important properties.  Firstly, they can self-renew, which means that 

they can produce at least one daughter cell which is identical to itself (Smith, 2001).  Secondly, 

they are pluripotent, which means that they can produce all cell types found in the adult 
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organism, and will contribute to them in a chimera (Smith, 2001).  Use of pluripotent cells to 

study development was first done with embryonal carcinoma cells.  Embryonal carcinoma 

cells, the stem cells found in teratocarcinomas are able to contribute to all three germ layers 

(Martin and Evans, 1975).   

 

mES cells are derived from the ICM of E3.5 embryos, they were first established in tissue 

culture by Evans MJ & Kaufmann MH and Martin G (Evans and Kaufman, 1981; Martin, 1981).  

Their isolation requires the flushing of E3.5 embryos from the uterus of the mother and 

subsequently plating them in culture on feeders for a number of days. Once the blastocyst has 

expanded the cells are disaggregated which produces a single cell suspension that is re-plated.  

These cells are then cultured and amplified to produce a mES cell line.  mES cells are a more 

physiologically relevant way of studying mammalian development than embryonal carcinoma 

cells as they are derived from a cell type which exists during mouse embryonic development, 

and is not genetically transformed meaning that it is not oncogenic.  Knowledge obtained from 

use of mES cells could allow therapeutic use of human embryonic stem (hES) cells in the 

future.   

 

Pluripotency transcription factors 

Since their derivation, our understanding of the molecular regulation of mES cell pluripotency 

has increased.  There are three key transcription factors which are essential for the 

pluripotency of the ICM and mES cells, Oct3/4, Nanog and Sox2.   

 

Oct4-deficient embryos develop to the blastocyst stage but their ICM is not pluripotent 

(Nichols et al., 1998).  It is also impossible to derive or genetically produce Oct4 null mES cells 

suggesting that this transcription factor is required for the maintenance of mES cells (Nichols 

et al., 1998).  Precise control of the expression of Oct3/4 is required by mES cells to maintain 

pluripotency (Niwa et al., 2000).  If expression levels increase two-fold, cells differentiate into 

primitive endoderm and mesoderm, whilst a decrease in Oct3/4 causes differentiation of cells 

in to the trophoblast lineage. 

 

Nanog deficient embryos fail to form an epiblast, and in this study Nanog-deficient mES cells 

were shown to lose pluripotency and differentiate into the extraembryonic endoderm (Mitsui 

et al., 2003).  Overexpression of Nanog can maintain pluripotency of mES cells independently 

of Leukemia inhibitory factor (LIF)/Signal Transducer and Activator of Transcription-3 (Stat-3), 

and maintains Oct4 levels (Chambers et al., 2003; Mitsui et al., 2003).  Expression of Nanog 
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fluctuates in mES cells, surprisingly mES cells were suggested by Chambers et al., (2007) to not 

be dependent on Nanog to maintain their pluripotency, in contradiction to the earlier study by 

Mitsui et al., (2003).  Nanog null cells can contribute to all germ layers within chimaeras, 

showing that they are pluripotent, but they cannot form functional germ cells and are prone to 

differentiation (Chambers et al., 2007).  Nanog is therefore required in the formation of the 

ICM, and for mES cells in culture it predisposes the cells to differentiation but it does not force 

them to commit to differentiation.  

 

Inactivation of Sox2 in mouse embryos is homozygous lethal soon after implantation (Avilion et 

al., 2003).  Analysis of the null embryos showed that Sox2 is required in the epiblast to prevent 

cell differentiation.  Sox2 regulates expression of Oct3/4 through regulation of many 

transcription factors that maintain mES cells in a pluripotent state (Masui et al., 2007).  

Addition of Oct3/4 can therefore rescue Sox-2 null mES cells. 

Signalling pathways required for pluripotency 

In addition to transcription factors there are many signalling pathways which have been shown 

to be essential for pluripotency of mES cells.  For example Fibroblast growth factor 

(Fgfr)/Extracellular signal-regulated kinase (Erk) signalling has been shown to have an 

important role in the control of pluripotency (Kunath et al., 2007; Stavridis et al., 2007).  Erk2-/- 

mES cells do not differentiate when placed under protocols for mesoderm or neural 

differentiation, suggesting that Erk signalling is a stimulus for mES cells to exit self-renewal and 

differentiate (Kunath et al., 2007).  Upstream of Erk signalling in the regulation of mES cell 

pluripotency is Fgf4, when LIF is withdrawn Fgf4-/- mES cells retain expression of Oct4, 

suggesting that the cells survive in an undifferentiated state, a decrease in ppErk1/2 levels is 

also observed (Kunath et al., 2007). 

 

Stat3 signalling downstream of the gp130 receptor is also required for pluripotency of mES 

cells (Matsuda et al., 1999; Niwa et al., 1998).  Induction of Stat3 in mES cells maintains mES 

cells in an undifferentiated state (Matsuda et al., 1999).  Whilst expression of a Stat3 

interfering mutant in mES cells cultured in the presence of LIF reduces self-renewal and 

promotes differentiation (Niwa et al., 1998).  Stat3 regulates expression of the transcription 

factor Myc in mES cells, expression of Myc enables mES cells to self-renew and retain 

pluripotency in the absence of LIF (Cartwright et al., 2005). 

 

Inhibition of Phosphoinositide 3-kinase (Pi3k) signalling also causes a reduction in the ability of 

LIF to maintain self-renewal (Paling et al., 2004).  Expression of an activated form of Akt, a 
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downstream component of Pi3k signalling, maintains the pluripotency of mES cells in the 

absence of LIF (Watanabe et al., 2006).  Inhibition of Pi3k signalling results in reduced 

expression of Nanog at both an RNA and protein level, suggesting this is one mechanism by 

which Pi3k signalling can regulate pluripotency of mES cells (Storm et al., 2007). 

 

Additionally, Wnt signalling has been implicated in the control of mES cell pluripotency.  

Inhibition of Glycogen synthase kinase-3 (Gsk-3), a component of the Wnt signalling cascade 

maintains the pluripotency of mES cells, as shown by expression of Oct3/4 and Nanog (Sato et 

al., 2004).  Upon differentiation of mES cells, Wnt signalling is endogenously downregulated.  

Gsk-3 double knockout mES cells are therefore unable to differentiate (Doble et al., 2007).  

One mechanism by which Gsk-3 mediates pluripotency is by increasing expression of protein 

and mRNA of Nanog and other pluripotency regulators (Sanchez-Ripoll et al., 2013). 

 

Culture of mES cells 

When they were first derived, mES cells were cultured with mitotically inactivated Mouse 

embryonic fibroblasts (MEFs), also known as feeders, and serum.  These two components are 

both known to supply the mES cells with extrinsic factors to maintain their pluripotency and 

self-renewal  (Evans and Kaufman, 1981; Martin, 1981).  LIF is an essential factor produced by 

feeders which is required to maintain pluripotency of mES cells lines (Smith et al., 1988; 

Williams et al., 1988).  If cultured with LIF mES cells can be cultured without feeders, whilst 

retaining their potential to form chimeric mice.  LIF is not however sufficient to culture mES 

cells without serum.  When mES cells are cultured with LIF and BMP without serum in a 

chemically defined system known as N2B27 their pluripotency and self-renewal are 

maintained (Ying et al., 2003a).  LIF activates the transcription factor Stat3 (Matsuda et al., 

1999; Niwa et al., 1998), whilst Bone morphogenetic protein (BMP) induces inhibitor of 

differentiation (Id) proteins (Ying et al., 2003a).  Alternatively, mES cells can be cultured in vitro 

in the absence of serum or feeders in conditions known as 2i.  2i involves culture of mES cells 

in media containing a Gsk3β inhibitor and a Mitogen-activated extracellular signal-regulated 

kinase (Mek) inhibitor, culture of mES cells in this way maintains their pluripotency in a naЇve 

state, making the culture more homogeneous (Ying et al., 2008).  As cells can be cultured in 2i 

in the absence of LIF, this supports evidence that Erk and Wnt signalling are both essential for 

mES cell pluripotency. 
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1.3 Trophoblast 

1.3.1 What is the trophoblast 

The formation of the trophoblast epithelium and ICM is the first cell fate choice which occurs 

during embryonic development.  This cell fate decision requires the formation of polarised 

outer cells, the trophoblast, and apolar inner cells, the ICM, from totipotent cells.  The 

trophoblast, which is in direct contact with the ICM, is known as the polar trophoblast, this 

goes on to from the extraembronic ectoderm (ExE) which contains trophoblast stem cells, the 

ectoplacental cone (EPC) and secondary giant cells (Strumpf et al., 2005; Tanaka et al., 1998).  

The rest of the trophoblast, known as the mural trophoblast, stops proliferating and becomes 

primary giant cells (Tanaka et al., 1998).  The placenta is critical during gestation for the 

development of the embryo and the health of the mother as it protects the embryo from 

immune rejection, supplies the correct amount of nutrients from the mother to the embryo, 

and safely removes all waste products (Harun et al., 2006). 

 

1.3.2 Trophoblast specification: a transcription factor cascade 

 

There are four main transcription factors known to be required for the specification of the 

trophoblast (Figure 1.5). 

 

Tead4 

mRNA of the transcription factor Tead4 is reportedly expressed from the 2-cell embryo until 

the blastocyst stage, reaching its highest levels in the 8-cell embryos and morulae (Yagi et al., 

2007).  An alternative group did not detect its expression until the 4-cell stage but also 

observed it peaking at the 8-cell stage (Nishioka et al., 2008).  Using immunostaining Tead4 

protein was shown to be localised in the nuclei of both ICM and trophoblast cells in blastocyst 

stage embryos (Nishioka et al., 2008).  Later at E6.5 in situ hybridisation suggests Tead4 is  

primarily localised in the tissues derived from the trophoblast, such as the trophoblast stem 

cells, trophoblast cells of the EPC, the chorion and giant trophoblast cells (Yagi et al., 2007).   

 

Inactivation of Tead4 results in a preimplantation lethal phenotype, producing embryos which 

lack a blastocoel cavity (Nishioka et al., 2008; Yagi et al., 2007).  At the blastocyst stage Tead4-/- 

embryos do not express the trophoblast protein Cdx2, or mRNA of Eomesodermin, which is 

also required for specification of the trophoblast (Nishioka et al., 2008; Yagi et al., 2007).  This 

suggests that Tead4 is upstream of Cdx2.  All cells of the E3.5 Tead4-/- blastocyst express 
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pluripotency proteins Oct4 and Nanog (Nishioka et al., 2008; Yagi et al., 2007).  If Tead4 is 

disrupted after implantation, the embryo develops normally (Yagi et al., 2007). Constitutive 

activation of Tead4 in mES cells causes differentiation in to the trophoblast fate suggesting 

Tead4 is required and sufficient in this role (Nishioka et al., 2009).  These experiments 

therefore suggest a role for Tead4 in the specification of the trophoblast during 

preimplantation development.   

 

Cdx2 

Caudal-type homeodomain protein Cdx2 is a transcription factor which is also critical for 

trophoblast specification.  Cdx2, mRNA is first expressed from the 8-cell/early morula stage, at 

this early stage all cells are Oct4 and Cdx2 positive (Ralston and Rossant, 2008).  At the 

blastocyst stage Cdx2 localises only in the nuclei of the cells of the trophoblast, and is 

downregulated in the cells of the ICM (Beck et al., 1995).  It is subsequently expressed in the 

ExE, and a subset of the tissues derived from the trophoblast; chorion, ectoplacental canal, 

and allantoic bud (Beck et al., 1995).  From E8.5, Cdx2 is expressed in embryonic tissues, 

predominantly in the posterior part of the gut, and in the tail bud (Beck et al., 1995).   

 

Cdx2 homozygous null mutant mice die at the time of implantation (Chawengsaksophak et al., 

1997).  Mutants do not maintain a blastocoel, probably due to the mislocalisation of adherens 

and tight junction proteins at the late blastocyst stage (Strumpf et al., 2005).  Expression of 

Eomesodermin is lower in Cdx2 null embryos, and markers of later trophoblast lineages are 

absent suggesting that the trophoblast is not specified in these mutants (Strumpf et al., 2005).  

The pluripotency markers Oct4 and Nanog are both expressed in all cells, both inner ICM and 

outer trophoblast cells of the Cdx2 null blastocysts, instead of being restricted to the ICM.  This 

suggests that Cdx2 is required for the downregulation of Nanog and Oct4 in outer-cells 

(Strumpf et al., 2005).  Activation of Cdx2 in mES cells can induce trophoblast differentiation 

(Niwa et al., 2005). 

 

Interestingly, Cdx2 mutant mES cells contribute as frequently to the trophoblast in chimeric 

embryos as wild type cells, despite expressing high levels of Oct4 and Nanog (Ralston and 

Rossant, 2008).   This shows that expression of Cdx2 is not required for trophoblast cells to 

form and therefore it is not required for the initial ICM, trophoblast cell fate allocation. 

Conversely, overexpression of Cdx2 by injection of mRNA in to cells of the embryo results in an 

increased contribution to the trophoblast, and a decreased contribution to the ICM through 

increasing the number of symmetric divisions (Jedrusik et al., 2008).  Reducing Cdx2 levels in 
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cells of the embryo using RNAi has the inverse affect; a decreased contribution to the 

trophoblast, and an increased contribution to the ICM due to an increase in asymmetric 

divisions (Jedrusik et al., 2008).  This study by Jedrusik et al., (2008) suggests that increased 

Cdx2 expression can influence trophoblast allocation, which is the opposite conclusion of the 

study by Ralston and Rossant (2008). 

 

Recent work has shown the presence of maternal Cdx2 mRNA in embryos which could explain 

the difference in the experiments above, as any maternal Cdx2 would be present in the 

chimeras, whilst RNAi would remove both maternal and zygotic Cdx2 (Jedrusik et al., 2010; Wu 

et al., 2010).  However, whether or not maternal Cdx2 does have a role in trophoblast 

development is controversial because two studies have reached directly opposing conclusions.  

One study showed that downregulation of both maternal and zygotic Cdx2 by dsRNA or siRNA 

causes developmental arrest, before blastocysts cavitation (Jedrusik et al., 2010).  This is prior 

to the death observed in the zygotic null mutant suggesting that maternal Cdx2 has a role in 

trophoblast specification.  Alternatively, a similar study depleted maternal and zygotic Cdx2 by 

siRNA and showed that embryos reached blastocysts stage, similarly to the zygotic only mutant 

(Wu et al., 2010).  Authors therefore propose that maternal Cdx2 has no role in trophoblast 

specification, but zygotic Cdx2 is required for correct trophoblast development. 

 

To try to clarify the role of maternal Cdx2, a conditional null allele strategy using the cre lox 

system was used, which avoids the use of injection and ensures a loss of maternal and zygotic 

Cdx2 from the beginning of development (Blij et al., 2012).  A Cdx2 condiitonal allele was 

generated, cre-mediated recombination between the loxP sites caused deletion of the 

transcription start site and caused a nonsense frameshift.  To generate germline null mice the 

Cdx2 conditional line was crossed with mice which expressed a female germline-specific Cre, 

Zp3-Cre.  Germline null mice produced a similar number of offspring as control females when 

crossed with wild type males, suggesting maternal Cdx2 is not required for embryo 

development or female fertility (Blij et al., 2012).  Production of maternal zygotic embryos 

from matings of germline null females with Cdx2 null males resulted in embryos which reached 

the blastocyst stage and then collapsed recapitulating the zygotic Cdx2 mutants(Blij et al., 

2012).  This study therefore suggests that there is no role for maternal Cdx2. 

 

Gata3 

Gata3 is a transcription factor required for trophoblast specification in parallel to Cdx2.  It was 

first discovered for its role in transcriptional regulation of T-cell antigen receptor expression in 
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T-cell lymphocytes (Ko et al., 1991; Marine and Winoto, 1991; Oosterwegel et al., 1992).  

Gata3 is expressed in the embryonic central and peripheral nervous system, kidney, thymic 

rudiment and throughout T-lymphocyte differentiation (Ng et al., 1994; Oosterwegel et al., 

1992).  The high expression of Gata3 in differentiating trophoblast stem cells identified it as 

being potentially important in trophoblast specification (Ralston et al., 2010).   

 

Overexpression of Gata3 in mES cells induces expression of trophoblast-specific genes.  

Overexpression of Cdx2 also induces expression of trophoblast-specific genes, some of which 

were the same as seen by Gata3, but many were induced by Cdx2 and not Gata3 and vice 

versa (Ralston et al., 2010).  This suggests that Cdx2 and Gata3 have similar, but not 

completely overlapping roles in the trophoblast.  Gata3 is still able to induce some trophoblast 

genes when overexpressed in a Cdx2 null mES cell line, but the expression of some trophoblast 

genes is missing (Ralston et al., 2010).  This implies that the induction of expression of some 

trophoblast genes by Gata3 is Cdx2 dependent, but a subset are Cdx2-independent.  Similarly 

to Cdx2, Gata3 expression is down-regulated in Tead4-/- embryos, but is expressed, suggesting 

that Tead4 is required for the maintenance, but not the initiation of Gata3 expression (Ralston 

et al., 2010).  Gata3 expression is not affected in Cdx2 null embryos (Ralston et al., 2010).   

Gata3 is therefore thought to be act in parallel to Cdx2 under the regulation of Tead4, to 

induce expression of a similar but not identical set of trophoblast genes (Figure 1.5). 

Eomesodermin 

Downstream of both Gata3 and Cdx2 is the T-box transcription factor Eomesodermin.  

Eomesodermin is expressed in the mouse in the  trophoblast lineage (Russ et al., 2000) and in 

the ExE of the egg cylinder before gastruation (Ciruna and Rossant, 1999).  ExE is derived from 

the polar trophoblast.  Eomesdoermin is subsequently present in the primitive streak, the 

posterior third of the epiblast and the nascent mesoderm.  It is expressed in the distal and 

anterior visceral endoderm (Ciruna and Rossant, 1999).  Later in development Eomesodermin 

is expressed in the developing brain (Kimura et al., 1999). It has also been shown to be 

expressed in trophoblast stem cells (Tanaka et al., 1998).   

 

Eomesodermin null embryos are embryonic lethal, arresting soon after implantation (Russ et 

al., 2000).  When cultured in vitro the trophoblast of the embryo spreads normally but does 

not form extensive outgrowths, whilst the blastocyst appears normal (Russ et al., 2000).  The 

embryos cultured in vitro show normal expression of Cdx2, but markers of the differentiated 

trophoblast lineage trophoblast giant cells are absent.  The correct localisation of Cdx2 and 

Oct4 in Eomesodermin-/- embryos shows that Eomesodermin null embryos die at a later time 
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point than the Cdx2 null embryos (Strumpf et al., 2005).  This suggests that Eomesodermin is 

required at a later point in the development of the trophoblast than Cdx2 (Strumpf et al., 

2005).   

 

Elf5 

Elf5 is an epigentically regulated transcription factor which is also essential for trophoblast 

specification.  Elf5 is expressed in pre-implantation blastocysts, its expression is maintained 

throughout gastrulation in the ExE (Donnison et al., 2005).  Elf5-deficient embryos cavitate 

normally, but are smaller than the wild-type control and lack any primitive streak formation 

(Donnison et al., 2005).   Elf5-/- embryos do not form a chorion, it is thought that the absence 

of exchange with the mother through this tissue causes the midgestional death of these 

embryos (Donnison et al., 2005).  Cdx2 is expressed in the polar trophoblast of Elf5-/- 

blastocysts, but by E5.5 neither Cdx2, Eomesodermin nor any other genes expressed in the 

trophoblast are expressed in the Elf5-/- embryos (Donnison et al., 2005).  Additionally, 

trophoblast stem cells cannot be derived from the Elf5-/- embryos suggesting that Elf5 may be 

required for their maintenance (Donnison et al., 2005).  Forced expression of Elf5 in wild-type 

mES cells causes an induction of Eomesoderm and Cdx2, proposing a role for Elf5 in reinforcing 

the trophoblast cell-lineage specification cascade (Ng et al., 2008).  This may also explain why 

Cdx2 is present in Elf5-/- embryos, prior to Elf5 expression, but is not expressed later in the 

development of the trophoblast (Ng et al., 2008).  Interestingly, Elf5 expression can also be 

regulated epigenetically, it is methylated when repressed in mES cells, and hypomethylated 

when expressed (Ng et al., 2008).   

 

Pluripotency factors  

Pluripotency factors which are usually expressed in the ICM also influence trophoblast cell fate 

specification (Figure 1.5).  The ICM of Oct4-/- embryos is not pluripotent but instead expresses 

Troma1 suggesting that it becomes cells of the trophoblast lineage (Nichols et al., 1998).  

When trophoblast differentiation is induced by Cdx2 activation, Oct3/4 expression is repressed 

(Niwa et al., 2005).  If mES cells have depleted Oct3/4 protein, Cdx2 does not suppress the 

Oct3/4 gene (Niwa et al., 2005).  This suggests that Cdx2 represses Oct3/4 in cells 

differentiating to trophoblast in an Oct3/4 dependent manner.  Additionally, Oct3/4 represses 

Cdx2, which suggests that there is an autoregulatory loop (Niwa et al., 2005).  However, In vivo 

most Oct4-/- embryos do not express Cdx2 or Gata3 in the ICM, suggesting that Oct4 is not 

required for the initial repression of trophoblast genes (Ralston et al., 2010).  The few Oct4-/- 

embryos which survive past implantation express Cdx2 and Gata3 in the epiblast as well as the 
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trophoblast suggesting that Oct4 is required for maintaining the repression of Cdx2 and Gata3 

(Ralston et al., 2010).   

 

Nanog and Cdx2 also reciprocally inhibit each other through binding to their promoters (Chen 

et al., 2009).  Nanog overexpression suppresses upregulation of trophoblast markers in mES 

cells with conditional trophoblast differentiation induced by expression of an activated Ras 

allele upon addition of doxycyline.  Nanog knockdown in this system upregulates expression of 

trophoblast markers (Chen et al., 2009).  Nanog-/- embryos express low levels of Cdx2 in the 

ICM.  Oct4-null embryos show a phenotype despite functional Nanog suggesting that the role 

of Oct4 is more important in the regulation of ICM/trophoblast cell fate specification than 

Nanog (Chen et al., 2009). 
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Figure 1.5: Specification of the trophoblast and the inner cell mass within a blastocyst 
embryo. 
The trophoblast is the product of the first fate choice within the mammalian embryo, it is an 
epithelial sheet which forms the extraembryonic tissues critical for the development of the 
embryo.  The inner cell mass contains pluripotent cells which form the embryo proper, it is 
from these cells which mouse embryonic stem cells can be derived.  The inner cell mass 
contains two key transcription factors, Oct3/4 and Nanog which are essential to maintain its 
pluripotency.  The trophoblast is specified by a cascade of transcription factors.  At the top of 
the cascade is Tead4.  Cdx2 inhibits the expression of Oct3/4 and Nanog in the trophoblast 
thereby ensuring the trophoblast becomes differentiated.  Additionally, Oct3/4 and Nanog 
have been shown to inhibit Cdx2 in the inner cell mass, preventing its differentiation. (Adapted 
from (Sasaki, 2010)) 
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1.3.3 Two models for trophoblast specification 

There are two predominant models for how the morula, which is a ball of uniform cells 

segregates in to two cell populations, the trophoblast and the ICM, the positional model and 

the polarisation model Figure 1.6. 

 

Positional model 

The first model is the positional mode.  At the morula stage some cells are inside with no 

contact to the outer surface of the embryo, around them are outside cells which are exposed 

to the outside environment (Tarkowski and Wróblewska, 1967).  The positional model assumes 

that the inside and outside cells each experience different environmental conditions which 

directs the lineage choice they take (Tarkowski and Wróblewska, 1967).  The inside cells will 

become the ICM, whilst the outside cells will differentiate into the trophoblast (Tarkowski and 

Wróblewska, 1967).  Supporting evidence for this model first came from experiments when 

cells from a 4- or 8-cell embryos were placed on the outside of other 4- to 16-cell embryos.  

The transplanted cells tended to form the outer layer of the blastocyst, forming the 

trophoblast and yolk sac of the mouse (Hillman et al., 1972).  However, recent work has 

suggested that it is possible to do this reaggregation with cells from the inner or outer of 

embryos until the 16-cell stage and they will contribute to either the trophoblast or ICM, 

suggesting it is not simply their position within the embryo which is important. (Suwińska et 

al., 2008).   

 

Polarisation model 

The second model of trophoblast development is that it is cell polarisation which regulates 

which cells form the trophoblast lineage and which form the ICM.  Cell polarisation occurs 

during cell compaction, and is dependent upon cell-contact which also regulates the axis of 

polarisation (Ziomek and Johnson, 1980).  To maintain this cell polarisation asymmetric cell 

division occurs in an 8-cell embryo producing one large polar cell, and a small apolar cell 

(Johnson and Ziomek, 1981).  Some cells of the 8-cell embryo divide symmetrically generating 

two polar cells (Johnson and Ziomek, 1981).  Polar cells are known to be present on the 

outside, and apolar cells are found in the inside of the embryo(Johnson and Ziomek, 1981).  

This understanding led to the birth of the polarisation model which suggests that the 

trophoblast, ICM lineage decision occurs through differential inheritance producing a polar and 

an apolar population of cells.   
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The outer trophoblast cells are morphologically distinct from the inner ICM cells, trophoblast 

cells are flattened, have polarised junctional complexes and polarised secondary lysosomes.  

The trophoblast polarises gradually, developing adherens junctions and an apical domain at 

the time of compaction in the 8-cell embryo, whilst tight junctions begin to form in the late 

morula (Fleming et al., 1989; Yamanaka et al., 2006).  Additionally, the Par polarity complex 

protein Par3 localises to the apical surface of cells in the 8-cell stage embryo.  At the 16-cell 

stage it extends to the lateral membrane, and by the blastocyst stage it is concentrated at 

apico-lateral surfaces and intercellular contacts (Plusa et al., 2005).  A different Par polarity 

complex protein aPkc is diffusely localised in the cell, whilst being concentrated at the cell 

membrane as well as in the nucleus of 8-cell embryos.  It subsequently become localises to the 

apico-lateral surface, and in the blastocyst is localised at the apical surface of trophoblast cells 

(Plusa et al., 2005).  Downregulation of Par3 by RNAi or use of a dominant negative aPkc in a 

cell from the 4-cell stage embryo results in increased contribution of the injected cell to the 

ICM (Plusa et al., 2005).   This occurs through a decrease in the number of symmetric divisions, 

and a change to the cell in an unknown manner which prevents it from remaining in the outer 

layer (Plusa et al., 2005).  This therefore proves that manipulating the polarisation of the cells 

can affect their cell fate specification.   
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Figure 1.6: Two models for the development of the trophoblast and inner cell mass 
The trophoblast and inner cell mass are formed from totipotent cells.  There are two favoured 
models of their development.  The positional model suggests that cells on the inside and 
outside experience different environments which results in their forming two different cell 
types.  The inner cell mass are exposed to an inside environment, whilst the trophoblast is 
exposed to an outside environment.  The polarisation model states that it is the polarity of the 
cell which dictates the fate of the cells.  The polarised cells form the trophoblast, whilst the 
apolar cells become inner cell mass cells. 
 

The Hippo pathway 

The positional and polarisation models do not have to be exclusive.  In recent years it has been 

shown that the Hippo signalling pathway is required for this cell fate decision, and current 

work suggests that it integrates both the positional and polarisation models (Hirate et al., 

2012; Hirate et al., 2013).  Hippo signalling involves the kinase Hippo which phosphorylates 

Mst 1 & 2 (Harvey and Hariharan, 2012).  Mst1 & 2 and scaffold proteins Sav and Mob 

phosphorylate the kinase Lats1/2, which autoactivates and phosphorylates Yes associated 

protein (Yap), causing its inactivation and exit from the nucleus.   

 

At the 8-cell stage all cells exhibit nuclear Yap, after this stage levels of nuclear Yap increase in 

outside cells, but is lower in inside cells where it was excluded from the nuclei (Hirate et al., 
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2012; Nishioka et al., 2009).  By the mid/late blastocyst stage nuclear Yap is exclusively 

expressed in outer cells (Nishioka et al., 2009).  This restriction of nuclear Yap precedes the 

restriction of Cdx2 localisation to outer cells (Dietrich and Hiiragi, 2007; Niwa et al., 2005; 

Ralston and Rossant, 2008).  Manipulation of the hippo pathway causes a change in the cell 

fate specification.  For example injection of mRNA for Yap, into both cells of a 2-cell embryo 

causes more embryos to have high levels of Cdx2 in inside cells, suggesting it can effect Cdx2 

expression (Nishioka et al., 2009).   

 

The activation of the Hippo pathway has also been shown to be dependent on the polarisation 

of the outer cells.  Disruption of the Par-aPkc complex in vivo results in an increase in 

phosphorylated-Yap in the outer cells as well as the inner cells (Hirate et al., 2013).  Suggesting 

that phosphorylated Yap levels are dependent upon polarisation of the cells.  This has been 

shown to occur through Angiomotin (Amot) and Angiomotin-like 2(Amotl2) which are 

adherens junction-associated proteins that are required for Hippo pathway activation and cell 

fate specification (Hirate et al., 2013).  Outer polarised cells sequester Amot from basolateral 

adherens junctions to the apical domain through the Par-aPkc system suppressing Hippo 

signalling. Amot localises throughout the plasma membrane of inner cells because it binds to 

components of the adherens junction because there is no apical domain.  This results in 

phosphorylation of Amot by Lats in the inner cells, leading to activation of the Hippo pathway 

(Hirate et al., 2013).  Apical localisation of Amot therefore correlates with low Hippo signalling 

and nuclear localisation of Yap, whilst localisation of Amot throughout the plasma membrane 

correlates with active Hippo signalling and the localisation of Yap in the plasma 

membrane(Hirate et al., 2013).  This mechanism therefore converts positional information 

through the polarisation state of the cell to affect Hippo signalling leading to fate specification 

of the trophoblast and ICM. 

 

1.4 The Primitive endoderm 

1.4.1 Physiological role of the primitive endoderm 

After the trophoblast and ICM is specified, the next cell fate decision to take place during 

mammalian development occurs when cells of the ICM decide to follow either the primitive 

endoderm or epiblast cell fate (Cockburn and Rossant, 2010).  The primitive endoderm 

contributes to the extra-embryonic endoderm whilst the epiblast forms the embryo proper 

(Gardner and Rossant, 1979).  The primitive endoderm forms an epithelium which localises 

between the blastocoel cavity and the epiblast, these three components are surrounded by 

the trophoblast (Figure 1.4).  Two subpopulations are formed from the primitive endoderm 
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(Gardner, 1982), the parietal and visceral endoderm give rise to the yolk sac, whilst the visceral 

endoderm also contributes to the gut endoderm (Kwon et al., 2008) and provides embryonic 

patterning signals (Saiz and Plusa, 2013). 

 

1.4.2 Methods to study the development of the primitive endoderm 

There are two main model systems used to study the development of the primitive endoderm, 

in vivo studies of the embryo and embryonic stem cell derived embryoid bodies (Figure 1.7).   

In vivo studies 

Mouse embryos are frequently used as a model system to probe the development of the 

primitive endoderm.  Their use has many advantages as they allow good imaging, and the use 

of genetic reporter and knockout lines.  Additionally, they can be manipulated with small 

molecules, and can be cultured in vitro to identify defects in pre-implantation lethal mice.  

Although performing experiments on embryos is the most physiologically relevant system, at 

this early stage in development it is however very technically challenging as the embryo is very 

small.   

 

Embryoid bodies 

Embryoid bodies are aggregates which form when embryonal carcinoma cells or 

mouse/human embryonic stem cells are cultured in suspension.  They were first produced 

from embryonal carcinoma cells (Martin and Evans, 1975).  The embryoid bodies formed were 

shown to comprise embryonal carcinoma cells on their inside covered by a layer of 

endodermal cells on the outside (Figure 1.7).  Embryoid bodies can develop from simple 

embryoid bodies into cystic embryoid bodies which have a fluid-filled cavity.  The inner cells of 

an embryoid body differentiate in to cell types of all three germ layers (Martin and Evans, 

1975).   Mouse embryonic stem cells also form embryoid bodies which can be either either 

simple of cystic, they have endoderm around their outside and cells of every germ layer on the 

inside (Martin, 1981).   

 

Early studies suggested that there were similarities between the ordered differentiation of the 

embryoid body and the development of the early mouse embryo, highlighting their potential 

use as a model of embryonic development (Martin and Evans, 1975; Martin et al., 1977).  Their 

development is reproducible and produces differentiated cell types such as visceral yolk sac, 

myocardial and hematopoetic cells (Doetschman et al., 1985).  The invention of molecular 

techniques has allowed a more thorough comparison of the differentiation of embryoid bodies 
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with early embryonic differentiation.  This comparison demonstrates that the pattern of gene 

expression observed in endodermal development in vivo is closely recapitulated by embryoid 

bodies, and that differentiation into cells of all three germ layers can occur (Abe et al., 1996; 

Leahy et al., 1999).   These studies suggest that embryoid bodies are a good model of 

extraembryonic endoderm differentiation as well as differentiation of embryonic cells (Abe et 

al., 1996; Leahy et al., 1999).  

 

 

Figure 1.7 Morphology of an embryoid body in comparison to a mouse embryo 
Embryoid bodies form when mES cells are cultured in suspension.  Both embryoid bodies and 
mouse embryos are used as models of primitive endoderm development.  The primitive 
endoderm is found in the outer layer of an embryoid body, whilst cells of the inside 
differentiate into cells of all three germ layers.  Similarly, the epiblast of an embryo develops in 
to an embryo proper, and the primitive endoderm forms an epithelium between the epiblast 
and the blastocoel cavity. 
 

1.4.3 Transcription factors important in the development of the primitive endoderm 

There are four main transcription factors required for the early specification of the primitive 

endoderm (Gata6, Sox17, Gata4, and Sox7) (Figure 1.8).    

Gata6 & Gata4 

Expression pattern 

Gata proteins are members of the zinc finger transcription factor family which bind a core 

GATA motif.  As can be seen in Figure 1.9 Gata6 is expressed at the 32-cell stage in almost 

every cell of the inner cell mass, whilst expression of Gata4 is low (Guo et al., 2010).  Gata4 and 

Gata6 are subsequently expressed in only a subset of cells of the inner cell mass at the 64-cell 

stage (Guo et al., 2010; Koutsourakis et al., 1999).  Gata4 is rarely expressed in cells that are 

Nanog positive (Plusa et al., 2008), suggesting that Gata4 is a more specific marker of primitive 

endoderm cell fate choice than Gata6.  Newly implanted blastocysts at E4.5 express both 

Gata4 and Gata6 in the primitive endoderm cells (Cai et al., 2008).  At E4.75 the cells start to 
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move round extending beyond the ICM on to the blastocoel surface (Cai et al., 2008).  By E5.0 

a complete Gata4 and Gata6 positive visceral and parietal endoderm has formed which at first 

expresses both Gata4 and Gata6 (Cai et al., 2008).  Mature parietal endoderm cells are Gata4 

and Gata6 positive, whilst the matured visceral endoderm cells express only Gata4, not Gata6 

(Cai et al., 2008).   

 

During late embryonic and postnatal development Gata4 is expressed in the heart, intestinal 

epithelium, primitive endoderm and gonads (Arceci et al., 1993).  Gata6 has a similar 

expression pattern to Gata4, it is expressed in the precardiac mesoderm, embryonic heart tube 

and the primitive gut (Morrisey et al., 1996).  Gata6 is also expressed in arterial smooth muscle 

cells, the developing bronchi and the urogenital ridge and bladder (Morrisey et al., 1996).   

 

Loss of Gata4 

To investigate the function of Gata4, the phenotype of two Gata4 null mouse lines have been 

analysed.  Gata4 null embryos are embryonic lethal dying prior to E10.5 (Kuo et al., 1997; 

Molkentin et al., 1997).  One study found that the embryos die either at the egg cylinder stage 

(~E7.0), or past gastrulation (~E9.5) (Molkentin et al., 1997).  Mutant embryos which die at the 

egg cylinder stage lack expression of visceral endoderm α-fetoprotein (Afp) mRNA, as detected 

by whole-mount in situ hybridisation, suggesting the visceral endoderm does not form 

properly (Molkentin et al., 1997).  Those embryos which do develop passed the egg cylinder 

stage express Afp, and Hnf4α (Hepatocyte nuclear factor 4 α - a marker of the visceral 

endoderm) suggesting in some Gata4 null embryos there is a compensatory mechanism.  

These embryos subsequently die lacking a centralised heart tube, and foregut, and developed 

outside the yolk sac (Molkentin et al., 1997).  Gata6 mRNA levels are upregulated two- to 

three-fold in these mutant embryos, as determined by semi-quantitative polymerase chain 

reaction (PCR), suggesting Gata6 may compensate for Gata4 allowing these embryos to 

develop further (Molkentin et al., 1997).  Conversely, a different Gata4 null mouse line 

expresses high levels of Afp and Hnf4α mRNA in all embryos, as determined by in situ 

hybridisation, suggesting Gata4 is not required for formation of the visceral endoderm (Kuo et 

al., 1997).  They suggest that the failure in closure of the yolk sac is due to the folding defect 

observed throughout the embryo instead of failure in formation of the visceral endoderm (Kuo 

et al., 1997). 

 

Further information about the role Gata4 plays in the development of the primitive endoderm 

has come from in vitro studies using Gata4 null mES cells.  These experiments give favour to 
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the conclusions reached by the study by Molkentin et al. (1997), rather than that of Kuo et al. 

(1997).  Embryoid bodies formed from Gata4 deficient mES cells have no identifiable visceral 

endoderm by light and electron microscopy, and do not express markers of late 

extraembryonic endoderm development such as Afp or Hnf4α (Soudais et al., 1995).  When 

these embryoid bodies are treated with retinoic acid, a stimulant of endoderm differentiation, 

visceral endoderm formation occurs, demonstrated by their morphology and expression of 

Afp.  This is accompanied by induction of Gata6 expression suggesting a role for Gata6 in extra-

embryonic endoderm development which is independent or downstreatm of Gata4 expression 

(Bielinska and Wilson, 1997). 

 

Loss of Gata6 

A Gata6 null mouse line has also been produced to investigate its role during primitive 

endoderm development.  The mouse has been analysed by two groups producing two slightly 

different phenotypes. One of the investigations observed Gata6-/- mice dying between E6.5 

and E7.5, showing a defect in endoderm differentiation as well as programmed cell death 

within the ExE (Morrisey et al., 1998).  At E6.5 mutant embryos possessed an intact layer of 

extra-embryonic visceral endoderm and embryonic visceral endoderm, at E7.0 null embryos 

contained visceral and parietal endoderm, suggesting this is specified correctly in Gata6-

deficient embryos (Morrisey et al., 1998).  As determined by in situ hybridisation, Gata4 gene 

expression is largely reduced in the visceral and parietal endoderm of Gata6-deficient 

embryos, and Hnf4α mRNA could not be detected (Morrisey et al., 1998).  This study therefore 

suggests that Gata6 is not required for the visceral and parietal endodermal tissues to form 

but is required for the maintenance of expression of extra-embryonic markers.  The alternative 

study of the phenotype of Gata6 null embryos observed no recognisable endoderm structure 

at E5.5, and an absence of Gata4 positive parietal and visceral endoderm cells, as determined 

by immunostaining (Cai et al., 2008).  These Gata6-null blastocysts exhibited no Gata4 or Gata6 

positive cells, and the ICM did not have a covering of Gata4- and Gata6- positive primitive 

endoderm (Cai et al., 2008).  No homozygous null E7.0 embryos were found in this 

investigation.  Results from this study therefore suggest that Gata6 has a key role in the 

development of both the parietal and visceral endoderm or prior to specification of these 

lineages (Cai et al., 2008).  Although the phenotype of these two mice is different, they both 

exhibit a failure in extraembryonic endoderm development, but disagree over for which stage 

it is important. 
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Further analysis of the role Gata6 plays in development has been carried out in embryoid 

bodies.  Embryoid bodies produced from Gata6-/- ES cells do not express Afp, Hnf4α or Gata4, 

suggesting Gata6 is required for extraembryonic development (Morrisey et al., 1998).  

Formation of embryoid bodies from Gata6-null mES cells transfected with Gata4 causes 

expression of Disabled-2 (Dab2) protein which is an extra-embryonic endoderm marker (Cai et 

al., 2008).  This suggests that in this circumstance Gata6 is not required for differentiation of ES 

cells in to visceral endoderm-like Dab2 positive cells, corroborating the observation that Gata6 

is not expressed in the mature visceral endoderm (Cai et al., 2008).  This demonstrates that 

Gata6 is required for specification of the primitive endoderm, and subsequently the parietal 

endoderm, but is not necessary for visceral endoderm development once the primitive 

endoderm is specified.  

 

Increased expression of Gata6 or Gata4 

To complement these loss of function studies, induced expression of either Gata6 or Gata4 in 

mES cells forces extraembryonic endoderm differentiation (Fujikura et al., 2002).  Injection of 

dominant-negative Gata6 in to individual ICM cells causes ICM cells to preferentially contribute 

to the epiblast rather than the primitive endoderm suggesting that Gata6 maintains cells at the 

surface of the ICM (Meilhac et al., 2009).  However, injection of Gata6 to cells of the deep ICM, 

did not change their localisation, therefore Gata6 is not sufficient to position cells of the ICM at 

the surface (Meilhac et al., 2009).  Additionally, generating mosaic embryos with clones of cells 

with high levels of Gata6 had no affect on the progeny of the cell producing epiblast or 

primitive endoderm.  But reducing it caused the cells to contribute more to the epiblast 

(Morris et al., 2010).  Interestingly Gata6 and Gata4 are both induced when either Gata6 or 

Gata4 is overexpressed in mES cells, suggesting that they cross-regulate each other (Fujikura et 

al., 2002) (Figure 1.8). 

 

Taking in to account all of the evidence from in vivo and in vitro studies, Gata6 and Gata4 

function in early mouse embryonic differentiation is essential for extraembryonic endoderm 

development, and Gata6 is upstream of Gata4. 

 

Sox 7 & 17 

In addition to Gata6 and Gata4, the Sry-related HMG-box transcription factors Sox7 & 17 are 

required for specification of the primitive endoderm.  Sox17 binds to, and activates a number 

of genes required for extraembryonic endoderm differentiation, such as Platelet derived 

growth factor receptor α (Pdgfrα), Fgfr2, basement membrane components, and reinforces 
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expression of Gata4 and Gata6 (Niakan et al., 2010).  Sox17 has also be shown to inhibit 

transcription of pluripotency genes such as Sox2, Nanog and Oct4 (Niakan et al., 2010).  

Additionally, Sox17 may also have a role in migration of Gata4 and Gata6 to their correct 

localisation (Artus et al., 2011; Niakan et al., 2010).  Gata4-/- embryoid bodies expressed Sox17, 

whilst Gata6-/- embryoid bodies lack Sox17 which suggests that initiation of Sox17 expression is 

upstream of Gata4 (Niakan et al., 2010). 

 

In Sox17-/- embryos Sox7 expression is maintained, as shown by quantitative PCR (q-PCR) 

(Shimoda et al., 2007), and immunostaining (Artus et al., 2011).  This suggests that Sox7 

expression is not regulated by Sox17, and that Sox7 could compensate for loss of Sox17.  Sox7 

is expressed only in a subset of Pdgfrα-positive cells, at the 64-cell stage embryo, but only in 

cell of the primitive endoderm that are localised at the surface of the ICM.  This suggests that 

Sox7 is a marker of cells which are committed to the primitive endoderm lineage, unlike Sox17, 

Gata6, and Gata4 (Artus et al., 2011).  It also indicates that Sox7 is downstream of Gata6, 

Sox17 and Gata4.  Silencing of Sox7 in embryonal carcinoma cell results in absence of Gata4 or 

Gata6 after differentiation with retinoic acid, and a loss of endodermal morphology (Futaki et 

al., 2004).  This suggests that Sox7 has an important role in extraembryonic endoderm 

differentiation, and also that it is upstream of Gata4 or Gata6 which contradicts with the more 

recent findings of Artus et al. (2011). 

 

Other transcription factors required for extra-embryonic endoderm development 

There are many other important transcription factors required for mature extra-embryonic 

endoderm development. 

 

Hnf-4α is expressed at E4.5 in the primitive endoderm, and is restricted to the visceral yolk sac 

from E5.5-8.5 (Duncan et al., 1994).  During embryonic development, Hnf-4α is also present in 

the gut and nephrogenic tissue (Duncan et al., 1994).  Hnf-4α null embryos die during 

development following retarded and abnormal gastrulation and cell death in the embryonic 

ectoderm (Chen et al., 1994).  This phenotype can be rescued by addition of visceral endoderm 

from wild-type mice (Duncan et al., 1997).  Embryoid bodies formed from Hnf4α null mES cells 

form primitive endoderm, confirmed by expression of Gata4, but they do not express proteins 

such as Afp which are known to be present in the visceral endoderm.   This suggests that 

Hnf4α is essential for complete differentiation of the visceral endoderm but not the primitive 

endoderm (Duncan et al., 1997).  Hnf4α can be regulated by Gata6, as in non-endodermal cells 

overexpression of Gata6 activates the Hnf4α promoter (Morrisey et al., 1998). 



Chapter 1: Introduction 

51 

 

 

Afp was also used frequently in studies of visceral endoderm development before the 

identification of other markers.  Using immunperoxidase and immunoprecipitation after 

radioactive labelling, it was identified that Afp is first detectable after E7 in the visceral 

endoderm and is not present in the parietal endoderm cells (Dziadek and Adamson, 1978). 

 

Nanog 

Similarly to the development of the trophoblast, Nanog has an important role in the 

specification of the primitive endoderm.  When mES cells aggregate during embryoid body 

formation a downregulation in the pluripotency factor Nanog occurs in the primitive 

endoderm cells (Hamazaki et al., 2004).  Induced overexpression of Nanog inhibits visceral 

endoderm differentiation in embryoid bodies (Hamazaki et al., 2004; Singh et al., 2007).  

Nanog can repress Gata6 expression directly by binding to the promoter region of the gene 

(Singh et al., 2007).  It would therefore be expected that Nanog mutants have high expression 

of Gata4 and Gata6.  Surprisingly, they do not express Gata4, but all cells of the ICM express 

Gata6 (Frankenberg et al., 2011; Messerschmidt and Kemler, 2010).  Nanog mutant embryos 

can form primitive endoderm in mouse chimeras, the epiblast-derived tissues are formed by 

the wild-type cells, whilst the primitive endoderm derived cells are formed from the Nanog 

mutant cells (Messerschmidt and Kemler, 2010).  These two studies therefore suggest that 

Nanog may have a non-cell autonomous role in primitive endoderm maintenance but not in its 

initial formation (Frankenberg et al., 2011; Messerschmidt and Kemler, 2010).   
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Figure 1.8: Transcription factors required for the specification of the ICM into the epiblast 
and the primitive endoderm. 
The epiblast and the primitive endoderm are specified from the ICM in the second cell fate 
choice which occurs during embryonic development.  The primitive endoderm forms the 
extraembryonic endoderm whilst the epiblast produces the embryo proper.  The formation of 
the epiblast is predominantly dependent on the expression of the pluripotency transcription 
factors Nanog and Oct3/4.  The fate specification of the primitive endoderm is regulated by 
four main transcription factors (Gata6, Sox17, Gata4 and Sox7).  Gata6 is the first to be 
expressed, but is at first co-expressed in cells with Nanog.  Gata4 and Sox17 are therefore the 
most specific early markers of the primitive endoderm.  The pluripotency factors and Gata6 
inhibit each other to prevent cells from changing fate once they are specified.  Light 
microscopy image of the blastocyst is taken from (Saiz and Plusa, 2013). 
 

1.4.4 Mechanisms of segregation of the primitive endoderm and epiblast 

The mechanism used to segregate cells of the ICM into cells of the primitive endoderm and 

epiblast, and how these cells become positioned correctly in the embryo has been a central 

question in much of the research done in the field of primitive endoderm development.   
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Position-based model 

Similarly to the trophoblast a very early model of primitive endoderm development was the 

position-based model. This hypothesis is based on observations that the primitive endoderm is 

present at the surface of the inner cell mass, and therefore it may be the location of these cells 

on the on the surface of the ICM, exposed to the blastocoel which causes them to become the 

primitive endoderm (Rossant, 1975).  More recent studies have focussed on the asymmetric 

divisions from which the cells are derived.  One study has shown that the asymmetric division 

from which the cells of the ICM are formed dictates whether it contributes to the epiblast or 

primitive endoderm (Morris et al., 2010).  Conversely, an alternative study concluded using live 

cell tracing of mouse embryos from the eight-cell stage that there is no relationship between 

which asymmetric division the when the inner cells is generated and their cell fate 

commitment (Yamanaka et al., 2010).  These studies therefore suggest that the position and 

origin of cells in the blasotcyst embryo may have a role in the primitive endoderm versus 

epiblast formation but that it is not very clear, or easy to detect. 

 

Cell sorting 

The alternative model of the mechanism of cell fate choice between epiblast and the primitive 

endoderm is that cells are specified to a cell fate and then sort into their compartments (Figure 

1.9).  Single-cell analysis of mRNA shows that many of the transcription factors that are 

restricted in the blastocyst are coexpressed in the 16-cell embryos (Guo et al., 2010).  Until the 

32-cell stage in mouse embryos the expression of Nanog and Gata6 protein overlaps in almost 

all cells (Plusa et al., 2008).  At E3.5 Gata6 and Nanog are expressed in cells mainly in a 

mutually exclusive pattern with no bias to location within the ICM, thus creating a mosaic, salt-

and-pepper expression pattern of these two transcription factors (Chazaud et al., 2006) (Figure 

1.9).  When traced, these cells give rise to cells of either the epiblast or primitive endoderm, 

but never both.  This occurs even when single cells are removed and placed in different 

environments (Chazaud et al., 2006). The salt-and-pepper localisation of these transcription 

factors at the mRNA level has also been shown in single cell resolution (Guo et al., 2010).  

These results show that at this stage there is lineage segregation, but no positional restriction, 

suggesting that this second cell sorting model may be correct.  Formation of the primitive 

endoderm as a segregated layer of Gata4-positive cells occurs in embryos between 80-100 

cells (Plusa et al., 2008) (Figure 1.9). 

 

Of the total number of primitive endoderm cells, 41% originate from the deeper ICM, 

suggesting that a lot of cell sorting is required in the development of the primitive endoderm 
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(Meilhac et al., 2009).   Movement of cells in the blastocyst embryos was observed by Chazaud 

et al., 2006 (Chazaud et al., 2006).   Time-lapse imaging has shown that all cells of the inner cell 

mass undergo movement, this movement can even involve a change in localisation to/from 

the ICM surface or deeper ICM (Meilhac et al., 2009).  Cells expressing Pdgfrα (a primitive 

endoderm marker) exhibit a net movement towards the cavity, a primitive endoderm 

localisation (Meilhac et al., 2009).  In silico results suggest that the best model is that position 

of the cell and cell sorting are involved in primitive endoderm development.  This means that 

gene expression of a cell depends on its position, if these two components match the gene 

expression of the cell is less likely to change (Meilhac et al., 2009).  This suggests that both 

positional and cell sorting mechanisms may play a role in the development of the primitive 

endoderm.   

 

Potency of cells of the ICM in the blastocyst embryo  

Subsequent studies have investigated the potency of the salt-and-pepper cells.  Cells of the 

ICM in the early blastocyst embryo each have different potency (Grabarek et al., 2012).  In the 

early ICM, a third of cells are bipotent whilst two thirds are restricted to either the primitive 

endoderm, or epiblast fate (Meilhac et al., 2009).  This conclusion has been functionally 

reinforced by manipulating Fgf signalling which causes cells expressing either Gata6 or Nanog 

to change fate, demonstrating that the plasticity of cells remains until E4.0-E4.5 (Yamanaka et 

al., 2010).  Therefore, until E4.0-E4.5 cells are progenitors but are not fully committed to their 

cell fate (Yamanaka et al., 2010).  A more detailed study has shown that the loss of cell 

plasticity between the mid to late blastocyst stage, does not coincide with the appearance of 

mutually exclusive expression of Nanog and Gata6 (Grabarek et al., 2012).  Instead, it is the 

exclusion of Oct4 which restricts the potency of cells of the ICM (Grabarek et al., 2012).   
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Figure 1.9 The pattern of expression of transcription factors during embryonic development 
provides a model of how the primitive endoderm and epiblast are specified 
The expression pattern of transcription factors required for epiblast and primitive endoderm 
specification has been determined using immunostaining of mouse embryos and single-cell 
mRNA anlaysis (Chazaud et al., 2006; Guo et al., 2010; Plusa et al., 2008).  In the early 
blastocyst stage embryo Nanog and Gata6 are expressed in all nuclei of the ICM.  By the mid-
blastocyst stage some cells express Gata6 and Gata4 whilst others express only Nanog.  These 
cells are organised in a ‘salt-and-pepper’ pattern, meaning that both types are interdispersed 
throughout the ICM.  The cells then sort, so that by the late-blastocyst stage the primitive 
endoderm Gata6, Gata4 positive cells line the blastocoel, whilst the Nanog positive epiblast 
cells localise between the primitive endoderm and the trophoblast on one side of the embryo.  
(Modified from (Saiz and Plusa, 2013). 
 

1.4.5 Role for Fgfr/Erk signalling in primitive endoderm development 

Fgfr/Erk signalling has an important role in the specification of the primitive endoderm lineage. 

 

Fgfr/Erk signalling cascades 

 

Fibroblast growth factors (Fgfs) are secreted glycoproteins which signal through Fgf receptors 

to regulate many developmental pathways (Turner and Grose, 2010).  There are 18 known 

ligands of Fgf signalling, and 4 receptors (Fgfr1-4) (Turner and Grose, 2010).  Fgf receptors are 

tyrosine kinase receptors which form dimers upon ligand binding, causing the activation of an 
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intracellular kinase.  This leads to intermolecular transphosphorylation of the tyrosine kinase 

domains and intracellular tail of the Fgf receptor (Turner and Grose, 2010).  The 

phosphorylated tyrosine residues function as docking sites for adaptors to initiate intracellular 

signalling.  Erk, PI3k, Plcγ, p38 Mapk and Jun N-terminal kinase, Stat and protein S6 kinase 2 

pathways are all signalling pathways downstream of Fgf receptor activation (Turner and Grose, 

2010). 

 

 

Figure 1.10 Fibroblast growth factor (Fgf) signalling cascade 
The receptor tyrosine kinase Fgf receptor is activated by the binding of Fgf.  This causes trans-
phosphorylation of the tyrosine kinase domains of the receptor which allows the binding of 
adaptor proteins to the intracellular region of the Fgf receptor and a signalling cascade.  There 
are many signalling cascades downstream of the Fgf receptor such as: pS6, Erk, Pi3K, Plcγ, p38, 
Jun and Stat. 
 

Mammalian Mitogen-activated protein kinase (Mapk) signalling consists of 4 Mapk signalling 

pathways (Erk1/2, c-jun amino-terminal kinases, p38 kinases and Erk5) (Roberts and Der, 

2007).  These cascades consists of at least three levels of proteins, Mapk kinase kinase 

(Mapkk), a Mapk kinase, and a Mapk, each of which is activated by phosphorylation (Roberts 

and Der, 2007; Roskoski, 2012).  For this study it is the Erk signalling cascade which is most 

relevant (Figure 1.11).  The Erk pathway is activated by growth factor-stimulated cell surface 

receptors, Raf serine/threonine kinases are the Mapkk, this phosphorylates and activates the 

dual-specificity protein kinase Mek1/2 (Mapkk) (Roberts and Der, 2007; Roskoski, 2012).  

Mek1/2 phosphorylates and activates Erk1/2 Mapk which is a serine-threonine kinase that 
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phosphorylates and regulates the activity of many proteins (Roberts and Der, 2007; Roskoski, 

2012).  

 

 

Figure 1.11 The Erk signalling cascade 
The Erk signalling cascade is one of the pathways of Mitogen-activated protein kinase (Mapk) 
signalling. As shown here Erk signalling begins with receptor tyrosine kinase activation, this 
causes activation via Ras of Raf, and subsequently Mek1/2, and Erk1/2.  Activated Erk1/2 can 
then phosphorylate and regulate the activity of many proteins, leading to the transcription of 
genes. 
 

Evidence for a role of Fgfr signalling in primitive endoderm specification 

Fgf4 is thought to be required for development of the primitive endoderm.  Fgf4 is expressed 

in embryos from the 1-cell stage.  In the blastocyst embryo it localises to the ICM but is not 

detected in the trophoblast (Rappolee et al., 1994).  Treatment of embryos with Fgf4 and 
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heparin causes all cells of the ICM to become Gata6 positive (Rappolee et al., 1994; Yamanaka 

et al., 2010), and can rescue primitive endoderm development, demonstrated by Sox17 and 

Gata4 expression in Nanog mutants (Frankenberg et al., 2011).  Fewer Fgf4-/- mES cells undergo 

differentiation upon addition of retinoic acid, and many die suggesting a deficiency either in 

proliferation and/or survival of the differentiated cells, addition of recombinant Fgf4 rescues 

this phenotype (Wilder et al., 1997).  Fgf4 null embryos are embryonic lethal after 

implantation, (Feldman et al., 1995), they lack expression of Hnf4α in the primitive endoderm, 

suggesting a key role for Fgf4 in primitive endoderm development  (Goldin and Papaioannou, 

2003).  More detailed analysis of Fgf4-/- embryos shows that Gata6 and Nanog colocalise until 

the 32-cell stage as is seen in the wild-type embryo, but by the 64-cell stage only a small 

number of weakly Gata6 positive cells can be detected, whilst Gata4 was never detected (Kang 

et al., 2013).  This mutant cannot be rescued by addition of exogenous Fgf at a uniform 

concentration suggesting in vivo it is regional differences in Fgf concentration which produce 

the salt-and-pepper pattern.  This suggests that Fgf4 signalling is not required for initial 

expression of Gata6 but is required after the 32-cell stage in its maintenance and/or formation 

of the salt and pepper pattern.  It either directly or as a consequence of loss of Gata6 regulates 

Gata4 expression and primitive endoderm specification.   

 

Fgf4 activates the Fgf receptor during primitive endoderm development.  Both Fgfr1 

(previously known as Bek), and Fgfr2 (previously known as Kgfr together with Flg) are 

expressed in the ICM of blastocyst embryos (Orr-Urtreger et al., 1991).  As Fgf-4 is also 

expressed in the cells of the ICM, this suggests that Fgfr signalling after activation by Fgf4 may 

have a role in the development of the inner cell mass (Niswander and Martin, 1992).  Fgfr1-/- 

mice are embryonic lethal prior to or during gastrulation, and display a ruffled extraembryonic 

endoderm (Deng et al., 1994; Yamaguchi et al., 1994).  Fgfr2-/- mice also die a few hours after 

implantation with a collapsed yolk cavity, there is no distinguishable primitive endoderm in the 

blastocyst embryo in vivo or when the embryos are cultured in vitro (Arman et al., 1998).  

Embryoid bodies made from mES cells with a dominant negative Fgfr2 (dnFgfr2) do not form 

Hnf4α or Afp expressing visceral endoderm on the outside of the embryoid body, and do not 

cavitate (Chen et al., 2000).  Embryoid bodies made with Fgfr1 -/- mES cells also do not express 

Afp (Esner et al., 2002).  Fgfr2 activation in mES cells downregulates Nanog gene transcription 

through activation of the Mek pathway, forcing their differentiation to the primitive endoderm 

cell fate (Santostefano et al., 2012).   
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Evidence for a key role for Fgf4 and Fgfr2 in the correct development of the inner cell mass is 

reinforced by single-cell expression data showing that the strongest inverse correlation within 

the cells of the ICM is between Fgfr2 and Fgf4 (Guo et al., 2010).  This is caused by a decrease 

in Fgfr2, and an increase of Fgf4 in a subpopulation of 32-cell ICM cells.  The other cells of the 

ICM have a high level of Fgfr2 and a low level of Fgf4 as is seen in all cells at the 16-cell stage.  

In conclusion this evidence suggests that Fgf4 signals via Fgfr1 and/or Fgfr2 in an essential role 

during primitive endoderm development.   

 

Erk signalling is required for primitive endoderm specification 

The adaptor protein Grb2, which is required for receptor tyrosine kinase signalling has been 

shown to be required for primitive endoderm development (Cheng et al., 1998).  A more 

detailed analysis of the Grb2-/- mouse phenotype demonstrated that Gata6 expression is lost 

and all ICM cells are Nanog positive (Chazaud et al., 2006).  Accordingly, when induced to 

undergo endoderm differentiation, Grb2-/- mES cells which are transfected with Gata6 or Gata4 

are able to form primitive endoderm in embryoid bodies, suggesting that Grb2 signalling acts 

upstream of Gata6 and Gata4 (Wang et al., 2011).  Interestingly, forced expression of H-Ras in 

Grb2-deficient mES cells promotes endoderm differentiation in embryoid bodies, suggesting 

Grb2 functions through activation of Ras in this context (Cheng et al., 1998).    

 

One of the downstream signalling pathways of Ras is the Erk signalling cascade.  There is 

strong evidence to suggest that Erk signalling is required for primitive endoderm development.  

Embryoid bodies formed from mES cells transfected with a constitutively active Mek mutant 

have repressed Nanog expression, and primitive endoderm differentiation occurs (Hamazaki et 

al., 2006). This suggests that the Erk signalling pathway mediates Nanog repression, which is 

known to be required for differentiation of ICM cells into primitive endoderm and is known to 

be affected by Fgfr signalling.  Additionally, embryoid bodies formed from dominant negative 

Ras mutant mES cells have reduced expression of Gata6, Gata4 and Afp (Yoshida-Koide et al., 

2004).  Of three Ras mutants which selectively activated either the RalGef/Ral, Pi3k/Akt or 

Raf/Mek/Erk, only the Ras mutant which could activate the Raf/Mek/Erk signalling cascade 

could induce expression of the extraembryonic genes (Yoshida-Koide et al., 2004).  This 

suggests that Ras signalling effects extraembryonic endoderm differentiation through the Erk 

signalling cascade.  This was confirmed by an experiment when embryoid bodies were cultured 

with 10μM of the Mek inhibitor U0126 and a significant decrease in expression of 

extraembryonic endoderm markers was observed (Yoshida-Koide et al., 2004). 
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This therefore led to the hypothesis that the mosaic expression of epiblast and primitive 

endoderm markers is dependent upon an Fgfr/Grb2-Ras-Mek/Erk signalling cascade.  

Subsequent work culturing mouse embryos with both Fgfr and Mek inhibitors has supported 

this hypothesis.  Treatment of embryos with inhibitors of the Fgf receptor and Mek (100nM 

PD173074 & 0.5uM PD0325901 Yamanaka et al. (2010), or 0.8µM PD184352 and 2μM SU5402 

or  1μM PD0325901 and 100nM PD173074 Nichols et al. (2009)) causes ICM cells to express 

Nanog whilst repressing primitive endoderm markers Gata6 & 4 (Nichols et al., 2009; 

Yamanaka et al., 2010).  No effect was seen on the total number of cells of the ICM, therefore 

the phenotype is caused by a cell fate specification reassignment rather than loss of the 

primitive endoderm lineage cells (Nichols et al., 2009).  When embryos are treated with both 

inhibitors from the 8-cell stage to the late blastocyst they show the cell fate defect, however, if 

the embryos are treated with both inhibitors from the 8-16 cell stage only until the early 

blastocyst stage and then replaced in control media they have no cell fate phenotype 

(Yamanaka et al., 2010).  Additionally, if embryos are treated from the early blastocyst stage 

they show an upregulation of Nanog and downregulation of Gata6 (Yamanaka et al., 2010).  

This suggests that the Fgfr/Erk signalling cascade is essential for regulating the primitive 

endoderm and epiblast cell fate after the early blastocyst stage.    

 

1.4.6 Other signalling pathways involved in development of the primitive endoderm 

In addition to a requirement for Fgfr/Erk signalling in the development of the primitive 

endoderm there is evidence for the activity of other signalling pathways. 

 

Platelet derived growth factor (Pdgf) 

Platelet derived growth factor (Pdgf) exists as a homodimer or heterodimer and binds to the 

Pdgfr (Wang and Song, 1996).  Pdgfr is a receptor tyrosine kinase which also exists as either a 

homodimer or a heterodimer of two subunits, α and β.  Pdgfr is known to stimulate many 

signalling events following activation, three of them are Ras-Mapk, Pi3k and Plcγ signalling 

(Andrae et al., 2008).  Expression of Pdgfrα in F9 embryonal carcinoma cells in the developing 

parietal endoderm of embryoid bodies is regulated by binding of Gata4 to an enhancer within 

the Pdfgrα promoter, suggesting that this signalling process may be involved in primitive 

endoderm development.  Gata6 is also required for the activation of Pdgfrα expression, whilst 

more recent evidence suggests that Gata4 and Gata6 are required for its maintenance (Artus 

et al., 2010).  Pdgfrα has been identified and used as an early marker of the primitive 

endoderm lineage (Plusa et al., 2008). 
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Pdgf signalling has a functional role in primitive endoderm development (Artus et al., 2010).  

Inhibition of Pdgf results in XEN cells (Extraembryonic endoderm stem cells) exiting the cell 

cycle, resulting in reduced proliferation, suggesting that Pdgf signalling is required as a mitogen 

for XEN cells via Mek and Pkc signalling (Artus et al., 2010).  It is unsurprising therefore that 

Pdgf is required for the expansion/maintenance of the primitive endoderm in vivo.  Embryos 

lacking Pdgf signalling also have increased caspase-dependent apoptosis, suggesting that it is 

required for the survival of primitive endoderm cells in the ICM (Artus et al., 2013).  Pdgf 

signalling does not however affect cell sorting or lineage specification within the ICM. 

 

Pi3k signalling 

Phosphatidyl inositol 3-kinase (Pi3k) signalling was suggested to be the downstream signalling 

pathway from the Fgf receptor (Chen et al., 2000).  This was suggested because  embryoid 

bodies made from mES cells with a dominant negative form of the Fgf receptor did not have 

altered ppERK levels in comparison to wild-type, whilst Akt was activated 4-10 fold more than 

wild-type embryoid body.  Additionally, inhibition of Pi3k signalling using 10mM LY294002 

almost completely inhibited embryoid body differentiation but this is a very high concentration 

of LY294002, and therefore could be due to an off target or toxic effect of the compound (See 

5.3.6).  Synthesis  and localisation of Laminin-1 and Collagen IV for the basement membrane of 

the primitive endoderm in embryoid bodies requires Akt, a downstream component of Pi3k 

signalling following activation of the Fgf receptor (Li et al., 2001b).  Inhibition of Pi3k signalling 

has been shown to have no effect on the downregulation of Nanog which occurs in the outer 

layer of cells during embryoid body formation (Hamazaki et al., 2006).  This suggests that Pi3k 

does not regulate Nanog during primitive endoderm cell fate specification.  In conclusion, 

evidence suggests there is  a role for Pi3k signalling in primitive endoderm development but 

further work is required to full understand it. 

 

1.4.7 Polarisation in the development of the primitive endoderm 

As outlined above, there has been a lot of work investigating the mechanisms regulating 

primitive endoderm cell fate specification.  As the primitive endoderm is an epithelium, the 

cells are apico-basolaterally polarised.  Some work has been done to investigate the role this 

polarisation may have in the development of the primitive endoderm. 

E-cadherin 

E-cadherin is polarised in cells of the primitive endoderm (Moore et al., 2009).  Mutation in a 

sequence essential for Ca2+ binding of E-cadherin, is embryonic lethal after the morula stage 
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and embryos are not capable of forming normal blastocysts (Riethmacher et al., 1995).  

Surprisingly, E-cad-/- mES cells form embryoid bodies, and undergo normal primitive endoderm 

differentiation, but cavitation does not occur (Rula et al., 2007).  In chimeric embryoid bodies, 

E-cadherin null embryonal carcinoma cells predominantly migrate to the outer layer, whilst 

wild-type cells form the inner cells, therefore sorting according to their adhesion (Moore et al., 

2009).  However, when wild-type cells are differentiated (with retinoic acid) and chimeric 

embryoid bodies are formed with E-cadherin null embryonal carcinoma cells, the E-cadherin 

positive primitive endoderm like cells form the outer layer, and the E-cadherin null embryonic 

carcinoma cells form the inner cells (Moore et al., 2009).   This suggests that in this experiment 

it is the differentiation state of the embryonal carcinoma cells which controls the sorting 

rather than their adhesion.  This proposes that the adhesive state of cells can cause their 

sorting but that in vivo it may be the fact that the primitive endoderm progenitor cells have 

started to differentiate which controls their positioning rather than a difference in adhesion of 

the cells. 

Cdc42 and aPkc 

Cdc42 is a protein present in the Par polarity complex, embryoid bodies formed from Cdc42-/- 

mES cells have Afp positive endodermal cells but they do not form a pseduostratified columnar 

epithelium, and the embryoid body does not form a cavity (Wu et al., 2007).  A normal 

basement membrane is however present, alongside polarised α6 integrin distribution (Wu et 

al., 2007).  The tight junction protein Zo-1 is expressed at reduced levels and electron 

microscopy demonstrates that between most cells the tight junctions are absent, additionally 

aPkc is not polarised (Wu et al., 2007).  This suggests that Cdc42 is required for the polarisation 

of the extraembryonic endoderm but not basement membrane formation or its cell fate 

specification. A reduction in phosphorylated aPkc suggests that in the Cdc42 mutant embryoid 

bodies it is the lack of active aPkc which induces the phenotype observed (Wu et al., 2007). 

 

Study of the role of aPkc in embryos also shows an important role for aPkc in primitive 

endoderm development although the phenotype is not the same as that observed in Cdc42 

null embryoid bodies.  aPkc localises to cytoplasm, nuclei and cell contacts of cells within the 

early blastocyst (Saiz et al., 2013).  In mid and late blastocyst embryos aPkc levels are 

heterogeneous within the ICM, being expressed highly in cells which are positive for Gata4.  

Embryoid bodies made from mES cells with a dominant negative aPkcζ show a loss of 

polarisation demonstrated by incomplete tight junctions, and adherens junction belts (Wu et 

al., 2007).    Inhibition of aPkc in embryos causes primitive endoderm cells to fail to become 

anchored at the blastocoel cavity, suggesting a requirement for aPkc in the sorting of the 
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primitive endoderm (Saiz et al., 2013).  No effect is observed on early primitive endoderm 

markers (eg. Pdgfrα), but later there is an appearance of cells which lack both Nanog and 

Gata4 which is never observed in normal embryos (Saiz et al., 2013).  A disruption in the apical 

domain of the primitive endoderm is also observed , shown by disruption of Lrp2 (megalin), 

and Dab2 (Saiz et al., 2013).  This suggests that in addition to being essential for sorting, aPkc is 

also required for maturation of the primitive endoderm cell fate. 

Lrp2 (megalin) 

Lrp2 is a low-density lipoprotein receptor-related protein (Lrp), which is also known as 

megalin.  Its localisation becomes polarised during primitive endoderm development.  It is 

expressed at very low levels in the 8-cell morula stage but is upregulated in E3.5 and E4.5 

embryos (Gerbe et al., 2008).  In E3.5 embryos Lrp2 is homogeneously distributed in the 

cytoplasm of Nanog negative cells of the ICM contributing to the salt-and-pepper pattern.  

Expression of Lrp2 gradually increases and polarises once the cells reach the ICM surface, in 

E4.5 embryos it localises to the apical side of primitive endoderm cells (Gerbe et al., 2008).  As 

was observed with expression of aPkc, localisation of Lrp2 suggests that prior to cell sorting 

the cells prepare for epithelialisation but proteins do not have a polarised localisation until 

they reach the ICM surface where they form an epithelium. 

Dab2 

Dab2 is a cargo-selective adaptor protein which mediates clathrin-coated vesicle endocytosis.  

Like Lrp2 it is expressed from E4.5 in the apical of visceral and parietal endoderm  cells  (Gerbe 

et al., 2008; Morrisey et al., 2000; Yang et al., 2002).  Dab2-/- mice have disrupted development 

following implantation at E5.5, and the embryos die at E6.5 (Yang et al., 2002).  The Dab2-/-  

mice have Gata4 positive cells but they are disorganised, the mice die due to a defect in 

visceral endoderm organisation as well as a failure in cell proliferation (Yang et al., 2002).  The 

role for Dab2 in endoderm sorting was confirmed in chimeric embryoid bodies formed from 

Dab2-suppressed and wild-type F9 embryonal carcinoma cells.  The Dab2-suppressed cells 

localise to the inside of the sphere whilst the wild-type cells localised to the outer layer (Rula 

et al., 2007).  Some of the cells of the ICM of the Dab2-/- mice express Gata4, but they also 

have Laminin-positive cells, suggesting that the endoderm differentiation does occur but the 

positioning and epithelial organisation of the cells does not occur (Yang et al., 2007).  Both E-

cadherin and Lrp2 lose their polarised localisation in Dab2-/- mice, and endodcytic vesicles 

containing E-cadherin can also be seen, this suggests that Dab2 is required for the localisation 

and polarisation of extraembryonic endoderm cells (Yang et al., 2007).  Interestingly Dab2 is 

directly activated by Gata6, but not Gata4 (Morrisey et al., 2000).  These studies therefore 
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suggest a requirement for polarisation of the visceral endoderm in its development, which 

regulates extraembryonic endodermal cell positioning. 

Basement membrane 

Laminin is a component of the basement membrane, its role in primitive endoderm 

development has been well studied.  In embryoid bodies made from F9 embryonic carcinoma 

cells addition of exogenous Laminin prevents accumulation of a basement membrane, disrupts 

the organisation of the epithelium, and prevents expression of Afp (Grover et al., 1983).  

Treatment with an anti-Laminin antibody also causes a failure in the organisation of the 

epithelium suggesting that levels of Laminin within the basement membrane are important to 

organise the epithelium of the primitive endoderm (Grover et al., 1983).  Embryoid bodies 

made with Laminin γ1-/- mES cells do not have a basement membrane, and do not cavitate 

(Murray and Edgar, 2000).  These embryoid bodies do however have visceral and parietal 

endoderm cells, but do not form an organised epithelium on the outside of the embryoid body 

(Murray and Edgar, 2001).  This suggests that Laminin and/or the basement membrane is 

essential for cavitation and extraembryonic endoderm organisation in embryoid bodies but not 

cell differentiation.  This is the opposite conclusion to that obtained from analysis of Dab2-/-, 

suggesting a role for polarised proteins other than Laminin in the differentiation of the 

primitive endoderm.   The phenotype observed in the in vitro studies outlined above is 

reinforced by study of Laminin γ1-/- mouse embryos.  These embryos die just after E5.5, they 

have primitive endoderm cells but they remain in the ICM (Smyth et al., 1999).  The expression 

of Laminin-1 is controlled by Gata6 induced by Fgf (Li et al., 2004).  These studies all suggest 

that Laminin may be required for organisation of the endodermal epithelium and cavitation.  

Collagen-IV is also a component of the basement membrane.  In E3.75 embryos it is expressed 

in cells within the ICM in a salt-and-pepper manner suggesting that prior to cell sorting the 

cells express basement membrane components but their localisation is not polarised (Gerbe et 

al., 2008). 

 

β1-integrins are cell-surface receptors which connect the cell to the basement membrane.  β1-

integrin homozygous null embryos die just after implantation (Fässler and Meyer, 1995).  

Analysis of  β1-integrin null nice show a retarded growth of the ICM and although Laminin 

positive cells are present they form clumps instead of a monolayer (Stephens et al., 1995).  

More detailed investigation of the role of β1-integrin in endoderm differentiation has been 

done in embryoid bodies made from β1-integrin mutant mES cells.  No continuous layer of 

endoderm forms on the periphery of the embryoid body, instead clusters of cells are observed 

(Liu et al., 2009).  No difference in expression levels of Gata4 or Afp are detected, but a large 
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reduction in expression of basement membrane components and Dab2 is seen (Liu et al., 

2009).  This agrees with the conclusions formed from studies on Laminin, and suggests that the 

basement membrane is essential for cell sorting but not for cell fate specification. 

 

In conclusion, proteins which are apico-basolaterally polarised in the primitive endoderm seem 

to have an important role in the organisation of the primitive endoderm epithelium.  However, 

it has not been investigated in depth what relationship this has to other mechanisms, such as 

cell fate specification, known to be required for primitive endoderm development. 
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1.5 Aims 

The goal of this thesis is to investigate the relationship between polarisation and cell fate 

specification in preimplantation epithelia.  Specifically there are three aims: 

 

1. Establish if BMP4 induced trophoblast differentiation in mES cells can be used as a 

model of polarisation and cell fate specification. 

 

2. Establish if the development of the primitive endoderm in embryoid bodies can be 

used as model of preimplantation epithelial polarisation and cell fate specification. 

 

3. Use the most appropriate model to investigate the role of cell signalling in polarisation 

and cell fate specification of preimplantation epithelia. 
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2.1 mES cell culture 

2.1.1 Materials 

 

Table 2.1: Materials required for routine mES cell culture, culture in N2B27 media, and 
methylcellulose and hanging drop embryoid body formation.   

Product Supplier Catalogue Number 

Media 

Dulbecco’s Modified Eagles 
Medium(DMEM) 

Invitrogen 41965039 

Knockout DMEM Invitrogen 10829018 

Glasgow Minimum Essential 
Medium (GMEM) 

Invitrogen 21710025 

DMEM/F12 Invitrogen 21331046 

Neurobasal media Invitrogen 21103049 

Iscove’s Modified Dulbecco’s Media 
(IMDM) 

Invitrogen 21980032 

ES-Cult Stem Cell 
Technologies 

M3120 

Serum   

Fetal Bovine Serum (FBS, ES Cell 
Screened HyClone 

ThermoScientific SH30070.03E 

FBS (used for embryoid body 
formation) 

Invitrogen 16000-044 

Knockout Serum replacement Invitrogen 10828-028 

Media supplements 

2-Mercaptoethanol Biorad 161-0710 

Glutamine Invitrogen 25030-024 

100x Non-essential amino acids  Invitrogen 11140-035 

Pyruvate Invitrogen 11360-039 

N2 supplement (100x) Invitrogen 17502048 

B27 supplement (50x) Invitrogen 17504044 

Monothioglycerol (MTG) Sigma M6145 

Bovine serum albumin (BSA) 
Fraction V 

Invitrogen V15260 

Holo-Transferrin Sigma T0665 

L-Ascorbic Acid Sigma A4544 

Insulin Sigma I2767 

Cell culture plasticware 

92mm x17mm tissue culture dish Nunc 150350 

58mm x 15mm tissue culture dish Nunc 150288 

6-well dishes Nunc 140685 

PET membrane Transwell insert Corning 3470 

30mm Petri Dish Triple Vent Sterilin 121V 

6-well ultra low-adherent plates Corning 3471 

Cytokines 

BMP4 Stemgent 03-0007 

BMP4 R&D diagnostics 314-BP-010 

ESGRO (LIF) Chemicon ESG1106 

Other 
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Porcine Gelatin Sigma G1890 

Plasma Fibronectin Invitrogen 33010018 

Urea Sigma U5378 

Matrigel Becton Dickinson 354277 

0.05% Trypsin-EDTA Invitrogen 25300-062 
 

10x Phosphate buffered saline (PBS) Invitrogen 14200-067 

Sterile water Baxter UKF7114 

Dimethyl dulfoxide (DMSO) Sigma D2650 

PD-0325901 Axon MedChem Axon 1408 

AZD-4547 Santa Cruz Sc-364421 

PD-173074 Selleckchem S1264 

1m School of Chemistry 
and Astbury Centre 
for Structural 
Molecular Biology, 
University of Leeds 

Gift 



Chapter 2: Materials and Methods 

70 

 

Cell Culture Media 

 

Table 2.2: Media recipes required for routine mES cell culture, culture in N2B27 media, and 
methylcellulose and hanging drop embryoid body formation.   

Cell culture media Media constituents 

Knock-out DMEM media Knockout DMEM 
15% (vol/vol) Knockout serum replacement 
2mM L-glutamine 
0.1mM 2-mercaptoepthanol 
0.1mM Non-essential amino acids 

mES cell Freezing Media Media A 
GMEM 
0.1mM Non-essential amino acids 
2mM L-glutamine 
0.1mM 2-mercaptoethanol 
1mM Pyruvate 
 
Media B 
Media A 
20% DMSO 

N2B27 Media 1:1 mixture of Media A and Media B 
Media A 
DMEM/F12 
N2 supplement 
50μg/ml BSA fraction V 
2mM Glutamine 
Monothiolglycerol 
 

Media B 
Neurobasal media 
B27 supplement 

Methylcellulose Embryoid Body Media 40% ES-cult 
15% Fetal Bovine Serum 
200µg/ml Holo-transferrin 
50µM 2-Mercaptoethanol 
50µg/ml L-Ascorbic acid 
10µg/ml Insulin 
3.5% IMDM 

Hanging Drop Embryoid Body Media DMEM 
20% FBS 
50µM 2-mercaptoethanol 

 

2.1.2 Routine maintienance of mES cells 

The E14tg2A mES cell line (Clone R63) was a kind gift of Dr Owen Witte, UCLA, California (Era 

and Witte, 2000).  mESCs were routinely cultured on dishes coated in 0.1% (wt/vol) porcine 

gelatin in Knockout DMEM media supplemented 103 units/ml murine LIIF. Occasionally, cells 

were cultured with 1i, addition of 2μM 1m (GSK3β inhibitor (Bone et al., 2009)), to maintain 
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the pluripotency of the cells.  For routine cell passage cells were trypsined in 0.05% trypsin-

EDTA for five minutes.  Trypsin was subsequently neutralised with media, cells were then 

centrifuged at 1000rpm for 5 minutes.  Cells were counted using a Neubauer 

Haemocytometer, the re-suspended cells were plated at a density of 500,000 cells per 10 cm 

dish.  Cell passaging was usually performed every other day.  Alternatively, when cultured for 3 

days cells were plated at a density of 200,000 cells per 10cm dish or equivalent. 

 

2.1.3 mES cell freezing and thawing 

In order to freeze cells, they were trypsinised as outlined above and then resuspended in ice 

cold media A at a density of 1x106 cells/ml.  Ice cold media B was then added in a drop-wise 

fashion to produce a cell density of 1x106 cells/ml.  1ml of the cell suspension was frozen in 

1ml vials overnight in the -80⁰C freezer, and subsequently frozen in liquid nitrogen for long-

term storage. 

 

Thawing of mES cells was done as quickly as possible.  9mls of Knockout DMEM media was 

added to the 1ml of frozen cells and centrifuged at 1000rpm for 5 minutes.  Each vial 

containing 1x106 cells was subsequently resuspended in 10mls media and plated on a 

92mmx17mm cell culture dish. 

 

2.1.4 Culture of cells in N2B27 media 

mES cells were trypsinised as previously described, but resuspended in N2B27 media following 

centrifugation.  They were then plated onto 0.1% gelatin-coated (unless otherwise stated) 

0.4μm pore size, 6.5mm diameter membrane PET membrane Transwell inserts, or 6-well 

plates in N2B27 media at the relevant density (usually 12,000 cells/filter).  Alternatively 1% 

gelatin, 0.05mg/ml bovine plasma Fibronectin with addition of 0.08M Urea or Matrigel were 

used to coat the Transwell inserts.  The media was then supplemented with 10ng/ml BMP4, 

10ng/ml BMP4 and LIF or N2B27 media alone as described in results section.  Cells were 

cultured for 4-5 days as stated.  Light microscopy images were taken using the AMG Evos 

microscope. 

 

2.1.5 Formation of embryoid bodies 

For methylcellulose embryoid body formation, cells were tryspinised in 0.05% Trypsin-EDTA 

and resuspended at a density of 1x105/ml in IMDM.  The cell suspension was added to the 

methylcellulose embryoid body media, vortexed, and allowed to stand for 5-10 minutes.  



Chapter 2: Materials and Methods 

72 

 

Subsequently, 2ml media was added to each 30mm dish.  Two 30mm dishes containing media 

and one containing water with no lid were placed in a 10mm dish and incubated for the 

desired duration. 

 

For hanging drop embryoid body formation, cells were tryspinised in 0.05% Trypsin-EDTA and 

resuspended at a density of 40,000 cells/ml in hanging drop embryoid body media.  Inhibitors 

were added if needed.  Small-molecule inhibitors were added to the cell suspension at 

concentrations indicated in results chapters; 0.5μM-4μM PD-0325901, 1μM-8μM AZD-4547, 

100nM PD-173074.  Control embryoid bodies were formed from media containing the same 

DMSO percentage as used with the inhibitors.  Drops of the cell suspension (25μl) containing 

1000 cells each were pipetted on to the inside of the lid of a 10cm tissue culture dish.   10mls 

of PBS was placed in the bottom of the plate and the lid carefully placed back on.  If cultured 

for longer than 5 days, on day 5 embryoid bodies were washed using PBS, put in fresh media 

containing inhibitors, if required, and plated on a ultra-low adherent dish.  Images of unstained 

embryoid bodies were taken on a Leica MZFLIII microscope. 

 

 

2.2 Immunocytochemistry 

2.2.1 Materials 

 

Table 2.3: Materials required for immunocytochemistry of cells and embryoid bodies as well 
as biotinylation of embryoid bodies.   

Product Supplier Catalogue Number 

Paraformaldehyde (PFA) Sigma P6148 

Methanol Sigma 65550 

Tween Sigma P1379 

Tween Sigma P7949 

Triton Sigma T8787 

BSA Sigma A4503 

BSA Sigma A2153 

PBS tablets Oxoid BR0014G 

Mowiol Calbiochem 475904 

Glycerol Sigma G6279 

Trizma Sigma T3253 

Glass slides SLS MIC 3804 

Coverslips No1 (11mm Dia) SLS MIC3302 

Glass pipettes VWR 612-1701 

Fetal Bovine Serum Lonza 14-801FH 

EZ-Link Sulfo-NHS-LC-Biotin Thermo Scientific 21335 

Streptavidin, DyLight 488 
Conjugated 

Thermo Scientific 21832 
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Table 2.4: Primary antibodies used for Immunofluorescence and Western Blotting 
Supplier and catalogue number of each antibody used.  Dilution of each antibody used is 
shown.  Abbreviations: IF = Immunofluorescence, WB = western blotting. 

Antibody Supplier Catalogue 
Number 

Species Dilution 

α-Tubulin Sigma T9026 Mouse WB - 1:5000 

β-catenin Cell Signalling 
Technology 

9562 Rabbit IF – 1:100 
WB - 1:5000 

Cdx2 Biogenex MU392A-UC Mouse IF 1:100 

Cleaved Caspase-3 Cell Signalling 
Technology 

9661 Rabbit IF: 1:200 

E-cadherin Invitrogen 33-4000 Mouse IF – 1:25 
WB 1:1000 

Eomesodermin Abcam Ab23345 Rabbit IF – 1:100 

Fibronectin Sigma  F3648 Rabbit IF – 1:250 
WB – 1:1000 

Glyceraldehyde 3-
phosphate 
dehydrogenase 
(Gapdh) 

Ambion AM4300 Mouse WB - 1:40,000 

Gata4 Santa Cruz Sc-9053 Rabbit IF - 1:100 
WB – 1:1000 

Gata6 R&D systems AF1700 Goat IF – 1:100 
WB – 1:1000 

Hnf4α Santa Cruz Sc-8987 Rabbit IF – 1:100 

Laminin Abcam Ab11575-20 Rabbit IF – 1:100 

Nanog eBioscience 14-5761 Rat IF1:200 

Occludin Invitrogen  33-1500 Mouse IF - 1:25 

aPkc-ζ/λ Santa Cruz 
Biotechnology 

Sc-216 Rabbit IF - 1:100 
WB – 1:1000 

Diphosphorylated 
Erk (ppErk) 

Sigma M9692 Mouse WB 1:5000 

Total Erk Cell Signalling 
Technology 

4695S Rabbit WB 1:5000 

Zo-1 Invitrogen 33-9100 Mouse IF – 1:25 

Zo-1 Invitrogen 40-2200 Rabbit WB 1:500 
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Table 2.5: Seconday antibodies used for Immunofluorescence 

Product Supplier Catalogue Code Dilution 

Secondary antibodies 

Goat α-mouse IgG 
AlexFluor 488 

Molecular Probes A11001 1:500 

Goat α-mouse IgG 
DyLight 546 

Newmarket 
Biosciences 

GtxMu-003-
E2550NHSX  

1:200 

Rhodamine Red-C-
AffiniPure Donkey α-
mouse IgG 

Jackson 
ImmunoResearch 

711-295-150 1:500 

Goat α-mouse IgG 
AlexFluor 488 

Invitrogen A11029 1:500 

Goat α-rabbit IgG 
AlexFluor 488 

Molecular Probes A11008 1:500 

Goat α-rabbit IgG 
AlexFluor 488  

Invitrogen A11070 1:500 

Goat α-rabbit IgG 
AlexFluor 568  

Molecular Probes A11011 1:500 

Rhodamine Red-C-
AffiniPure Donkey α-
Rabbit IgG  

Jackson 
ImmunoResearch 

711-295-152 1:500 

Donkey α-goat IgG 
DyLight 633 

Newmarket 
Biosciences 

DkxGt-003-D633NHSX 1:200 

Fluorescein Rabbit α-
goat IgG  

Vector laboratories FI-5000 1:500 

Goat α-rat IgG 
AlexFluor 488  

Molecular probes A11006 1:200 

DAPI, dilactate Sigma D9564 1:1000 

 

2.2.2 Buffers 

Table 2.6: Recipes for buffers required for immunocytochemistry  

Buffer Buffer constituents 

Mowiol 2.5g Mowiol 
6g glycerol 
6ml water 
12ml 0.2M Tris (pH8.5) 

 

2.2.3 Immunofluorescence staining of cells grown in N2B27 media 

Cells were grown on Transwell inserts as outlined above for 4-5 days and were subsequently 

washed with PBS and fixed with 4% PFA for 1 – 1.5 hours.  Cells were then washed in PBS and 

permeabilised in ice cold methanol for five minutes at -20˚C.  They were subsequently washed 

three times in PBS and blocked in PBS containing 10% FBS (vol/vol) for 30 minutes.  Cells were 

washed three times in 2% FBS in PBS (vol/vol).  Primary antibodies (Table 2.4) were diluted in 

2% FBS in PBS and incubated on cells for at least two hours at room temperature.  Cells were 

then washed in 2% FBS in PBS five times for five minutes per wash, and were incubated with 

secondary antibodies (Table 2.5) diluted in 2% FBS in PBS for at least one hour at room 
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temperature.  Cells were lastly washed five times for five minutes in PBS with 2% FBS.  The 

inserts were then cut out and mounted in Mowiol with a coverslip.  Staining was visualised 

using a Zeiss LSM 510 Meta confocal microscope. 

 

Quantification of immunofluorescence was done by analysis of 10 fields of view across each 

insert.  Areas of cells in a monolayer away from the colony were randomly chosen using the 

DAPI channel to avoid bias.  Images within one experiment were taken using only the same 

settings on the confocal microscope and were processed using Photoshop CS2 (Adobe) with 

the same settings. The total number of cells was counted using the DAPI channel, and a 

percentage of Cdx2 positive cells calculated.  Statistical significance was determined using a 

one-way analysis of variance (ANOVA) repeated measures with a Tukey’s post-hoc test through 

GraphPad Prism5. 

 

2.2.4 Immunofluorescence staining of embryoid bodies 

At the appropriate time point, embryoid bodies were fixed with 4% (wt/vol) PFA in PBS for 1 

hour and permeabilised in 0.25% triton (vol/vol) in PBS for 20 minutes.  Embryoid bodies were 

washed 5 times in 0.1% tween (vol/vol) in PBS.  Non-specific binding was blocked by 3% BSA 

(wt/vol) + 0.1% tween in PBS for 30 minutes.  Primary (Table 2.4) and secondary (Table 2.5) 

antibodies were diluted in 3% BSA + 0.1% tween (vol/vol) in PBS.  Embryoid bodies were 

incubated with primary antibodies for two hours at the concentration stated in Table 2.4, and 

with secondary antibodies for one hour.  DAPI (1:1000) was added to the secondary antibody.  

Embryoid bodies were washed five times with 0.1% tween in PBS following all antibody 

incubations.   

 

Stained embryoid bodies were mounted in Mowiol within the middle of two 13mm diameter 

stationery self-adhesive reinforcement rings stacked on top of each other, a coverslip was 

placed over the top.   Immunostained embryoid bodies were examined on a Zeiss LSM510 

Meta or a Leica SP5 laser-scanning confocal microscope.  Image processing was done using 

Photoshop CS2 (Adobe) and Image J (NIH).  Quantification was done by analysis of a field of 

view of at least three embryoid bodies per condition per experiment for at least three 

independent experiments.  This gave at least 181 cells per experiment.  Areas were randomly 

chosen using only the DAPI channel to avoid bias.  Counts were done of surface layer cells only 

using the cell counter plugin in Image J (NIH).  For statistical analysis a 1-way ANOVA with a 

Dunnetts post-hoc test, or a paired t-test were performed using GraphPad Prism 5. 
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2.2.5 Biotinylation 

The biotinylation method was adapted from previous protocols (Chalmers et al., 2006; Minsuk 

and Keller, 1997).  Embryoid bodies were washed in PBS, and incubated with 10mM EZ-Link 

Sulfo-NHS-LC-Biotin diluted in DMEM for 30 minutes at room temperature.    Two washes in 

DMEM were performed followed by a wash in PBS.  Embryoid bodies were then fixed in 4% 

PFA in PBS for one hour, permeabilised in 0.25% triton (vol/vol) in PBS, for 20 minutes and 

blocked for 30 minutes in 3% BSA (wt/vol) in 0.1% tween (vol/vol) in PBS.  1:100 DyLight 488 

conjugated Streptavidin diluted in DMEM was added to embryoid bodies for two hours, they 

were subsequently washed five times with 0.1% tween in PBS.  Embryoid bodies were 

mounted and imaged as stated in the immunofluorescence protocol of embryoid bodies. 

 



Chapter 2: Materials and Methods 

77 

 

2.3 Histology 

2.3.1 Materials 

 

Table 2.7: Materials required for gelatin-embedding histology, and haematoxylin and eosin 
(H&E) staining of embryoid bodies 

Product Supplier Catalogue Number 

Gelatin Sigma G2500 

Sucrose Fisher S/8560/53 

OCT Raymond Lamb Lamb/OCT 

Ethanol Sigma 32221 

Hydrocholoric acid Sigma 258148 

Erlichs Haematoxylin Raymond Lamb Lamb/190d 

Eosin Raymond Lamb Lamb/100d 

Histoclear Raymond Lamb HS-200 

DPX mountant for histology Sigma 06522 

Gelatin-coated microscope 
slides 

Fisher MNJ-800-010F 

 

2.3.2 Gelatin Embedding and Cryosectioning 

For histological analysis, embryoid bodies were fixed in 4% (wt/vol) PFA for 1 hour at room 

temperature and washed twice in PBS.  Gelatin embedding was then carried out as previously 

described (Stern and Holland).  Embryoid bodies were put sequentially into 5% sucrose/PBS 

and then 20% sucrose/PBS at 4˚C until they sank. Embryoid bodies were placed in pre-warmed 

7.5% gelatin in 15% sucrose/PBS at 38˚C to infiltrate until they sank. Lastly, embryoid bodies 

were transferred from 7.5% gelatin in 15% sucrose/PBS to a plastic mold, they were then left 

to set at room temperature. Embryoid body-gelatin molds were sometimes stored in the fridge 

(4˚C) covered with cling film, or in the -80⁰C freezer. Alternatively, embryoid body-gelatin 

blocks were removed from the molds by freezing them on dry ice and were used the same day 

for cryosectioning.  Embryoid body-gelatin blocks were mounted onto cryostat chucks with 

OCT and sectioned into 5µm slices at -22⁰C using a Leica CM1850 cryostat. 

 

2.3.3 Haematoxylin and Eosin (H&E) staining 

For H&E staining slides were removed from the -80⁰C freezer and left at room temperature for 

10 min.  To remove gelatin, the slides were washed for 45 min in PBS prewarmed to 38⁰C and 

were then washed twice for 5 min in PBS at room temperature. Slides containing gelatin 

cryosections were incubated sequentially in: 100% ethanol 2 minutes, 95% ethanol 1 minutes, 

90% ethanol 1 minutes, 70% ethanol 1 minute, 50% ethanol 1 minute, H2O 2 minutes, Erlichs 

haematoxylin  2 minutes, Running tap water 3 minutes, 1% HCl in 70% ethanol 30 seconds, 1% 
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NH3 in 70% ethanol 1 minute, 70% ethanol 1 minute, 0.5% eosin in H2O 5 minutes, 95% ethanol 

15 seconds, 100% ethanol 2 minutes, Histoclear mount 1  2 minutes, Histoclear mount 2 for 2 

minutes.  Slides were mounted with the non-aqueous mounting medium for microscopy DPX 

and covered with cover slips. Finally, they were left to dry overnight at room temperature. 

 

2.4 Molecular Biology  

2.4.1 Materials 

 

Table 2.8: Materials required for RNA extraction and qPCR.   

Product Supplier Catalogue Number 

RNA extraction 

TRIzol Invitrogen 15596-018 

Chloroform Fisher C/4960/17 

Isopropanol Fisher P/7500/17 

Ethanol Fisher E/0650DF/17 

Sterile water Baxter UKF7114 

Agarose Invitrogen 15510-027 

Reverse Transcription 

DNase1 Ambion AM2235 

Rnasin Plus RNase inhibitor Promega 8170G 

Oligo(dT)15 Primer Promega C1101 

Omniscript RT kit Qiagen 205111 

PCR 

HotStarTaq DNA polymerase Qiagen 203203 

1.25mM dNTPs Invitrogen 10297-018 

qPCR reagents 

LightCycler Fast Start DNA 
master SYBR Green 1 

Roche 12 239 264 001 

Capillaries Roche 04 929 292 001 

Cloning reagents 

pcDNA3.1/V5-His TOPO TA 
expression kit 

Invitrogen K961020 

Bacto-Tryptone Sigma Aldrich T9410 

Bacto-Yeast BD 212750 

NaCl Sigma Aldrich S9888 

Ampicillin sodium salt  Sigma Aldrich A9518 

Miniprep kit Sigma Aldrich PLN70 
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Table 2.9: Primers used for q-PCR and their appropriate annealing temperatures. 

Gene Forward Primer (5’ – 3’) Reverse Primer (5’ – 
3’) 

Annealing 
temperature 

β-actin TAGGCACCAGGGTGTGA
TGG 

CATGGCTGGGGTGTTG
AAGG 

60˚C 

Pou5 (Oct3/4) GGCGTTCTCTTTGGAAA
GGTG 

CTCGAACCACATCCTTC
TCT 

58˚C 

Nanog CTCTTCAAGGCAGCCCTG
AT 

CCATTGCTAGTCTTCAA
CCAC 

60˚C 

Cdx2 GTGCGAGTGGATGCGGA
AGC 

TGAGGCTGGGAAGGTT
GTGG 

67˚C 

Elf5 TTCGCTCGCAAGGTTACT
CC 

GCTCCCTGTCTTCCCAT
TCC 

66˚C 

Eomesodermin GCAGGGCAATAAGATGT
ACG 

GAACTGTGTCTCTGAG
AAGG 

62˚C 

Gata3 GGGTTCGGATGTAAGTC
GAG 

CCACAGTGGGGTAGAG
GTTG 

60˚C 

Brachyury CATGTACTCTTCTTGCTG
G 

GGTCTCGGGAAAGCAG
TGGC 

58˚C 

 

Table 2.10: Primers used for Topo cloning 

T7 (5’ – 3’) BGH reverse (5’ – 3’) Annealing 
temperature 

TAATACGACTCACTATAGGG TAGAAGGCACAGTCGAGG 55˚C 

 

2.4.2 Buffers 

Table 2.11: Recipes for reagents required for molecular biology techniques 

Buffer Buffer constituents 

Luria Broth (LB) 

 

10g Bacto-tryptone 
5g Bacto-yeast extract 
10g NaCl 
1L H2O 
pH7.0 

 

2.4.3 RNA extraction and Reverse-transcription 

RNA extraction was carried out using TRIzol.  Choloroform was then added to all samples and 

centrifuged at 13,000 rpm for 15 minutes at 4˚C.  To the upper phase an equal volume of 

isopropanol was added and left for 10 minutes followed by centrifugation for 10 minutes at 

13,000 rpm for 10 minutes.   The pellet was washed in cold 75% ethanol, and this was spun at 

13,000 rpm for five minutes.  The ethanol was removed and the pellet allowed to air dry.  The 

pellet was then resuspended in 20ul water, if necessary samples were heated to 65˚C for 5 

minutes to aid solubilisation.  The RNA concentration was determined using a BioTek Synergy 

HT platereader and the Gen5 (v1.05) software.  The purity of RNA was visually inspected by 

running 1μg of each RNA sample by electrophoresis on a 1.2% agarose gel. 
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All RNA samples were treated with DNase 1 and Rnasin Plus RNase inhibitor for 20 minutes at 

37⁰C before complementary Deoxyribonucleic acid (cDNA) synthesis.  1μg of RNA was reverse-

transcribed using Oligo(dT)15 primers, 5mM (0.5mM final concentration) dNTPs and Omniscript 

at 40˚C for one hour, followed by 70˚C for 15 minutes. 

 

2.4.4 PCR and q-PCR 

All primers used in q-PCR were first optimised using PCR of 1ul (1/25th) of the calibrator 

reverse-transcription product (R63 in N2B27 with BMP4 and R63 cells in Knockout DMEM with 

LIF).  The PCR reaction had a total volume of 25μl, with the addition of the following 

components 2.5μl  10X PCR buffer, 1.25mM (0.2mM final concentration) dNTPs, 25pmol 

(0.4pmol final concentration) forward and reverse primer (Table 2.9), 0.2μl HotStarTaq DNA 

polymerase.  The PCR program run on a Techne TC-512 involved an initial denaturation for 5 

minutes at 95˚C, each cycle consisted of: 30 seconds denaturation at 94˚C followed by 

annealing at the appropriate temperature, followed by 1 minute elongation at 72˚C.  The final 

elongation step was at 72˚C for 5 minutes.  Products were then separated using a 2% agarose 

gel and visualised.  Primer details are given in Table 2.9. 

 

q-PCR reactions were set up with a total volume of 10μl consisting of: 2μl of SYBR green 

mastermix, 25mM MgCl2 (4mM final concentration), 25pmol of each primer (4pmols final 

concentration) and  2μl of template.  Capillaries were centrifuged at 4000 rpm for 30 seconds, 

subsequently samples were run in the Roche LightCycler1.5.  The cycle run was: 10 minute pre-

incubation at 95˚C, the amplification consisted of 10 seconds at 95˚C followed by 5 seconds at 

the primer specific annealing temperature followed by 16 seconds at 72˚C, this amplification 

was repeated 40 times.  Melt-curve analyses were performed to ensure that only one product 

was formed, PCR efficiencies were determined through production of a standard curve using 

different dilutions of template control cDNA.  The efficiency was used to determine the 

relative quantification values for calibrator-normalised target gene expression, normalised to 

β-actin using LightCycler software (v4.0).  These values were normalised setting the BMP4+LIF 

d3 average as 1.  Each cDNA sample was analysed in duplicate in the same run, and each 

experiment was repeated three times.  Statistical significance was determined using a one-way 

repeated measures ANOVA with a Tukey’s post-hoc test using GraphPad Prism 5.  
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2.4.5 Cloning 

Due to the low levels of Elf5 expression in the calibrator sample, cloning was used to generate 

DNA to produce a standard curve for q-PCR.  PCR was carried out on the calibrator sample 

using Elf5 primers in table 1, with 66˚C annealing temperature.  The PCR product was cloned in 

to the pcDNA3.1/V5-His-Topo plasmid vector as outlined in the Topo TA cloning kit 

instructions. Colonies were picked and grown in LB with 100ng/ml ampicilin.   PCR was used to 

confirm presence of Elf5-fragment (primers in Table 2.10).  A miniprep was performed 

according to instructions in the kit to obtain Elf5 DNA to dilute to produce a standard curve for 

qPCR. 
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2.5  SDS-PAGE 

2.5.1 Materials 

 

Table 2.12: Reagents required for (Sodium dodecyl sulphate polyacrylamide gel 
electrophoresis) SDS-PAGE sample extraction and quantification, blotting and protein 
resolution.   

Product Supplier Catalogue Number 

Western blot - Sample extraction and preparation 

NaCl Sigma S9888 

NaCl Fisher S/3160/53 

Trizma Sigma T6066 

Nonidet P40 VWR 560092-L 

NP-40 Sigma 18896 

Sodium Deoxycolate Fisons Laboratory 
Equipment 

S3500/45 

Sodium Deoxycolate Sigma 30970 

Sodium Dodcyl Sulphate Sigma L3771 

Benzonase Sigma E1014 

PBS Invitrogen 14200 

Glycerol Sigma G5150 

Bromophenol blue Fisons 13/P620/44 

NuPAGE LDS Sample Buffer (4x) Life Technologies NP0008 

NuPAGE Sample Reducing Agent (10x) Life Technologies NP0009 

Protease inhibitor cocktail 

Sodium Vanadate Sigma S-6508 

Sodium Molybdate BDH 10254 

Sodium Fluoride Sigma S6521 

Phenylmethylsulphnoyl fluoride (PMSF) Sigma P7626 

Pepstatin A Sigma P5318 

Aprotinin Roche 236624 

Leupeptin Sigma L8511 

Soyabean trpsin inhibitor Roche 109886 

Phosphatase Inhibitor Cocktail 2 Sigma P5726 

Phosphatase Inhibitor Cocktail 3 Sigma P0044 

cOmplete,Mini, EDTA-free (Protease 
inhibitor cocktail) 

Roche 04 693 159 001 

Bicinchoninic acid (BCA) protein quantification assay 

Albumin standard Thermo Scientific 23209 

Pierce BCA Protein Assay Reagent A Thermo Scientific 23227 

BCA Protein Assay Reagent B Thermo Scientific 1859078 

Western blot – protein resolution and immunoblotting 

Acrylamide/bis acrylamide (37:5:1) Bio-rad 161-0158 

Ammonium Persulfate (APS) Sigma A3678 

Tetramethylethylenediamine (TEMED) Sigma T9281 

Glycine Sigma G8898 

Tween Sigma P1379 

NuPAGE MOPS SDS Running Buffer Life Technologies NP0001 

NuPAGE Antioxidant Life Technologies NP0005 
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NuPAGE Novex 4-12% Bis-Tris Gels, 
1.0mm, 10 well 

Life Technologies NP0321 

NuPAGE Novex 4-12% Bis-Tris Gels, 
1.0mm, 12 well 

Life Technologies NP0322 

EZ-Run Prestained Rec Protein Ladder Fisher BP03603-500 

Bio-rad broad range molecular weight Bio-rad 161-0317 

Full-Range Rainbow Molecular Weight 
Markers 

GE Healthcare RPN800E 

Methanol Sigma 34860 

Glycine Sigma G7126 

Trizma base Sigma G7126 

3mm Chromatography paper Whatmann 3030917 

Western blotting filter paper Thermo Scientific 88600F 

Hybond ECL Nitrocellulose membrane GE Healthcare RPN303D 

Hybond-P Polyvinylidene difluoride (PVDF) 
membrane 

GE Healthcare RPN303F 

Ponceau S solution Sigma P7170 

BSA Sigma A3059 

Ovalbumin Sigma A5378 

Sodium azide BDH 10396 

Amersham Hyperfilm ECL GE Healthcare 28-9068-37 

ECL Prime Western Blotting Detection kit GE Healthcare RPN2232 

ECL 2 Western Blotting Substrate Thermo Scientific 80196 

Secondary antibodies 

Polyclonal goat anti-mouse 
Immunoglobulin/Horse radish peroxidise 
(HRP) 

DAKO P0447 

Polyclonal goat anti-rabbit 
Immunoglobulin/HRP 

DAKO P0449 

Polyclonal goat anti-goat 
Immunoglobulin/HRP 

DAKO P0448 

Anti-Mouse IgG, HRP-linked species-
specific whole antibody (from sheep) 

GE NA931 

Anti-Rabbit IgG, HRP-linked species-
specific whole antibody (from donkey) 

GE NA934 
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2.5.2 Buffers 

Table 2.13: Recipes or buffers required for SDS-PAGE. 

Buffer Buffer constituents 

Radio-immunoprecipitation assay (RIPA) 

buffer 

 

150mM NaCl 
50mM Tris HCl pH8 
1% NP-40 
0.5% Na Deoxycolate 
0.1% SDS 
25units/ml Benzonase nuclease (exclude if 
sonicate samples) 
H2O 

Protease/Phosphatase inhibitor home-made 
cocktail 
 

1mM sodium Vanadate 
1mM Sodium Molybdate 
10mM Sodium Gluoride 
10µg/ml PMSF 
0.7µg/ml Pepstatin A 
10µg/ml Aprotinin 
10µg/ml Leupeptin 
10µg/ml Soyabean trypsin inhibitor 

5x Sample Buffer 5% SDS 
50% Glycerol 
200mM Tris HCl pH6.8 
dH2O 
Bromophenol Blue 
5% 2-mercaptoethanol 

Running Buffer 25mM Trizma 
192mM Glycine 
0.1%(wt/vol) SDS 
H2O 

Transfer Buffer 39mM Glycine 
48mM Tris base 
0.00375% SDS 
20% (vol/vol) Methanol 
H2O 

Tris Buffered Saline (TBS) 20mM Tris-HCl pH7.5 
150mM NaCl 

TBS tween (TBST) 1x TBS 
0.05% Tween 

Nitrocellulose Stripping Buffer 0.2M Tris pH6.7 
2% SDS 
0.1M 2-mercaptoethanol 
H2O 
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Running gel 

 Table 2.14:  Volume of each component required to make 3x1mm SDS-PAGE running gel.  
Percentage running gel used for each protein is stated in text. 

 6.5% Running gel 10% Running gel 

Acrylamide 3.25mls 5mls 

MilliQ H2O 6.1mls 4.35mls 

1M Tris pH8.8 5.6mls 5.6mls 

10% SDS 0.25mls 0.25mls 

10% APS 50 µl 50 µl 

TEMED 20µl 20µl 

 

Stacking gel 

Table 2.15: Volume of each component required to make 4x1mm SDS-PAGE stacking gel. 

 5% stacking gel 

Acrylamide 1.67 

MilliQ H2O 6.0 

1M Tris pH6.8 1.25 

10% SDS 0.15 

10% APS 50 µl 

TEMED 20µl 

 

2.5.3 Cell lysates 

Lysates were prepared by washing embryoid bodies twice in PBS.  Ice-cold RIPA buffer was 

added supplemented with either Phosphatase inhibitor cocktails 2 and 3 and cOmplete Mini, 

EDTA-free protease inhibitor cocktail or the protease/phosphatase inhibitor home-made 

cocktail.  If Benzonase was not added to the RIPA buffer samples were sonicated with a 

Soniprep150.  Samples were kept at -20⁰C until required.  Protein concentrations were 

determined using the BCA assay (Thermo Scientific) according to the manufacturer’s 

directions. 

 

2.5.4 Immunoblotting 

Cell lysates were separated by SDS-PAGE using 6.5% (Fibronectin only) or 10% (all other 

proteins) polyacrylamide gels using the Bio-Rad system or gradient Novex Bis-Tris Gels using an 

XCell SureLock Mini Cell (Invitrogen).  Immunoblotting was performed using a semi-dry blotter 

(Amersham Biosciences, Multiphor II) or the Bio-Rad wet-transfer system in transfer buffer for 

one hour.  When using nitrocellulose and blotting for Fibronectin transfer was carried out for 

two hours.  Nitrocellulose or PVDF membranes were blocked for one hour in 5% milk or 5% 

BSA for one hour and then incubated with primary antibodies overnight at 4⁰C, appropriate 

secondary antibody was added for one hour.  Immunoblotting was carried out using primary 

antibodies at the concentrations stated in Table 2.4.  Anti-rabbit, anti-mouse, and anti-goat 
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secondary antibodies conjugated to HRP were used at 1:10,000 (DAKO), or 1:5000 (GE).    After 

both primary and secondary antibody incubations five 10 minute washes in TBST were 

performed.   

 

Blots were developed using ECL prime (GE Healthcare) or ECL2 (Thermo Scientific) according to 

manufacturer’s directions.  Detection was carried out using an ImageQuant RT ECL system or 

Amersham Hyperfilm ECL with quantification using ImageJ (NIH).  As required nitrocellulose 

blots were stripped for 60 minutes at 55⁰C in stripping buffer PVDF blots were stripped for 10 

minutes at room temperature using 0.5M NaOH.  Blots were subsequently washed in TBST and 

then blocked using either 5% BSA or 5% Milk.  Each blot was normalised to a loading control, 

either Gapdh or α-Tubulin as stated on graph.  For statistical analysis a 1-way ANOVA with a 

Dunnetts post-hoc test was performed using GraphPad Prism 5. 
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3 BMP4 as a stimulus of mES cell differentiation to 

trophoblast 
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3.1 Introduction 

 

3.1.1 Trophoblast 

The trophoblast is formed following the first cell fate decision which occurs during mammalian 

embryonic development (Further details in 1.3.1).  Totipotent cells form either the ICM, which 

produces the embryo and other extraembryonic tissues, or the trophoblast (Cockburn and 

Rossant, 2010).  The trophoblast is an extra-embryonic epithelial tissue which contributes 

differentiated cell types to form the placenta.   

 

A lot is known about the fate specification of the trophoblast, it requires the transcription 

factors Tead4 (Yagi et al., 2007), Cdx2 (Strumpf et al., 2005), Gata3 (Ralston et al., 2010), 

Eomesodermin (Russ et al., 2000) and Elf5 (Ng et al., 2008).  A mutual antagonism between 

these factors and pluripotency transcription factors is also essential (Further details in 1.3.2).  

Increasingly, the polarisation of the trophoblast is thought to be essential for its development 

(Further details in 1.3.3).  Most recently adherens junctions present in the polar trophoblast, 

but absent from the apolar cells of  the ICM have been shown to regulate Hippo signalling 

which is required for this cell fate decision (Hirate et al., 2013). 

 

3.1.2 Evidence for a role of BMP4 in driving embryonic stem cell differentiation to form 

trophoblast cells 

For this project the use of BMP4 to drive embryonic stem differentiation to the trophoblast 

may make a good model to study pre-implantation epithelia, there are however some 

controversies within this field.  Research to date in this area is presented below. 

 

hES cells 

Addition of BMP4 to hES cells induces expression of trophoblast genes, and secretion of 

placental hormones, these changes are blocked by addition of Noggin, a BMP antagonist (Xu et 

al., 2002).  The differentiation of hES cells to trophoblast cells by BMP4 causes inhibition of 

Activin/Nodal signalling, therefore addition of Activin A as well as BMP4 can also prevent 

trophoblast differentiation (Wu et al., 2008).  Short-term exposure of hES cells to BMP4 

induces mesodermal differentiation (Zhang et al., 2008).    If BMP signalling is subsequently 

inhibited in these cells they can differentiate into mature mesoderm lineages such as cardiac 

and hematopoietic cells. 
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Recently, the BMP4-induced phenotype in hES cells has been re-examined (Bernardo et al., 

2011).  BMP4 induced cells express the trophoblast marker CDX2, but in these cells high levels 

of BRACHYURY were also expressed which suggested they were a mesodermal cell type.  The 

expression of these two proteins was essential for expression of additional mesodermal genes 

as well as other trophoblast genes.  The expression of CDX2 in these cells was also dependent 

upon expression of BRACHYURY.  Although BMP4 induced expression of CDX2 and other 

trophoblast markers in these cells, ELF5 was highly methylated and was expressed only at low 

levels, where as in human trophoblast lineages it is hypomethylated.  This suggests that in hES 

cells BMP4 induces a mesodermal cell type which expresses CDX2 and some other 

transcription factors required for trophoblast differentiation, but does not induce true 

trophoblast cells.  However, the results published in the paper by Bernardo et al., (2011) were 

directly contradicted by Amita et al., (2013) who showed a much higher percentage of hES 

cells became KERATIN 7 positive after culture with BMP4, suggesting they were trophoblast.  

These cells also expressed HLA and ELF5 which was not observed by Bernardo et al., (2011), 

and only expressed very low levels of BRACHYURY (Amita et al., 2013).  Amita et al., (2013) do 

however suggest that the substratum upon which the cells were grown and the media in which 

they were grown during differentiation in the Bernardo et al (2011) paper reduced the 

efficiency and speed of the differentiation when examining some aspects of the phenotype.  

 

Further investigation in to this area has shown that inhibition of FGF is required for BMP4 to 

induce differentiation to trophoblast as it maintains NANOG through the ERK signalling 

pathway (Sudheer et al., 2012; Yu et al., 2011).  Instead culture with BMP4 and FGF produces 

mesoderm, endothelial, and trophoblast progenitors, in distinct populations (Drukker et al., 

2012).  Additionally, trophoblast cells have been produced from human induced pluripotent 

stem (iPS) cells reprogrammed from human fibroblasts, using BMP4 (Chen et al., 2013).  These 

cells express Cdx2, Eomesodermin, Gata3 and other trophoblast associated genes.  If 

successful, this technique of trophoblast formation from human iPS cells could be very useful 

to investigate the causes and mechanisms of placental diseases using human iPS cells derived 

from patients.   

 

mES cells 

A possible role for BMP4 in the differentiation of mES cells to the trophoblast has also been 

suggested, but less well studied.  When mES cells are cultured in serum on Collagen IV 

expression of mesodermal genes is induced, as well as trophoblast markers (Schenke-Layland 

et al., 2007).  These cells do however express trophoblast-restricted genes which demonstrates 
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the presence of different trophoblast subtypes such as trophoblast stem cells, 

spongiotrophoblast cells and labyrinthe trophoblast cells.  No trophoblast markers were 

observed when using Collagen I, Laminin or Fibronectin as substrates for culture.  The 

differentiation on Collagen IV could not be recapitulated with cells that had been maintained 

on 0.1% gelatin instead of feeders, suggesting the previous culture conditions affect the 

potential of mES cells to differentiated in to the trophoblast lineage.   

 

When cultured in defined conditions in a monolayer, addition of BMP4 causes upregulation of 

many trophoblast marker genes such as Cdx2, and Gata3 as detected by q-PCR (Hayashi et al., 

2010).  However, some genes such as Eomesodermin are not upregulated.  Addition of Noggin, 

a BMP antagonist decreases the expression of trophoblast transcription factors.  This BMP 

induced affect is through Smad proteins and the differentiation is promoted by Fibronectin 

and Laminin extracellular matrix, but not type 1 Collagen or PDL.  These results contradict 

those of Schenke-Layland et al. (2007) as they disagree over which extracellular matrices will 

support differentiation to cells which express trophoblast markers.  This may be because the 

experiment by Schenke-Layland et al. (2007) was performed in cells that had been maintained 

on feeders, rather than on gelatin, and also were carried out in the presence of serum rather 

than in a chemically defined system.  

 

A different study has shown that culture of mES cells in serum without LIF on 0.2% gelatin-

coated dishes causes an upregulation of trophoblast markers in comparison to the same 

treatment of mES cells which are cultured on MEFs (Peng et al., 2011).  This study does not 

however compare to any other extracellular matrices.  Interestingly, noggin seems to up-

regulate this differentiation suggesting that BMP negatively influences this differentiation step 

rather than being used to induce it.   

 

3.1.3 N2B27 media 

N2B27 media is a serum-free culture medium which is used to accurately control cell culture 

conditions (Ying et al., 2003a).  It requires the addition of N2 and B27 supplements to 

DMEM/F12 and Neurobasal media.  This media provides a chemically defined environment 

which provides an ideal situation for studying the effects of extrinsic factors on differentiation 

of mES cells (Smith, 2001; Ying et al., 2003a). 

 

When cultured in N2B27 media alone mES cells form a neuroectodermal cell type (Ying et al., 

2003b).  Pluripotency of mES cells is maintained when mES cells are cultured in N2B27 media 
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with addition of LIF and BMP4 (Ying et al., 2003a).  Addition of only BMP4 to the N2B27 media 

prevents neural differentiation, instead large, non-neural flattened cells appear (Ying et al., 

2003b).  These cells look cobblestoned as epithelial cells do suggesting that they may have 

formed an epithelial cell type (Ying et al., 2003a).  Recent work has shown that in these cell 

culture conditions BMP4 maintains expression of E-cadherin, further suggesting that an 

epithelial cell type may be formed (Malaguti et al., 2013).  These cobblestoned cells could 

therefore be a good model to study embryonic epithelial development. 

 

Previous work in the Chalmers lab produced preliminary results that suggested that addition of 

BMP4 to mES cells cultured on 0.1% gelatin in N2B27 media caused differentiation of cells to a 

trophoblast-like cell type.  A downregulation of pluripotency proteins was observed by 

immunostaining and PCR.  The cells also expressed RNA for many markers of trophoblast cells 

types, and expressed Cdx2 protein as shown by immunoctochemistry.   

 

3.1.4 Aims 

Building on previous work in the Chalmers lab, the main goal of this chapter is to determine 

whether differentiation of mES cells induced by BMP4 in N2B27 media would be a useful 

model of pre-implantation embryonic epithelial development.  This will require two 

interrelated aims to be fulfilled: 

 Characterise the identity of cells grown in mES cells with addition of BMP4.  Establish 

whether or not they are polarised, and whether they faithfully recapitulate the 

development of the trophoblast lineage. 

 Determine whether growth of mES cells in N2B27 media supplemented with BMP4 

would be a useful model of trophoblast development which could be manipulated and 

analysed with a combination of techniques. 
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3.2 Results 

3.2.1 Cells cultured in N2B27 media supplemented with BMP4 exhibit a cobblestone 

morphology 

The first step in characterising the response of mES cells to growth in N2B27 media 

supplemented with LIF and BMP4, or BMP4 alone was to see if we observed similar 

morphological changes to previous reports.  R63 mouse embryonic stem cells were grown in 

N2B27 supplemented with both BMP4 and LIF, or BMP4 alone (Figure 3.1).    Cells cultured in 

N2B27 supplemented with BMP4 and LIF formed colonies of cells which resembled those 

observed when mES cells were routinely passaged in Knockout DMEM + LIF (Figure 3.1A).  

When N2B27 media was supplemented with BMP4 alone the cells formed monolayered 

regions of cells which were flat and cobblestone-like with some colonies (areas with multiple 

layers of cells) still present (Figure 3.1B).   

 

3.2.2 Zo-1 localises in a polarised position when mES cells are cultured in N2B27 media 

supplemented with BMP4 

Having observed an epithelial-like morphology when mouse embryonic stem cells were 

cultured in N2B27 supplemented with BMP4, the localisation of the tight junction marker Zo-1 

was investigated using immunocytochemistry to determine if the cells formed were epithelial 

(Figure 3.2).  Zo-1 formed a puncta at the border of the apical and basolateral regions of the 

membrane between the nuclei in monolayer regions of the culture as well as in cells on the top 

layer of the colony.  Some cells deeper within the colony also expressed Zo-1 but its exact 

localisation within the cells was not clear due to the large nuclei and their proximity to each 

other.  This stereotypical localisation of Zo-1 suggests that when mES cells were grown in 

N2B27 supplemented with BMP4 those in the monolayer and on the top layer of the colony 

had tight junctions and were therefore likely to be apico-basolaterally polarised.   
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Figure 3.1: mES cells cultured in N2B27 media supplemented with BMP4 had a cobblestone 
morphology 
Light microscopy images of mouse embryonic stem cells after 4 days of culture in N2B27 with 
addition of different supplements. (A) Mouse embryonic stem cells cultured in N2B27 media 
supplemented with BMP4 and LIF formed colonies of cells. (B) Mouse embryonic stem cells 
cultured in N2B27 media supplemented with BMP4 formed a sheet around the colonies these 
cells had a cobblestone-like morphology (shown by arrowheads).  Colonies are highlighted 
with a *. Scale bars represent 10µm.  
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Figure 3.2: Zo-1 localised to junctions of cells cultured in N2B27 media supplemented with 
BMP4 in both the monolayer and the top layer of cells in a colony 
Mouse embryonic stem cells were cultured in N2B27 media supplemented with BMP4 for 5 
days.  Localisation of the tight-junction marker Zo-1 was determined by immunostaining. Zo-1 
localised (A) In cells present in a monolayer at an apical puncta between cells in a location 
typical of tight-junction. (B) In cells found in the top layer of a colony at an apical puncta, but is 
also found in cells deeper within the colony.  Representative images from three independent 
experiments are shown.  Dotted lines represent position that the relevant orthogonal or aerial 
images were taken.  Scale bars represent 10µm. 
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3.2.3 Culture of cells with BMP4 causes induction of expression of a subset of markers of 

the trophoblast lineage. 

Having observed that mES cells cultured in N2B27 and BMP4 formed an apparently epithelial 

cell type with tight junctions, q-PCR was used to identify which cell type was produced.  RNA 

was extracted on days 3, 4, and 5.  Expression of Cdx2, a transcription factor required for 

trophoblast differentiation was higher in BMP4 treated cells than those cultured in N2B27 

supplemented with BMP4 and LIF or in media alone (Figure 3.3A).  There was a two-fold 

increase in Cdx2 expression on day 4 compared with day 3 in cells cultured in BMP4, but 

subsequently the expression returned to the same levels as the cells cultured with BMP4 and 

LIF.  Similarly, the expression of Eomesodermin, another transcription factor required for 

trophoblast differentiation, was higher in cells cultured in N2B27 supplemented with BMP4 

than those with BMP4 and LIF, or those without supplements (Figure 3.3B).  The expression of 

Eomesodermin was high on day 3, and decreased gradually over time.   Gata3 expression was 

also higher in cells cultured in N2B27 media supplemented with BMP4 than in the other 

conditions (Figure 3.3C).  The levels were low on day 3, but increased on day 4, and remained 

high on day 5.  Elf5 is epigenetically regulated and is critical for trophoblast differentiation (Ng 

et al., 2008).  There was no induction of Elf5 (Figure 3.3D).  This suggests that Cdx2, 

Eomesodermin and Gata3 transcription factors were upregulated upon addition of BMP4.  

However, Elf5 was not induced suggesting upregulation of only a subset of trophoblast genes 

occurred.  This argues BMP4 may only cause a partial induction of trophoblast cell fate. 

 

The mesodermal transcription factor Brachyury has been shown to be expressed in hESCs, 

mEpiSCs, and mES cells when they are cultured with BMP4 in chemically defined media 

(Bernardo et al., 2011; Malaguti et al., 2013).  qPCR shows that Brachyury was not expressed in 

cells treated here with BMP4 and LIF, or in media alone (Figure 3.3E).  Conversely, on day 3 

Brachyury was expressed in cells treated with BMP4, its expression level in these cells was 

almost 7 fold greater than those cultured in BMP4 and LIF.  On day 5 the levels of expression 

decreased by a half, and on day 5 it decreased to only 1.75 fold higher than cells treated with 

BMP4 and LIF for 5 days.  This suggests that cells in this culture system expressed the 

mesodermal transcription factor Brachyury as well as a subset of transcription factors required 

for trophoblast differentiation. 

 

Having observed an induction of some but not all trophoblast markers expression of 

transcription factors known to be required for pluripotency were quantified using q-PCR 

(Figure 3.4).  The expression levels of Pou5 in cells cultured in all conditions fluctuated 
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between days, there was no clear trend when comparing either across the time points or 

between conditions on any of the individual days (Figure 3.4A).  Expression of Nanog was the 

same on days 3 and 4 in both cells cultured with BMP4 and LIF and BMP4 only (Figure 3.4B).  

Nanog levels were lower in cells cultured in N2B27.  On day 5 there was a statistically 

significant decrease in expression of Nanog in cells cultured with BMP4 only in comparison to 

BMP4 + LIF, whilst Nanog levels increased in cells cultured with BMP4 and LIF.  Overall, there is 

no clear trend in expression of the pluripotency genes Pou5 between conditions or over the 

time course, whilst there is a decrease in Nanog in BMP4 treated cells on day 5 in comparison 

to cells cultured with both BMP4 and LIF.  This suggests that only on day 5 is there a reduction 

in pluripotency when cells are grown with BMP4 in N2B27 media. 
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Figure 3.3 Cells cultured in N2B27 supplemented with BMP4 expressed a subset of 
trophoblast transcription factors and also express mesoderm transcription factor Brachyury 
q-PCR analysis for the trophoblast markers (A) Cdx2, (B) Eomesodermin, (C) Gata3 and (D) Elf5 
and mesoderm marker (E) Brachyury on samples cultured for 3, 4 or 5 days in N2B27 media 
supplemented with BMP4 plus LIF,  N2B27 supplemented with BMP4 or in N2B27 media 
without supplement.  Cdx2, Eomesodermin, Gata3, and Brachyury were highly expressed upon 
addition of BMP4, whilst Elf5 was not expressed. Expression levels were normalised to β-actin 
and for each target gene to the BMP4 with LIF d3 sample.  Data is from three independent 
experiments, error bars present Standard error of the mean (SEM). Statistical significance was 
determined with a Two-way ANOVA with a Bonferroni post-hoc test (* P=0.1-0.5, ** p=0.001-
0.01, *** p<0.001).   
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Figure 3.4 Expression of pluripotency markers Pou5 and Nanog when mouse embryonic stem 
cells were cultured in N2B27 supplemented with BMP4 and LIF, BMP4, or media only. 
q-PCR analysis of expression of pluripotency markers (A) Pou5 and (B) Nanog was carried out 
on samples cultured for 3, 4 or 5 days in N2B27 media supplemented with BMP4 plus LIF,  
N2B27 supplemented with BMP4 or in N2B27 media without supplement.  There is no clear 
trend in expression of either Pou5 or Nanog in any of the culture conditions or time points.  
Expression was normalised to β-actin and for each target gene to the BMP4 with LIF d3 
sample. Data is from three independent experiments, error bars present SEM. Statistical 
significance was determined with a Two-way ANOVA with a Bonferroni post-hoc test (* P=0.1-
0.5, ** p=0.001-0.01, *** p<0.001).   
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3.2.4 Cdx2 and Eomesodermin localise to the nuclei of cells but are not co-expressed 

As RNA expression of a subset of trophoblast transcription factors was observed 

immunostaining was carried out to observe the localisation of the protein in the cells.  

Surprisingly, neither Cdx2 nor Eomesdoermin could be detected in cells of the monolayer 

(Figure 3.5).  In the colonies, Cdx2 localised in the nuclei of the cells in the top layer, and also in 

some cells deeper in the colony.  Eomesodermin also localised in the nuclei of cells but in a 

different subset of cells to Cdx2.  This suggests that although RNA was present for both of 

these proteins they may not be expressed in the same cells but instead in different cell 

populations.   

 

3.2.5 The phenotype observed in cells grown in BMP4 was very variable 

Previous work in the Chalmers lab had observed localisation of Cdx2 in a large proportion of 

nuclei of cells in the monolayer as well as the upper cells in the colony.  Different culture 

conditions were tested to identify the cause of the reduced number of cells in the monolayer 

expressing Cdx2 (Table 3.1).  Optimisation of the cell culture density, cell line, BMP4 supplier, 

media used to neutralise the trypsin, culture volume and culture vessel did not change the 

observed expression pattern of Cdx2 assessed by immunostaining.  The last thing to be 

optimised was the substrate used to coat the transwell filter on which the embryonic stem 

cells grow (Figure 3.6).  Interestingly, the number of Cdx2 positive cells observed in the 

monolayer was dependent on the substrate upon which they grew.  On Matrigel, Fibronectin 

and 1% Gelatin less than 10% of cells were Cdx2 positive.  When using 0.1% gelatin almost 50% 

of cells in the monolayer had Cdx2 positive nuclei, suggesting that cells growing on this 

substrate favour differentiation in to a Cdx2 positive cell type. 

 
All previous experiments outlined above had also been carried out on a 0.1% gelatin coated 

cell culture vessel.  When doing this experiment a sudden increase in the number of Cdx2 

positive nuclei in the monolayers was observed (Figure 3.6, Figure 3.7).  The percentage of 

cells in the monolayer which were positive for Cdx2 in this experiment is much more similar to 

the response seen previously in the Chalmers lab.  Cdx2 was still also expressed in the nuclei of 

the upper cells of the colony (Figure 3.7) as seen previously in this thesis (Figure 3.5) and 

previously by the Chalmers lab. 

   

Unfortunately, the observed frequency of Cdx2 positive nuclei did not remain consistently at 

50%, in the majority of subsequent experiments this result could not be repeated.  Cdx2 

positive nuclei were only found in the upper layer of the colony.  The fluctuations in expression 
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of Cdx2 in the cells of the monolayer grown in N2B27 media supplemented with BMP4 suggest 

that this system did not give consistent, reliable results with the reagents available. 
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Figure 3.5: Mouse embryonic stem cells found in colonies after culture in N2B27 
supplemented with BMP4 expressed either Cdx2 or Eomesodermin, but not in the same 
cells, cells in the monolayer did not express either. 
Mouse embryonic stem cells were culture in N2B27 suplemented with BMP4 for 5 days.  
Localisation of the trophoblast proteins Cdx2 and Eomesodermin were determined using 
immunostaining.  (A) Cells which were flat and in a monolayer did not express either Cdx2 or 
Eomesodermin.  (B) Cells on the outer-layer of the colony expressed either Cdx2 or 
Eomesodermin but not in the same cells. Representative images from two independent 
experiments are shown.  Dotted lines represent position that the relevant orthogonal or aerial 
images were taken.  Scale bars represent 10µm. 
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Table 3.1 Modification of culture conditions did not increase the number of Cdx2 positive 
cells present in the monolayer after culture in N2B27 media supplemented with BMP4. 
mES cells were cultured in transwell inserts in N2B27 media with addition of BMP4.  Culture 
conditions (Variable) were changed in order to optimise conditions.  Differences in the cell 
phenotype was analysed using cell morphology and immunostaining for a trophoblast lineage 
marker (Cdx2).  None of these changes in culture condition increased the number of cells in 
the monolayer which expressed the transcription factor Cdx2. 
 

Variable  Conditions tested  Outcome  
Cell culture density  R63: 12,000(n=2) 18,000 

(n=4),  
 25,000 (n=1) 

At higher cell densities: too many cells 
with few monolayer regions and 
therefore imaging and analysis very 
difficult. 
At lower cell densities: too few cells, 
cells died, insufficient cells alive for 
analysis. 
The threshold at which these two 
extremes were reached seemed to 
change over time. 
No Cdx2 expression in monolayer 
region. 

Cell line  Sox1GFP(n=3)  
R63 (n=6)  

No Cdx2 expression in monolayer 
region. 

BMP4 supplier  R&D (n=3) 
Stemgent (n=6)  

No Cdx2 expression in monolayer 
region. 

Media to neutralise 
trypsin  

N2B27 media (n=2) 
Knockout media (n=7)  

No Cdx2 expression in monolayer 
region. 

Culture volume  1ml (n=6)  
600µl (n=3)  

No Cdx2 expression in monolayer 
region. 

Culture vessel  Coverslip (n=1)  
Transwell insert (n=9)  

No Cdx2 expression in monolayer 
region. 
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Figure 3.6 Mouse embryonic stem cells grown on 0.1% gelatin in N2B27 media supplemented 
with BMP4 had more Cdx2 positive cells that on other substrates. 
Mouse embryonic stem cells were cultured in N2B27 media supplemented with BMP4.  Cells 
were immunostained for Cdx2 and the number of positive cells present in the monolayer was 
counted.  Most Cdx2 positive nuclei were observed when cells were cultured on 0.1% gelatin 
coated transwell filters. Data is from at least two independent experiments, error bars present 
SEM. Statistical significance was determined with a one-way ANOVA with a Tukey’s post-hoc 
test (* P=0.1-0.5, ** p=0.001-0.01, *** p<0.001).   
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Figure 3.7 Cdx2 localised to the nuclei of cells present in both the monolayer and the top cell 
layer of a colony after culture in N2B27 media supplemented with BMP4. 
mES cells were cultured in N2B27 media supplemented with BMP4 for 5 days.  Localisation of 
Cdx2 was assessed by immunostaining.  (A) Many cells which are flat and in a monolayer 
express Cdx2 in the nuclei.  (B) Cells in the outer-layer of the colony express Cdx2 in nuclei, but 
not underlying cells.  Representative images from two independent experiments are shown.  
Dotted lines represent position that the relevant orthogonal or aerial images were taken.  
Scale bars represent 10µm. 
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3.3 Discussion 

 

3.3.1 Summary 

Data presented here shows that growth of mES cells in chemically defined media 

supplemented with BMP4 caused differentiation of mES cells.  The cells which were produced 

expressed a subset of transcription factors required for trophoblast development, such as 

Cdx2, Eomesodermin and Gata3 but did not express Elf5.  Localisation of Eomesodermin and 

Cdx2 protein was observed in different populations of cells, and were not co-expressed.  

Interestingly these cells also expressed the mesodermal marker Brachyury, which is not 

thought to be expressed in trophoblast cells.  The lack of Elf5 and activation of Brachyury 

suggests that this may not be a physiologically relevant model of trophoblast development.  

Additionally, the model did not produce a consistent phenotype.  Overall, these results suggest 

that addition of BMP4 to mES cells in a chemically defined system with the reagents available 

would not be a useful model to investigate trophoblast development.    

 

3.3.2 Culture of mES cells in BMP4 produces a polarised cell type 

Culture of mES cells in BMP4 resulted in formation of cells in a monolayer, and also cells in a 

multi-layered area which is referred to here as a colony.  To our knowledge other than the 

localisation of Cadherins (Malaguti et al., 2013; Schenke-Layland et al., 2007), the localisation 

of proteins usually apico-basolaterally localised in an epithelium has not been previously 

carried out on mES cells following culture with BMP4.  Treatment of BMP4 maintains E-

cadherin expression in cells (Malaguti et al., 2013), P-cadherin (Cdh-3) has also been previously 

shown to localise at the membrane of mES cells cultured with BMP4 (Hayashi et al., 2010; 

Schenke-Layland et al., 2007).  Zo-1 localised between the apical and lateral regions of each 

cells in the monolayer, as well cells in the outer-layer of the colony and some cells deeper 

within the colony.  This suggests that these cells may have had tight junctions, and may 

therefore have been apico-basolaterally polarised.  To confirm the presence of tight junctions 

it would be necessary to use electon microscopy to visualise them and to observe the 

localisation of other proteins present in the tight-junction such as Claudins, Occludin, and 

Jams.  To determine whether the cells are apico-basolaterally polarised it would be necessary 

to determine the localisation of proteins present within the three polarity complexes, Par, 

Crumbs, and Scribble.  It would also be useful to determine the localisation of proteins found 

in other junctions, such as the adherens junction. 
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3.3.3 An unidentified cell-type is formed from addition of BMP4  

Having observed that the addition of BMP4 caused localisation of Zo-1 in mES cells in the 

position expected for an apico-basolateral polarised cell, the identity of these cells was 

identified.  To enhance this analysis it would have been advantageous to have mouse 

trophoblast tissue, or trophoblast stem cells as a control in both the q-PCR and the 

immunostaining experiments.  This would have allowed a direct comparison of expression 

levels observed upon addition of BMP4, and those seen in vivo.  Cells were cultured in BMP4 

and LIF which maintains mES cell pluripotency and therefore acts as an undifferentiated 

control.  There was no effect on the expression of the Oct4 gene Pou5, but a decrease in 

Nanog levels in cells cultured with BMP4 in comparison to the BMP4 + LIF control on day 5 

which suggests that there may have been a reduction in pluripotency at this time point.  

Additionally, the upregulation of Cdx2, Eomesodermin, and Gata3 in comparison to the mES 

cells maintained in BMP4 and LIF suggested that these cells expressed a subset of trophoblast 

genes.  Other groups have also previously observed BMP4-induced upregulation of genes 

expressed in the trophoblast (Hayashi et al., 2010; Peng et al., 2011; Schenke-Layland et al., 

2007).  Surprisingly, expression of Elf5, an epigenetically regulated transcription factor was not 

observed.  Some papers have shown the expression of Elf5 following culture of hES cells with 

BMP4  (Amita et al., 2013; Li et al., 2013), but Bernardo et al (2011) observed only very low 

levels of its expression.   

 

Immunostaining of a colony region formed shows that expression of Cdx2 and Eomesodermin 

protein was in two different cell populations and that these transcription factors were not 

expressed in the same cells.  To our knowledge the co-localisation of these proteins or other 

transcription factors required for trophoblast differentiation has not been shown after culture 

of mES or hES cells with BMP4.  The lack of Elf5 expression, and presence of Cdx2 and 

Eomesodermin protein in two separate populations suggests that addition of BMP4 has not 

induced cells of a true trophoblast lineage.  Differentiation to the trophoblast lineage in hES 

cells has been shown to be dependent upon inhibition of Fgf by maintaining Nanog (Sudheer et 

al., 2012; Yu et al., 2011).  This suggests perhaps addition of an Fgf receptor inhibitor would 

enhance the differentiation of mES cells to trophoblast, this approach should be taken with 

caution though as there are known differences between regulation of differentiation and 

pluripotency in human and mouse ES cells.   

 

In addition to expression of transcription factors expressed in the trophoblast, expression of 

the mesodermal gene Brachyury was also observed in BMP4-treated mES cells.  Brachyury is 

expressed in the same cells as Cdx2 and other trophoblast markers when hES cells are cultured 
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with BMP4 (Bernardo et al., 2011).  In contrast, in mES cells high levels of BMP4 have been 

shown to prime cells for mesoderm, resulting in Brachyury positive cells but which do not 

express other markers of mesodermal differentiation (Malaguti et al., 2013).   In order to 

confirm if cells express both Cdx2 and Brachyury or are primed for mesoderm it would first be 

necessary to carry out immunostaining or fluorescence-activated cell sorting (FACS) analysis to 

determine whether Cdx2 and Brachyury are expressed in the same cells or are present in 

different cell populations.  Additionally, it would be useful to determine if any other 

mesodermal proteins are expressed in these cells.  If the cells are Brachyury  positive, Cdx2 

positive, and express mesodermal markers they would seem to fit the description of hES cells 

treated with BMP4 (Bernardo et al., 2011).  Alternatively, if the Brachyury positive cells do not 

express mesodermal markers and are E-cadherin positive then they are more likely to be the 

mesoderm-primed cells which are induced by BMP4 in mES cells (Malaguti et al., 2013).  

Additionally, if Brachyury and Cdx2 are not expressed in separate cells it would suggest that 

they are two distinct populations, a mesodermal (primed or committed) and a trophoblast 

progenitor as suggested in hES cells following BMP4 induction (Drukker et al., 2012).  

 

3.3.4 mES cell differentiation by BMP4 is dependent on extracellular matrix? 

The differentiation of mES cells to the trophoblast cell fate has previously been shown to be 

dependent on the extracellular matrix.  In this study I showed that no Cdx2 positive cells were 

present when cells were cultured on Fibronectin and very few Cdx2 positive cells were 

observed when the cells were grown on Matrigel or 1% Gelatin.  The absence of Cdx2 positive 

cells when cultured on Fibronectin contradicts the findings of Hayashi et al. (2010).  This may 

be because they used a different serum-free system.  A previous study has also shown that the 

presence of mesodermal genes is dependent upon the extracellular matrix, when grown on 

Collagen IV they were present, but when cells were grown on Collagen I, Laminin or 

Fibronectin they were not expressed (Schenke-Layland et al., 2007).  This is also contradicted 

by my finding as Brachyury is expressed here when cells are cultured on 0.1% gelatin.  This may 

be because Schenke-Layland et al. (2007) did not use a serum-free system, and therefore these 

results are not directly comparable.  Overall this study and others suggest that the 

extracellular matrix upon which mES cells are grown when treated with BMP4 is important for 

their differentiation, but there is not yet a clear picture of how and why. 

 

3.3.5 Growth of mES cells in BMP4 as a model of pre-implantation epithelial development 

The aim of this thesis is to investigate the mechanisms responsible for the polarisation and cell 

fate specification of pre-implantation epithelia.  The data obtained to characterise the cell type 
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produced from addition of BMP4 to mES cells suggested that it did not produce a 

homogeneous population and did not seem to recapitulate trophoblast development as Elf5 

was not expressed, and the mesodermal marker Brachyury was expressed.  This suggests that 

this may not be a very physiologically relevant model with which to study development of the 

murine trophoblast.  A comparison of the differentiation of hES cells following addition of 

BMP5, 10, and 13 showed that BMP10 caused differentiation faster, and led to a small 

upregulation of mesodermal genes (Lichtner et al., 2013).  Future studies with mES cells could 

look at the effects of other BMPs on this differentiation step which might allow optimisation of 

the trophoblast differentiation.   

 

An additional downfall of this system is the variability observed between experiments.  

Although sometimes the cells grew and produced cells which seemed to express trophoblast 

markers, frequently this did not happen.  Optimisation of many of the different assay 

conditions and reagents did not produce cells with expression of Cdx2.  However, on occasion 

after many consecutive experiments failing to produce any Cdx2 positive nuclei, almost 50% of 

cells in the monolayer were found to be positive for Cdx2.  It is therefore perhaps the state of 

the cells prior to differentiation which is important, and therefore the constituents of the 

media used in routine cell culture, or the extra-cellular matrix upon which the cells are 

routinely cultured that could be important.  This unreliability in addition to the concerns in 

how physiologically relevant this model is suggests that it would be difficult to investigate the 

development of the trophoblast using this model system with the current protocol. 

 

3.3.6 Conclusion 

Growth of mES cells in N2B27, a chemically defined system caused cells to differentiate in to a 

cell type which expressed some transcription factors required for trophoblast development 

(Eomesodermin, Cdx2 and Gata3), but not Elf5.  Additionally, Brachyury a protein required for 

mesoderm differentiation was expressed.  This suggests that these cells do not represent a 

physiologically relevant model of trophoblast differentiation.  Lastly, this model seemed to be 

inconsistent and unreliable.  For these two reasons in its current form, it would not make a 

good model of trophoblast development and therefore an alternative model of pre-

implantation development should be investigated. 
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4 Embryoid bodies as a model of primitive endoderm 

specification and epithelial polarisation 
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4.1 Introduction 

The culture of mES cells in N2B27 media supplemented with BMP4 did not produce a 

reproducible physiologically relevant phenotype.  Unfortunately for this project the protocol 

used here would therefore not make a useful model of mammalian pre-implantation epithelial 

development.   An alternative model of differentiation of mES cells to a pre-implantation 

epithelial cell type is explored in this chapter.  Embryoid bodies are used as a model of 

primitive endoderm development.   

 

4.1.1 Primitive endoderm 

The primitive endoderm forms an epithelium which localises between the blastocoel cavity 

and the epiblast, these three components are surrounded by the trophoblast.  Two 

subpopulations are formed from the primitive endoderm, the parietal and visceral endoderm 

give rise to the yolk sac, whilst the visceral endoderm also contributes to the gut endoderm 

and provides embryonic patterning signals (Saiz and Plusa, 2013).   The primitive endoderm is 

formed from a key cell fate decision in early mammalian development when cells in the ICM 

decide to follow either the primitive endoderm or epiblast cell fate (Cockburn and Rossant, 

2010).  Cells of the epiblast give rise to the embryo proper. Recently, there has been a rapid 

increase in our understanding of how the primitive endoderm versus epiblast cell fate decision 

is regulated (Further detail in 1.4).  This has come from studies in mouse embryos, as well as 

work using embryoid bodies.  Cells initially express both epiblast (eg. Nanog) and primitive 

endoderm markers (eg. Gata6 and Gata4), the expression then resolves into a salt-and-pepper 

pattern within the ICM, where cells express either epiblast or primitive endoderm markers 

(Chazaud et al., 2006; Guo et al., 2010; Plusa et al., 2008). The cells of the primitive endoderm 

then migrate to their final position facing the blastocoel cavity where they form an epithelial 

sheet.  It is thought that Fgfr/Erk signalling regulates the mosaic expression of the primitive 

endoderm markers in the ICM (Lanner and Rossant, 2010).   

 

4.1.2 Polarisation of the primitive endoderm 

In contrast to our growing understanding of cell fate specification less is known about the 

mechanisms which regulate polarisation of primitive endoderm cells (Further detail in 1.4.7). A 

number of studies have shown a polarised localisation of proteins within the epithelial cells of 

the primitive endoderm. For example, E-cadherin is localised at the basolateral membrane of 

primitive endoderm cells in an embryoid body (Moore et al., 2009). aPkc, Dab2 and Lrp2 

localise to the apical membrane of embryonic primitive endoderm cells (Gerbe et al., 2008; Wu 
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et al., 2007), and a constituent of the basement membrane, Laminin has been reported to be 

required for proper epithelial organisation (Murray and Edgar, 2000).  These studies therefore 

show that the primitive endoderm is polarised, but the role that epithelial polarisation has in 

primitive endoderm specification has not been extensively studied. 

 

4.1.3 Embryoid bodies 

To investigate the development of the primitive endoderm this chapter will investigate the use 

of embryoid bodies.  When mES cells are cultured in suspension they form aggregates known 

as embryoid bodies (Martin, 1981; Martin and Evans, 1975).  Embryoid bodies undergo 

differentiation to cells types of all three germ layers; ectoderm, endoderm and mesoderm 

(Martin and Evans, 1975). The cell layer on the outside of the embryoid body represents the 

primitive endoderm (Martin, 1981), embryoid bodies can therefore be used to study primitive 

endoderm development.  For example, some of the earliest papers to identify a role for Gata4 

and Gata6 in the development of the primitive endoderm used embryoid bodies formed from 

Gata4-/- (Soudais et al., 1995) or Gata6-/- (Morrisey et al., 1998) mES cells.  Additionally, two of 

the first papers implicating the Fgf receptor in primitive endoderm development made 

embryoid bodies with a dominant negative Fgfr2 (Chen et al., 2000) or Fgfr1-/- mES cells (Esner 

et al., 2002) and demonstrated that there was no visceral endoderm development. 

 

As well as being used as a model of primitive endoderm cell fate specification, the 

development of the outer layer of the embryoid body has been previously used as a model of 

epithelial polarisation.  A very important paper in the understanding of epithelial tight 

junctions used Occludin-/- mES cells to show that even in the absence of Occludin the cell layer 

on the outside of the embryoid body still form polarised epithelial cells with tight junctions in 

which Zo-1 is correctly localised (Saitou et al., 1998).  This therefore provided evidence for the 

first time that there are additional transmembrane proteins, later identified as Claudins and 

Jams, which are present within the tight junction and can provide a barrier in the absence of 

Occludin.  Additionally, embryoid bodies formed using Afadin-/- (Komura et al., 2008), and 

Cingluin-/- (Guillemot et al., 2004) mES have further elucidated the role of these proteins in 

epithelial cell junction formation. 

 

Embryoid bodies can be formed in three main ways (Kurosawa, 2007).  The simplest way is 

culturing mES cells in suspension in a bacterial culture dish in the absence of factors required 

for pluripotency (LIF, or feeders).  mES cells do not adhere to these plates and instead stick to 

each other forming aggregates.  The number of cells which form each aggregate can vary, this 
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therefore produces embryoid bodies which are highly heterogenous in size, shape, and 

differentiation stage.  Alternatively, embryoid bodies can be formed in hanging drop culture.  A 

drop of cell suspension is placed on an inverted lid so that each drop contains a known number 

of cells.  The cells are forced to the bottom of the drop by gravity and form an aggregate.  This 

method results in embryoid bodies which are more homogeneous as they are all formed from 

the same number of cells at the same time, although some variation remains.  The final 

method which is frequently used for embryoid body formation is methylcellulose, where a 

single-cell suspension is seeded into semisolid methylcellulose media.  The cells remain as 

single cells and each develops into an aggregate creating clonal embryoid bodies from single 

cells.  There are a range of methods to make embryoid bodies with different advantages and 

disadvantages, the tehcnique can be chosen in order to match the needs of the experiment. 

 

4.1.4 Aims 

The goal of this chapter is to determine whether the formation of the primitive endoderm of 

an embryoid body would be a good model with which to investigate primitive endoderm 

specification and polarisation.  This will hopefully also provide a clear description of the normal 

cell fate specification and cell polarisation of the primitive endoderm in embryoid bodies. 

This aim can be split into three parts: 

1. Establish optimum culture conditions of embryoid bodies to study primitive endoderm 

development.   

2. Characterise the temporal pattern of cell fate specification of the primitive endoderm 

in an embryoid body   

3. Observe the localisation of markers apico-basolaterally polarised during the 

development of the primitive endoderm in an embryoid body.   
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4.2 Results 

4.2.1 Embryoid bodies formed in methylcellulose gradually develop into a polarised 

primitive endoderm  

In order to use embryoid bodies as a model of epithelial specification and polarisation 

characterisation of their development was carried out. The first culture system used to make 

embryoid bodies was the semi-solid material methylcellulose.  This method was chosen as it 

should produce homogeneous, clonal embryoid bodies as is regularly used in the 

haematopoietic field (Bone and Welham, 2007).  Embryoid bodies were formed from 

individual mES cells using the semi-solid material methylcellulose and brightfield images taken 

(Figure 4.1). The embryoid bodies appeared round after 7 days of culture, by day 14 the 

embryoid bodies themselves were still a round shape, but a lot of cellular material was present 

around them (Figure 4.1).  After 21 days of culture the embryoid bodies were more circular, 

but some were also smaller in size, and the cellular material surrounding them remained 

(Figure 4.1).  This surrounding material suggested that they were not healthy. 

 

To assess whether embryoid bodies would be a good model of primitive endoderm 

specification the localisation of Gata4, a transcription factor required for primitive endoderm 

development, was assessed using whole-mount immunostaining (Figure 4.2).  On day 7 there 

were very occassionaly weakly positive nuclei for Gata4, by day 14 many of the nuclei were 

positive for Gata4.  This suggests that the outer layer of cells of the embryoid body formed in 

methylcellulose were gradually became specified to the primitive endoderm fate.   

 

Having established that the cells of the outer-layer of the embryoid body formed primitive 

endoderm cells by day 14, the localisation of proteins required for a polarised epithelium was 

determined using whole-mount immunostaining. This would help to determine if embryoid 

bodies would be a good model of epithelial polarisation as well as primitive endoderm 

specification.  aPkcζ/γ localised in the nuclei of the outer layer of cells on day 7 as well as in the 

apical and lateral membranes (Figure 4.3A).  By day 14 aPkcζ/γ was restricted to the apical 

surface (Figure 4.3A).  On both days 7 and 14 the tight junction protein Zo-1 predominantly 

localised at an apical puncta between the apical and basal domains of the outer cells of the 

embryoid body.  From the aerial view Zo-1 formed a defined line around the periphery of each 

of the outer cells (Figure 4.3B).  On day 14, an additional tight junction protein Occludin 

localised in a similar position to Zo-1 at an apical puncta between the apical and basal domains 

of the outer cells (Figure 4.4).  β-catenin, and E-cadherin also both localised at the lateral side 
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of the cells in the outer-layer (Figure 4.4).  Suggesting that by day 14 the cells in the outer layer 

were apcio-basolaterally polarised. 

 

The localisation of aPkcζ/γ and Zo-1 demonstrates that the outer cell layer was partly polarised 

on day 7.  By day 14 aPkcλ/γ, Zo-1, Occludin, β-catenin and E-cadherin were localised in a 

localisation that suggested that the outer cell layer was at this time point apico-basolaterally 

polarised.  This highlights that this could be a good model to capture the process of epithelial 

polarisation, and maintenance of polarisation in the primitive endoderm. 
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Figure 4.1: Embryoid bodies grown in methylcellulose formed round aggregates of cells but an 
increasing amount of cell debris was present. 

Embryoid bodies were produced from R63 mES cells in methylcellulose.  Development of the 
embryoid body was monitored over 21 days.  Light microscopy images show the gradual 
increase in size and roundedness of the embryoid bodies.  There was also an increase in the 
amount of debris present around the embryoid bodies.  Representative images from at least 
three independent experiments are shown.  Scale bars 100µm. 
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Figure 4.2: Gata4 expression increased over time in embryoid bodies cultured in 
methylcellulose 
Embryoid bodies were produced from R63 mES cells in methylcellulose.  Development of the 
embryoid body was monitored over 14 days.  Whole-mount immunostaining shows 
localisation of Gata4.   Very few nuclei expressed Gata4 on day 7, whilst many nuclei were 
positive by day 14.  Representative images from two independent experiments are shown.  
Dotted lines represent position that the relevant orthogonal or aerial images were taken.  
Scale bars 10μm. 
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Figure 4.3: Embryoid bodies grown in methylcellulose gradually developed apico-basolateral 
polarity 
Embryoid bodies were produced from R63 mES cells in methylcellulose.  Development of the 
embryoid body was monitored over 14 days.  Localisation of proteins which show apico-
basolateral polarity in epithelia was examined in the primitive endoderm layer of embryoid 
bodies using whole-mount immunostaining.  (A) aPkcζ/γ showed predominantly a nuclear 
localisation on day 7, but was apically localised on day 14.  (B)  The tight junction protein Zo-1 
showed a polarised localisation on both day 7 and 14.  Representative images from two 
independent experiments are shown.  Dotted lines represent position that the relevant 
orthogonal or aerial images were taken.  Scale bars 10μm.   
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Figure 4.4: Embryoid bodies grown in methylcellulose were apico-basolaterally polarised by 
day 14. 
Embryoid bodies were produced from R63 mES cells in methylcellulose.  Development of the 
embryoid body was monitored after 14 days in culture.  Localisation of proteins which show 
apico-basolateral polarity in epithelia was examined in the primitive endoderm layer of 
embryoid bodies using whole-mount immunostaining.  (A) Occludin was present at a puncta at 
the border of the apical and lateral membrane of cells in the outer layer of the embryoid body.  
(B) β-catenin and (C) E-cadherin both localised at the lateral membrane of cells on the outer 
layer of the embryoid body. Representative images from one experiment is shown.  Dotted 
lines represent position the aerial position was take.  Green line represents position the 
orthogonal image was taken.  Scale bars 10μm.  
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4.2.2 Embryoid bodies cultured in hanging drops have a defined histological epithelial cell 

layer 

Information obtained from the embryoid bodies grown in methylcellulose suggested that this 

would be a good model system to study both epithelial polarisation and the fate specification 

of the primitive endoderm.  However, when they were grown in the methylcellulose a lot of 

debris was present and the embryoid bodies looked increasingly less healthy, and even shrink.  

Additionally, when culturing the embryoid bodies in this way they required culturing for at 

least 14 days, and perhaps even 21 days to observe expression of genes expressed in the 

primitive endoderm later than Gata4 such as Hnf4α.  Culture of embryoid bodies in an 

alternative system, a hanging drop was therefore attempted.  This technique forms an 

embryoid body from 1000 cells which are within a drop on an inverted lid. 

 

The morphology of the hanging drop embryoid body was assessed using brightfield microscopy 

and histological analysis.  Hanging drop embryoid bodies on day 3 were round and had a fairly 

homogeneous morphology (Figure 4.5).  From the sections it could be seen that the outer layer 

of cells was distinct from the inner cells (Figure 4.5 shown by arrow).  The inner cells had large 

nuclei, little cytoplasm and were homogeneous suggesting that they had not differentiated 

(Figure 4.5).   

 

Over time the embryoid bodies became larger, and the outer layer became more defined as a 

continuous squamous epithelium (Figure 4.5 Arrow).  On day 5 small holes appeared within 

the embryoid bodies, these holes appeared larger at later time points suggesting cavitation 

(Figure 4.5 shown by *).  Additionally, nuclei of the inner cells became smaller (Figure 4.4 

shown by >) and there were also anuclear areas suggesting cell differentiation or death (Figure 

4.5 shown by #).  Over time, the embryoid bodies showed increased heterogeneity in gross 

morphology, and at day 7 and 10 balloon-like cysts were present (Figure 4.5), which resemble 

those observed previously (Martin et al., 1977). 
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Figure 4.5: Hanging drop embryoid bodies became larger, more heterogeneous and cavitated 
during development 
Embryoid bodies were formed from R63 mES cells using the hanging drop method.  (First 
column) Light microscopy shows the gradual increase in size of the embryoid bodies as well as 
increased heterogeneity, loss of circularity and formation of cystic cavities at later timepoints.  
(Second, Third and fourth columns) Haematoxylin and eosin staining of cryosections shows a 
more defined epithelial outer layer (arrow) over time, as well as the appearance of small holes 
(*) anuclear areas (#) and small nuclei (>) at later time points.  Representative images from at 
least independent experiments are shown.  Scale bars: First column 200µm, Second column 
100μM, Third column 50μm, Fourth column 25μm. 
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4.2.3 Embryoid bodies express primitive endoderm cell fate specification markers by    

day 7 

Having observed the histological development of the hanging drop embryoid bodies, whole-

mount immunostaining was used to characterise the temporal development of their primitive 

endoderm.  A small percentage of nuclei were positive for the primitive endoderm fate 

markers Gata6, Gata4 or Hnf4α on day 3 (Figure 4.6A). As the embryoid bodies grew, the 

number of nuclei which expressed these markers increased, reaching a peak on day 7 (Figure 

4.6A).  Additionally, expression of the pluripotency protein Nanog decreased (Figure 4.6B).  It 

was expressed in approximately 35% of nuclei on day 3, this fell to 7% on day 5 and no cells 

expressed Nanog by day 7.   

 

Expression of Gata6 and Gata4 protein was also assessed using western blotting (Figure 4.7).  

Gata6 expression slightly decreased on day 3 in comparison to day 0, but on day 5 increased to 

almost double the levels present on day 0 (Figure 4.7A).  There was subsequently a decrease in 

expression levels, on day 10 Gata6 expression was the same as that observed on day 0 (Figure 

4.7A).  The pattern of expression of Gata4 is very similar to that of Gata6, on days 0 and 3 the 

expression levels were the same, but on day 5 the expression increased approximately two-

fold (Figure 4.7B).  The expression levels of Gata4 then decreased, and on day 10 the protein 

levels were slightly reduced in comparison to day 0 (Figure 4.7B).  However, the only 

statistically significant change was the increase in expression of Gata6 on day 5 in comparison 

do day 0.  Therefore there is expression of these proteins in undifferentiated mES cells, 

perhaps due to spontaneous differentiation, but expression increases during embryoid body 

formation.  

 

Increasing expression of the primitive endoderm fate markers (Gata6, Gata4 and Hnf4α), and 

loss of the pluripotency marker Nanog suggests that the outer layer of the embryoid body was 

undergoing a developmental program similar to that observed in the embryonic primitive 

endoderm.  Strong Gata4 expression was observed in hanging drop embryoid bodies by 

immunostaining on day 7, whilst in methylcellulose embryoid bodies Gata4 was not strongly 

expressed until day 14.  Additionally the hanging drop embryoid bodies remained healthy 

throughout the period of time their development was investigated.  This suggests that culture 

of embryoid bodies in hanging drops rather than methylcellulose may provide a good model of 

primitive endoderm specification.  
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Figure 4.6: The number of nuclei expressing primitive endoderm cell fate markers gradually 
increased in hanging drop embryoid bodies. 
Embryoid bodies were produced from R63 mES cells using the hanging drop method.  
Development of the embryoid body was monitored over ten days.  Whole-mount 
immunostaining shows nuclear localisation of Gata6, Gata4, and Hnf4α on days 3, 5, 7, and 10 
of embryoid body development.  The percentage of positive nuclei for each protein is shown 
graphically.  The number of positive nuclei increased, reaching a maximum on day 7.  Data is 
from at least 3 independent experiments, error bars are SEM.  Statistical analysis is a one-way 
Anova with a Dunnett’s post-hoc test (* P=0.1-0.5, ** p=0.001-0.01, *** p<0.001).  Dotted 
lines represent position that the relevant orthogonal or aerial images were taken.  Scale bars 
10μm.  
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Figure 4.7: Expression of Gata6 and Gata4 in hanging drop embryoid bodies peaked on day 5 
and subsequently decreased 
Embryoid bodies were produced from R63 mES cells using the hanging drop method.  
Development of the embryoid body was monitored over ten days.  Western blotting shows 
that expression of (A) Gata6 and (B) Gata4 increased to a peak on day 5, and then gradually 
decreased until day 10.  A representative blot and quantification from 3 independent 
experiments is shown.  Error bars represent SEM.  Statistical analysis is a one-way Anova with a 
Dunnett’s post-hoc test (* P=0.1-0.5, ** p=0.001-0.01, *** p<0.001).   
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4.2.4 The trophoblast marker Cdx2 is expressed in the outer-layer of the embryoid body  

Having observed expression of transcription factors expressed in the primitive endoderm in 

the outer layer of the embryoid body I wanted to determine if trophoblast cells were also 

forming.  To do this the expression of Cdx2, a transcription factor expressed during trophoblast 

development was examined.  

 

Perhaps surprisingly it was observed by whole-mount immunostaining that Cdx2 expressing 

cells were present in the outer layer of the embryoid body.  Cdx2 was expressed at low levels 

in the outer layer of cells on day 3, and then in an increasing number of nuclei, reaching a peak 

on day 7 (Figure 4.8).  By day 10 the number of positive nuclei decreased.  The percentage of 

Cdx2 positive nuclei in the outer layer was lower than the number of Gata6 positive nuclei 

suggesting that the predominant cell type in the outer layer was the primitive endoderm, not 

the trophoblast.   
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Figure 4.8: The trophoblast cell fate marker Cdx2 was gradually expressed in an increasing 
number of nuclei of the outer-cell layer. 
Embryoid bodies were produced from R63 mES cells using the hanging drop method.  
Development of the embryoid body was monitored over ten days.  (A) Whole-mount 
immunostaining showed a nuclear localisation of Cdx2 on days 3, 5, 7 and 10 of embryoid body 
development.  (B) The percentage of Cdx2 positive nuclei in the outer cell layer are shown 
graphically.  The number of positive nuclei increased, reaching a maximum on day 7.  Data is 
from 3 independent experiments (Day 3, 7, and 10), and 2 independent experiments (Day 5).  
Error bars are standard error of the mean (SEM). Statistical analysis is a one-way Anova with a 
Dunnett’s post-hoc test (* P=0.1-0.5, ** p=0.001-0.01, *** p<0.001).  Dotted lines represent 
position that the relevant orthogonal or aerial images were taken.  Scale bars 10μm. 
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4.2.5 The N-terminal Rassf protein Rassf8 is expressed in the nuclei of cells in the outer 

layer of the embryoid body 

Previous work in the Chalmers lab has investigated the role of Ras-association domain family 

(Rassf) proteins (Recino et al., 2010; Sherwood et al., 2008).  The defining feature of this family 

is the presence of the RA (Ras association) Ras binding domain (Sherwood et al., 2010).  Little is 

known about Rassf8, but a role for dRassf8 in the regulation of adherens junction in Drosophila 

has been identified (Langton et al., 2009).  dRassf8 interacts with dASPP protein, this complex 

regulates the ability of dCsk to phosphorylate Src42A.  Src42A itself promotes adherens 

junction remodelling through E-cahderin and Armadillo.  Furthermore, Rassf8 has been shown 

to colocalise with adherens junction components in non-small cell lung cancer cell lines (Lock 

et al., 2010).   

 

As there is evidence for a role for Rassf8 in adherens junctions within epithelia whole-mount 

immunostaining was carried out on the embryoid bodies to determine whether Rassf8 was 

expressed in the outer layer, and where it was localised (Figure 4.9).  Surprisingly, whole-

mount immunostaining showed a nuclear localisation of Rassf8 in the outer-layer of cells in the 

embryoid body suggesting it wasn’t associated with the adherens junction in this epithelium 

(Figure 4.9A).  Quantification of the number of nuclei expressing Rassf8 showed that over time 

the number of positive nuclei increased, reaching almost 50% on day 10 (Figure 4.9B).  Some 

regions of the embryoid body had a high number of positive nuclei, whilst others had very few 

positive nuclei.  This suggests that Rassf8 is expressed in nuclei of cells in the outer-layer of the 

embryoid body and may therefore be involved in primitive endoderm development.  The 

Rassf8 antibody was used in western blotting to characterise the antibody and confirm the 

changes in protein expression.  Many non-specific bands of a similar molecular weight to 

Rassf8 were present with the antibody preventing any anlsysi of protein expression levels, and 

raising the question of the specificity of the antibody.  This antibody has however been used in 

the study of Rassf8 in non-small cell lung cancer cell lines, after Rassf8 RNAi the western blot 

band disappeared which suggests that this antibody is specific (Lock et al., 2010).  Use of an 

alternative antibody which binds to a different epitope did not produce any positive results in 

immunostaining, and also produced many non-specific bands in western blot.   
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Figure 4.9: The N-terminal Rassf protein Rassf8 was expressed in the nuclei of cells in the 
outer-layer of embryoid bodies 
Embryoid bodies were produced from R63 mES cells using the hanging drop method.  
Development of the embryoid body was monitored over ten days.  (A) Whole-mount 
immunostaining showing nuclear localisation of Rassf8 on days 3, 5, 7 and 10 of embryoid 
body development.  (B) The percentage of Rassf8 positive nuclei in the outer cell layer are 
shown graphically.  The number of positive nuclei increased, reaching a maximum on day 10.  
Data is from 2 independent experiments.  Error bars are SEM.  Dotted lines represent position 
that the relevant orthogonal or aerial images were taken.  Scale bars 10μm.  
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4.2.6 Primitive endoderm of the embryoid body develops apico-basolateral polarity by 

day 5 

The previous work in this chapter suggested that the hanging drop embryoid bodies appear to 

be primarily following a developmental pathway which recapitulates primitive endoderm 

development.  As polarity has been shown to change as the primitive endoderm forms (Saiz et 

al., 2013), whole-mount immunostaining was used to observe the localisation of commonly 

used markers of epithelial polarisation in embryoid bodies.  After 3 days of culture, the 

embryoid bodies showed expression of aPkcζ/λ in the cytoplasm of the outer layer of cells 

(Figure 4.10A).  By day 5, aPkcζ/λ localisation was mostly apically restricted across the whole of 

the outer surface of cells of the embryoid body, this localisation remained unchanged on day 7 

and 10.  Zo-1 was localised to the border between the apical and lateral side of the epithelial 

cells, forming rings which outlined the cells by day 3 (Figure 4.10B).  By day 5 the apical puncta 

were uniformly present in cells of the outer layer.   Additionally the localisation of the tight 

junction protein Occludin was observed (Figure 4.10C).  The quality of the immunostaining was 

not optimal but from the images collected it would seem that on day 3 the protein was 

localised in the cytoplasm of the outer layer of cells.  By day 5 the protein was localised mostly 

at the membrane of the outer cell layers at a puncta between the apical and basal 

compartments, there was also protein localised in the cytoplasm.  On days 7 and 10 the 

staining observed at the membrane was stronger than on day 5, but Occludin was still localised 

in the cytoplasm and some was apical of the outer cell layer. 

 

β-catenin, an adherens junction protein was predominantly present at the lateral side of cells 

of the outermost cell layer from day 3, but in some areas was also apically localised (Figure 

4.11A).  By day 5, β-catenin was consistently localised to the lateral side of the outer-most cell 

layer.   The localisation of the adherens junction protein E-cadherin was also observed (Figure 

4.11B).  The immunostaining for this protein was not very clear though so it was difficult to 

precisely define its localisation. On day 3 the protein seemed to be predominantly localised in 

the lateral membrane of the cells, but was also present basal of the outer-layer of cells.  By day 

5 and 7 the protein was localised mostly in the lateral membrane of the cells, although it 

remained in the cytoplasm, or apical membrane of some cells.  On day 10, the E-cadherin 

protein was localised mostly to the lateral membrane of the outer-layer of cells. 

 

Fibronectin is a basement membrane protein, on day 3 it was localised to patches directly 

below the outermost cell layer, and deeper into the embryoid body (Figure 4.12A). This 

localisation gradually became more specific, by day 5 the staining was more restricted to the 
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basal side of the outermost cell layer, whilst there were still patches of apical Fibronectin.  By 

day 7 the Fibronectin was restricted to below the basal-side of the outermost cells and no 

staining was observed in cells below the outer cell layer.  Additionally, the localisation of the 

basement membrane protein Laminin was investigated (Figure 4.12B).  The protein was 

localised around all membranes of the outer layer of cells on day 3.  On days 5 and 7 it became 

increasingly more restricted to the apical membrane.  By day 10 the Laminin was exclusively 

restricted to the apical of the outer layer of the cells.  The absence of Laminin from the 

basement membrane, and its apical localisation is surprising (See discussion). 

 

The gradual localisation of the apico-basolaterally polarised proteins (aPkcζ/γ, Zo-1, Occludin, 

β-catenin, E-cadherin and Fibronectin) shows that the epithelium surrounding the embryoid 

body began to polarise on day 3 and had clear polarisation by day 5.  This suggests that the 

outer layer of cells of the embryoid bodies grown in hanging drops would be a good model of 

epithelial polarisation as well as primitive endoderm cell fate specification.   
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Figure 4.10: The outer-layer of embryoid bodies gradually developed polarised localisation of 
apical polarity and tight junction components 
Localisation of proteins which usually show apical and junctional polarity in epithelia were 
examined in the primitive endoderm layer of embryoid bodies using whole-mount 
immunostaining.  (A) The apical polarity complex protein aPkcζ/λ shows cytoplasmic 
localisation on day 3, but was apically localised from day 5.  Tight-junction protein (B) Zo-1 
showed a polarised localisation from day 3 onwards.  (C) Occludin showed a polarised 
localisation from day 5.  Representative images from at least three independent experiments 
are shown.  Dotted lines represent position that the relevant orthogonal or aerial images were 
taken.  Scale bars 10μm.   
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Figure 4.11:  The outer-layer of embryoid bodies gradually developed a polarised localisation 
of adherens junction proteins 
Localisation of adherens junction proteins which are usually localised at the lateral membrane 
in epithelia were examined in the primitive endoderm layer of embryoid bodies using whole-
mount immunostaining.  (A) β-catenin showed apical and basolateral localisation at day 3, but 
by day 5 became more restricted to the lateral sides of cells.  (B) E-cadherin was localised in 
disorganised puncta on day 3, by day 5 a predominantly lateral localisation was observed and 
maintained throughout development. Representative images from at least three independent 
experiments are shown.  Dotted lines represent position that the relevant orthogonal or aerial 
images were taken.  Scale bars 10μm.   
 



Chapter 4: Embryoid bodies as a model of primitive endoderm specification and epithelial polarisation 

132 

 

 

 

Figure 4.12  The outer-layer of embryoid bodies gradually developed an organised 
Fibronectin basement membrane, but not Laminin 
Localisation of basement membrane proteins were examined in the primitive endoderm layer 
of embryoid bodies using whole-mount immunostaining.  (A) The basement membrane protein 
Fibronectin formed aggregates on day 3, but from day 5 to day 10 showed gradually increasing 
staining at the basal side of the outer layer of cells.  The epithelia remained polarised at 10 
days. (B) The basement membrane protein Laminin was lateral and apically localised on days 3 
and 5.  After 7 and 10 days of culture the protein was predominantly localised apical to the 
outer cell layer.  Representative images from at least three independent experiments are 
shown.  Dotted lines represent position that the relevant orthogonal or aerial images were 
taken.  Scale bars 10μm.   
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4.2.7 Epithelial polarity proteins are not synthesised de novo 

Having observed the gradual polarisation of the primitive endoderm, western blotting was 

carried out to quantify their expression levels to allow comparison between changes in 

localisation with changes in expression levels.  aPkcζ was expressed in pluripotent mES cells, 

the levels then changed little over the time course examined (Figure 4.13A).  The adherens 

junction protein E-cadherin was expressed on day 0, the expression levels then gradually 

decreased over time, by day 10 E-cadherin protein expression was a third of that observed on 

day 0 (Figure 4.13B).  The adherens junction protein β-catenin also showed a decrease in 

expression on day 3 which was not statistically significant, the expression did not subsequently 

change further, on day 10 the decrease was just over a half compared to day 0 (Figure 4.13C).  

Expression of Fibronectin, the basement membrane protein increased gradually over the 10 

days, it was almost nine times higher on day 10 than on day 0.  These western blots suggest 

that the aPkcζ/γ, E-cadherin, and β-catenin proteins may have been relocalised rather than 

synthesised de novo, whilst Fibronectin was synthesised de novo.   
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Figure 4.13: The apico-basolateral polarised proteins aPkcζ/λ, E-cadherin and β-catenin were 
not synthesised de novo during primitive endoderm development but Fibronectin was 
Expression levels of apico-basolateral polarised proteins were determined across embryoid 
body development using western blotting.  (A) Polarity complex protein aPkcζ/γ expression did 
not change markedly over time. Expression of adherens junction protein (B) E-cadherin 
decreased throughout the development of the embryoid body whilst (C) β-catenin decreased 
on day 3 in comparison to day 0 but did not then change.  (D) Fibronectin, a basement 
membrane protein, expression increased over development. A representative blot and 
quantification from 3 independent experiments is shown.  Error bars represent SEM.  
Statistical analysis is a one-way Anova with a Dunnett’s post-hoc test (* P=0.1-0.5, ** p=0.001-
0.01, *** p<0.001).   
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4.3 Discussion 

4.3.1 Summary 

Results presented in this chapter demonstrate that cells in the outer layer of embryoid bodies 

grown in methylcellulose did not express primitive endoderm cell fate specification markers 

until day 14.  After this period of time the embryoid bodies appeared unhealthy, and a lot of 

debris was present in the cell culture media.  Conversely, hanging drop embryoid bodies 

gradually polarised and expressed primitive endoderm cell fate specification markers over 10 

days.  This suggested that hanging drop embryoid bodies could be a good model of the 

development of the primitive endoderm epithelium. The cells of the outer layer expressed Zo-

1 in an apico-basolateral localised position on day 3 in all cells of the embryoid body, whilst 

Nanog was still expressed.   Additionally, all proteins examined except Occludin showed a 

polarised localisation on day 5 indictating that the cells are polarised.  Maximal nuclear 

localisation of Gata6, Gata4, and Hnf4α occurred on day 7 suggesting primitive endoderm cell 

fate specification did not occur until day 7.  This leads us to propose that polarisation of the 

outer cell layer of an embryoid body may commence prior to cell fate specification. 

 

 

Figure 4.14: Epithelial polarity proteins began to polarise prior to maximal localisation of 
Gata4 and Gata6 in the outer layer of an embryoid body 
Whole-mount immunostaining was carried out on hanging drop embryoid bodies after 3, 5, 7 
and 10 days of culture to determine the localisation of epithelial polarity proteins and primitive 
enedoderm cell fate markers.  A model was generated showing the order in which epithelial 
polarity proteins and primitive endoderm cell fate specification markers are localised. 
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4.3.2 Growth of embryoid bodies in methylcellulose with this protocol is not a useful 

model for study of primitive endoderm development 

The data suggests that the embryoid bodies grown in methylceullose were not suitable as a 

model of primitive endoderm epithelial polarisation or specification for this project.  Embryoid 

bodies produced in methylcellulose have previously been used to study development, 

particularly in the area of haematopoiesis (Bone and Welham, 2007; Wiles and Keller, 1991). 

Embryoid bodies formed in methylcellulose looked morphologically unhealthy when cultured 

for more than 7 days, they shrank in size, and began to lose their roundness which they had 

acquired during their development. This probably occurred because the embryoid bodies were 

cultured in the methylcellulose for the whole culture period, up to 3 weeks, without added 

nutrients, or removal of any waste products.  Experiments were carried out to add serum or 

place the embryoid bodies in suspension culture after they had formed but this resulted in the 

embryoid bodies clumping together and therefore losing their homogeneity and clonal 

identity.  If the embryoid bodies grown in methylcellulose had been used as a model system 

their health status could have influenced the results causing false conclusions to be drawn.  

Additionally, having to culture the embryoid bodies for as long as 14 days would not practically 

have been ideal.   The formation of embryoid bodies in methylcellulose could be useful for 

future experiments if clonal identity was important, or to look at the earliest stages of 

polarisation by looking at additional time points between day 0 and day 14.  These 

experiments did however demonstrate that use of embryoid bodies would be a powerful 

system with which to investigate both epithelial polarisation and primitive endoderm cell fate 

specification but an alternative culture method was required.   

 

4.3.3 Hanging drop embryoid bodies are cavitated, cystic and form a continuous 

squamous epithelium 

In comparison to the embryoid bodies formed in methylcellulose, those formed in hanging 

drops quickly formed large round balls of cells.  This is likely to be because each embryoid body 

was formed in a drop containing 1000 cells, whilst the methylcellulose embryoid bodies were 

formed from a single cell.  The histology showed the beginning of the appearance of cavities in 

the hanging drop embryoid bodies, and within the embryoid body cells appeared to be dying.  

There were also cysts present which resembled those previously observed (Martin et al., 

1977). 

 

The histological analysis of the embryoid bodies showed the appearance of an increasingly 

defined simple squamous epithelium.  In vivo visceral endoderm overlying the distal pole of 
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the egg cylinder is squamous, whilst the proximal cells, overlying the extraembryonic ectoderm 

are cuboidal (Gardner, 1983).  This therefore suggests that histologically the visceral endoderm 

which formed in these embryoid bodies is more similar to distal visceral endoderm than the 

proximal visceral endoderm.  To further analyse the morphology of these cells Transmission 

electron microscopy (TEM) could be performed.  The suggestion that this represents distal 

visceral endoderm is supported by analysis of the localisation of extraembryonic endoderm 

markers in embryoid bodies which concluded that the cells on the outer layer of an embryoid 

are most similar to distal visceral endoderm cells (Artus et al., 2010). 

 

4.3.4 Hanging drop embryoid bodies recapitulate some aspects of development of the 

primitive endoderm 

Having observed the formation of a clearly defined epithelium the identity of these cells was 

determined using whole-mount immunostaining for transcription factors essential for 

primitive endoderm cell fate specification.  The expression of Gata6, Gata4, and Hnf4α in the 

nuclei of cells, and the loss of expression of nuclear Nanog in the outer layer suggests that it 

formed the primitive endoderm.  We therefore propose that this would be a good model to 

study the gradual fate specification of this tissue.  To confirm this in the future it could be 

useful to analyse the expression of other primitive endoderm markers such as Sox17, and Afp.    

 

Embryoid bodies do not however recapitulate all aspects of primitive endoderm development.  

During mouse development the primitive endoderm is specified from the ICM during which 

time the embryo consists of only 64-100 cells.  At this stage a trophoblast epithelium is 

present, within which the ICM and the blastocoel cavity resides (Saiz and Plusa, 2013).  

Conversely, the embryoid bodies were formed from drops of 1000 cells which formed a ball of 

cells from which the primitive endoderm is specified. An  additional downfall is that the 

techniques used here do not allow analysis of the initial expression of Gata6 and Gata4, or the 

cell sorting observed during primitive endoderm formation in the embryo as this occurs deep 

within the embryoid body.  The sorting has been analysed previously by others in embryoid 

bodies by doing cell mixing experiments to produce embryoid bodies formed from different 

genetically engineered, or wild type cells (Rula et al., 2007).  They then analysed the sorting of 

cells using immunohistochemistry, and immunofluorescence staining of sections.   Experiments 

performed in this thesis were carried out using whole-mount immunostaining and confocal 

microscopy which does not allow imaging deep in to the embryoid body.  Whilst optimising 

imaging techniques immunofluoresecence staining of sections was attempted but proved 

difficult to produce reproducible results, or analyse the location of the cells within the 

embryoid body.  Optimisation of this technique would however allow the system described 
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here to be used to investigate apects of the cell sorting during primitive endoderm 

development. 

 

Western blotting analysis of the expression of the primitive endoderm transcription factors 

showed that the peak in the expression of Gata6 and Gata4 occurred on day 5 of their 

development.  This was surprising as the peak in the number of positive nuclei was on day 7.  

There are two reasons why this may be.  Firstly, the expression of the transcription factors in 

each individual nucleus may be high in day 5 embryoid bodies, after this time point more 

nuclei were positive but each nucleus may have expressed lower levels of the protein.  An 

alternative reason for this discrepancy is that this analysis was taken from protein of the whole 

embryoid body, not just the outer-layer of cells.  These transcription factors are known to be 

expressed during the development of other tissues (Arceci et al., 1993; Duncan et al., 1997; 

Morrisey et al., 1996).  The western blot may therefore represent the temporal change in an 

alternative differentiation step of cells within the embryoid body rather than that of the 

primitive endoderm.   To improve this analysis, and differentiate between these explanations it 

would be useful to sort the cells of the embryoid body using a FACS, and then perform western 

blotting.  This would provide information on the protein expression levels within exclusively 

the primitive endoderm cells. 

 

4.3.5 Cdx2 is expressed in the nuclei of cells in the outer-layer of an embryoid body 

In addition to expression of primitive endoderm markers, expression of Cdx2 was also 

observed.  Cdx2 is a transcription factor which is critical for trophoblast specification, and also 

has a role in the development of the gut.  Its expression in embryoid bodies has not to my 

knowledge been previously described.  The number of cells in the outer-layer which expressed 

it increased during embryoid body development and peaked on day 7, this is similar to the 

pattern observed with the primitive endoderm markers.  Cdx2 is not restricted to the nuclei of 

cells of the outer-layer, but is also expressed in the deeper layers of the embryoid body which 

can be imaged with the confocal.  This suggests that this Cdx2 positive population was not 

restricted to the outer-layer which the primitive endoderm markers were.   

 

There are many experiments which could be performed to further define this population of 

cells.  To identify if the primitive endoderm and Cdx2 expressing populations are the same or 

separate it would be interesting to observe whether the Cdx2 positive nuclei co-express any 

primitive endoderm markers.  It would be expected that they do not as I have found no 

evidence in the literature for a physiological cell population which expresses Cdx2 and Gata6 
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and/or Gata4.  It would also be interesting to determine whether these cells are following a 

trophoblast cell fate or an alternative lineage by observing whether other transcription factors 

required for the development of the trophoblast are also expressed in these Cdx2 positive 

cells.  In hES cells and mouse epiblast stem cells a population of cells which co-express 

Brachyury and Cdx2 can be formed following addition of BMP (Bernardo et al., 2011).  It may 

be that formation of embryoid bodies is also causing the production of this cell population 

from mES cells.  Determining whether the cells co-express Brachyury may therefore help to 

identify what the identity of the Cdx2 positive cell population is.  

 

4.3.6 Rassf8 is expressed in the nuclei of cells in the outer layer of the embryoid body 

The localisation of the N-terminal Rassf protein Rassf8 to the nuclei of cells in the outer layer 

of the embryoid body was unexpected.  Rassf8 has previously been suggested to be localised 

at the adherens junction (Langton et al., 2009; Lock et al., 2010).  A nuclear localisation of 

Rassf8 has previously been observed in epithelial tumours but the function of nuclear Rassf8 

has not been investigated to date (Falvella et al., 2006). 

 

The increasing number of nuclei which express Rassf8 during the development of the 

embryoid body demonstrates that as the primitive endoderm develops the number of cells 

expressing the protein increase. This suggests that this protein may be required for primitive 

endoderm cell fate specification and/or polarisation.  It would be useful to confirm the 

localisation of Rassf8 using immunoblotting for Rassf8 with lysates from different subcellular 

fractions. To investigate the role of Rassf8 in the primitive endoderm, derivation of Rassf8-/- 

mES cells was attempted but there was not sufficient time to characterise the cells.  A full 

characterisation of the cells would confirm that they do not express Rassf8, and analyse their 

capacity to self-renew and their pluripotentcy.  Having characterised the cells they could be 

used to make embryoid bodies, and analysis of the primitive endoderm cell fate specification 

and polarisation of the outer layer could be carried out.     

 

4.3.7 Apico-basolateral polarisation can be interrogated using embryoid bodies 

The polarised localisation of a number of proteins has been reported before in the primitive 

endoderm (Gerbe et al., 2008; Moore et al., 2009; Murray and Edgar, 2001; Rula et al., 2007; 

Yang et al., 2007).  aPkc has been previously shown to localise at the apical membrane of the 

primitive endoderm of the mature E4.5 primitive endoderm (Saiz et al., 2013), and in embryoid 

bodies (Wu et al., 2007) as observed here too.   Zo-1 was previously observed in the lateral 

membrane but in a less defined point than observed here (Wu et al., 2007).  E-cadherin has 
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been previously been shown to localise basolaterally in the primitive endoderm of embryoid 

bodies which is consistent with my findings (Moore et al., 2009).  This suggests that my 

description of the polarised localisation of these proteins is consistent with previous reports. 

 

The localisation of Laminin apical to the outer-cell layer in the embryoid body is of great 

surprise.  It has previously been shown to be localised in the basement membrane of embryoid 

bodies formed from embryonal carcimona cells (Grover et al., 1983) and has been shown to be 

required for the accumulation of a basement membrane, cavitation, and formation of an 

organised epithelium in embryoid bodies (Grover et al., 1983; Murray and Edgar, 2000, 2001).  

The antibody used to determine the localisation of Laminin here has been used by others in 

mouse tissue (Buniello et al., 2013), which suggests that it does recognise the correct protein.   

To confirm this localisation an alternative antibody could be tested in this model.   

 

The localisation of multiple epithelial polarity proteins during primitive endoderm 

development has not previously been examined.  The results presented here show that the 

primitive endoderm of an embryoid body gradually polarises in an order which is similar to 

that observed in other epithelia (Reviewed by (Martin-Belmonte and Perez-Moreno, 2012)).  

Zo-1, E-cadherin, and β-catenin localise at junctions at the initial stage of cell polarisation, 

followed by localisation of aPkc at the apical membrane, Occludin at the tight junction, and 

deposition of Fibronectin to form a basement membrane (Figure 4.14).  This highlights the 

potential utility of this model system in the study of primitive endoderm polarisation. To 

extend this analysis it would be useful to look at other proteins which are apico-basolaterally 

localised in epithelia, such as additional tight junction, adherens junction, and polarity complex 

proteins.  Additionally it would be useful to carry out the biotin assay used in Chapter 5 to 

analyse the epithelial barrier formation of the outer cell layer throughout the development of 

the embryoid body.   

 

4.3.8 Epithelial polarity proteins are not synthesised de novo 

Analysis of the expression of the apico-basolateral polarity proteins demonstrated that all of 

the polarity proteins were expressed in mES cells prior to embryoid body formation and that 

with the exception of Fibronectin their levels did not increase throughout the development of 

the embryoid body.  This suggests that all the proteins examined, except Fibronectin had to be 

relocalised rather than synthesised de novo.  Conversely the expression of Fibronectin 

increased markedly over the time which leads me to propose that this protein was synthesised 

during the development of the embryoid body. 
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Expression of β-catenin and E-cadherin decreased, there are two possible reasons for this.  

Firstly, mES cells have been shown to express these two proteins, whilst the deep 

differentiated cells within the embryoid body may not express these proteins.  Formation of 

the embryoid body from mES, and the subsequent differentiation of these cells which 

expressed these proteins would therefore result in a decrease in the total protein levels 

present  despite levels being maintained in the outer cells.  Secondly, the embryoid body grew 

over time, which assuming this means there would be more cells, the primitive endoderm 

would therefore account for a smaller proportion of the total protein present and cause a 

decrease in the total protein of interest within an embryoid body. 

 

4.3.9 Conclusion 

A gradual polarisation and fate specification of the primitive endoderm in hanging drop 

embryoid bodies can be clearly observed.  It therefore seems that the primitive endoderm of 

an embryoid body has a number of characteristics which will make it a valuable model for 

future experiments. It is a 3D model composed of a variety of non-transformed cell types, 

which gradually polarise and express cell fate markers. There are also a growing number of 

knockout and transgenic ES cell lines which could be studied in this system (Dolgin, 2011; 

Skarnes et al., 2011). In particular, embryoid bodies seem well suited for studying the 

relationship between polarisation and fate specification in a developing epithelium.  
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5 Formation of a polarised primitive endoderm layer in 

embryoid bodies requires Fgfr/Erk signalling 
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5.1 Introduction 

 

5.1.1 Regulation of cell fate specification and polarisation in the primitive endoderm 

In chapter 4 the temporal order of cell fate specification and polarisation of the outer layer of 

cells was characterised in embryoid bodies cultured using the hanging drop culture method.   

These studies suggested that the outer-layer of the embryoid body gradually polarised, and 

that maximal expression of primitive endoderm cell fate specification markers occurred after 

the onset of polarisation.  This suggested that embryoid bodies would make a good model to 

study the regulation of these processes which is the aim of this chapter. 

 
 
Fgf4 activation of Fgfr signalling via the Raf/Mek/Erk signalling (Erk signalling) pathway has an 

important role in promoting primitive endoderm cell fate specification (Further detail in 1.4.5).  

In contrast to our growing understanding of cell fate specification, less is known about the 

mechanisms which regulate the polarisation of primitive endoderm cells.  It is not yet known if 

the Erk signalling pathway is required for polarisation of the primitive endoderm.  In this 

chapter I aim to inhibit signalling pathways and investigate their role in the polarisation of 

primitive endoderm cells. 

 

5.1.2 Inhibitors of the Fgf receptor and Erk signalling 

 

In order to investigate the requirement for Fgfr/Erk signalling in primitive endoderm cell fate 

specification and polarisation, small molecule inhibitors were used. Fgfr and Erk signalling is 

outlined in section 1.4.5.   

 

To inhibit Fgf receptors in this study AZD-4547 was mainly used.  AZD-4547 is an ATP-

competitive tyrosine kinase inhibitor of Fgf receptors 1,2, and 3 (Chell et al., 2013; Gavine et 

al., 2012).  AZD-4547 has an in vitro IC-50 (half maximal inhibitor concentration) of 0.2nM, 

2.5nM and 1.8nM, and a cellular IC-50 of 12nM, 2nM and 40nM for Fgfr 1,2 and 3 respectively 

(Gavine et al., 2012).  Its selectivity was assessed against many kinases, the next nearest kinase 

it inhibits is recombinant Vascular endothelial growth factor receptor 2 (Vegfr2) against which 

it has an IC-50 of 24nM showing that it is at least 9-fold more selective for Fgfr1,2 and 3 than 

any other kinases tested (Gavine et al., 2012).  It inhibits Fgfr phosphorylation and therefore 

associated downstream signalling through Frs2, Plcγ, and Mapk (Gavine et al., 2012).  In some 

experiments the Fgf receptor inhibitior PD-173074 was used (Figure 5.15).  PD-173074 was 
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developed as an inhibitor of both Vegfr and the Fgf receptor 1 (Mohammadi et al., 1998).  It 

has an in vitro IC-50 of 21.5nM against Fgfr1, and a cellular IC-50 of 1-5nM.  The cellular IC-50 

of PD-173074 for Vegfr2 is 100-200nM.  This provides high selectivity as it inhibits the next 

nearest kinase Pdgfr, with an in vitro IC-50 of 17.6μM, and c-Src with an IC-50 of 19.8 μM. 

 

To disrupt the Erk signalling pathway a Mek inhibitor, PD-0325901, was used.  PD-0325901 is a 

non-ATP-competitive inhibitor of Mek developed by Pfizer (Sebolt-Leopold and Herrera, 2004).  

It is highly selective, demonstrated by its inability to inhibit many serine/threonine and 

tyrosine kinases (Sebolt-Leopold and Herrera, 2004).  Its selectivity is thought to occur because 

it binds to a binding pocket in a region which is not homologous to other kinases (Sebolt-

Leopold and Herrera, 2004).  The PD-0325901 is also highly potent with an in vitro IC50 of 1nM 

against activated Mek1 and 2 (Sebolt-Leopold and Herrera, 2004), and 0.33nM IC50 in colon 26 

cells (Barrett et al., 2008; Thompson and Lyons, 2005).  In vivo PD-0325901 can causes a dose-

dependent decrease in ppErk in liver and lung (Brown et al., 2007) and has shown anticancer 

activity in 6 of 7 human tumour xenografts models (Sebolt-Leopold and Herrera, 2004; 

Thompson and Lyons, 2005).   

 

5.1.3 Pi3k signalling and its inhibition 

Phosphoinositide 3-kinase (Pi3k) signalling begins with the activation of Pi3ks by activators 

(Vanhaesebroeck et al., 2010).  There are 14 Pi3ks which are separated in to 4 classes (I – IV) 

(Gharbi et al., 2007).  Pi3ks subsequently phosphorylate one of three different 

phosphatidylinositold lipids; PtdIns, PtdIns-4-phosphate, and PtdIns-4,5,bisphosphate 

(Vanhaesebroeck et al., 2010).  The phosphorylated form of these three lipids is bound by 

many different effector proteins, regulating the localisation and function of the proteins.  Lipid 

phosphatases degrade or interconvert 3-phosphoinoisitides thereby negatively regulating Pi3k 

signalling.  Pi3k signalling is involved in many processes such as migration, survival and cell-

cycle progression.   

 

In this chapter LY-294002 a small molecule inhibitor of Pi3k is used.  LY-294002 has an IC-50 

against Pi3k of 1.4μM (Vlahos et al., 1994).  LY-294002 inhibits all Pi3k classes as well as other 

off-target proteins such as mammalian target of rapamycin (mTor), Casein kinase 2 (Ck2) and 

Gsk3β (Gharbi et al., 2007).  LY-294002 is used here as it is a good first inhibitor of Pi3k 

signalling to use before using isoform specific inhibitor. 
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5.1.4 Assays for epithelial barrier function 

One of the main functions of epithelia is to provide a barrier to prevent movement of 

molecules across the epithelial cell layer (St Johnston and Ahringer, 2010).  A loss of epithelial 

cell polarisation would be expected to cause a disruption in the barrier function.  There are 

many ways to assess epithelial barrier function and its properties.  One method to study the 

function of an epithelial barrier is by addition of a membrane-imperbeable biotin, which 

covalently links to amino groups on extracellular proteins in the membrane of an epithelium.  

The biotin can be visualised using steptavidin.  In an intact barrier the biotin will only bind to 

proteins on the apical membrane, and not the lateral or basal membranes (Chalmers et al., 

2006; Minsuk and Keller, 1997), an alternative approach is to determine the TER which is a 

measure of ion conductance (Buschmann et al., 2013).  Ion-selectivity of the epithelial barrier 

can be determined by measuring PNa+/PCl-, whilst the size selectivity of the ionic barrier can be 

determined by measuring paracellular flux of other ions, with the same charge but of a 

different size.  The paracellular flux of macromolecules, demonstrating the leakiness of the 

tight junction barrier can be determined by addition of FITC-dextran of different known 

molecular weights to determine how much dextran of each size can cross the barrier. 

 

5.1.5 Aims 

Having thoroughly characterised the cell fate specification and polarisation of the primitive 

endoderm in embryoid bodies in Chapter 4, in this Chapter I investigate the mechanisms which 

promote the polarisation of the primitive endoderm.  This goal can be broken down in to two 

aims: 

1. Investigate whether the Fgfr/Erk signalling pathway is required for polarisation of this 

tissue using a small molecule inhibitors of the Fgf receptor and the Erk signalling 

pathway. 

2. Assess what effect inhibiting Pi3k signalling has on polarisation and cell fate 

specification of the primitive endoderm layer of the embryoid body. 
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5.2 Results 

5.2.1 Inhibition of Mek with PD-0325901 results in a loss of Gata4 and Gata6 expression in 

embryoid bodies 

To investigate the role of Mek signalling in cell polarisation PD-0325901, a potent Mek 

inhibitor (Brown et al., 2007; Sebolt-Leopold and Herrera, 2004) was added to the cell 

suspension (day 0) and analysis of the phenotype of the embryoid bodies was carried out after 

7 days of development (Figure 5.1A).  Diphosphorylated Erk1 and 2 (ppErk1/2) was markedly 

decreased (Figure 5.1B) demonstrating that, when added to the media PD-0325901 

successfully inhibited Mek signalling.   

 

There was a slight reduction in size of the embryoid bodies at the highest dose tested (4μM) in 

comparison to embryoid bodies treated with vehicle, but this was not statistically significant 

(Figure 5.1C).  A statistically significant increase in the circularity of the embryoid body (Figure 

5.1D) in comparison to control was observed suggesting that Erk signalling regulates the shape 

which the embryoid body forms. 

 

To establish if the addition of PD-0325901 caused an increase in apoptosis, whole-mount 

immunostaining for cleaved Caspase-3 was performed (Figure 5.1E).  No significant change in 

the number of nuclei positive for cleaved Caspase-3 was observed in the outer layer of the 

embryoid bodies showing that inhibiting Mek did not cause an increase in apoptosis that might 

have affected the development of these cells. 

 

Disruption of Mek-signalling causes a loss of Gata6 and Gata4 expression, and a maintenance 

in Nanog expression preventing the cell fate specification of the primitive endoderm both in 

vivo and in vitro (Chazaud et al., 2006; Cheng et al., 1998).  The expression levels of Gata6, 

Gata4 and Nanog were analysed to assess the effect Mek inhibition has in this system. 

Western blotting of embryoid bodies showed a dose-dependent decrease in Gata6 and Gata4 

protein expression levels, resulting in very little protein remaining at the highest concentration 

of PD-0325901 (4μM) (Figure 5.2A & B).  This result was confirmed using whole-mount 

immunostaining of Gata6 (Figure 5.2C).  In contrast, the percentage of Nanog positive nuclei 

increased from 0% in control to an average of 76% upon addition of 4μM PD-0325901 (Figure 

5.2D).  This confirms that upon inhibition of Mek the cells of the outer-layer of the embryoid 

body failed to become primitive endoderm cells, but instead remained pluripotent. 
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Figure 5.1: Addition of PD-0325901 inhibited Erk phosphorylation and resulted in more 
circular embryoid bodies 
Embryoid bodies were grown in different concentrations of PD-0325901 or 0.04% DMSO for 7 
days.  (A) Light microscopy images show morphology of the embryoid bodies following 
inhibitor treatment.  The embryoid bodies appeared slightly smaller and rounder.  Scale bars 
200µm.  (B)  Western blotting demonstrates that PD-0325901 reduced levels of 
diphosphorylated Erk1/2.  A representative blot and quantification from 3 independent 
experiments is shown. (C) Quantification of the size of the embryoid bodies suggests that there 
was a slight reduction in size, but this is not statistically significant. (D) Measurement of the 
circularity of the embryoid bodies shows that inhibition of Mek caused a statistical increase in 
circularity.  (E) Whole-mount immunostaining of cleaved Caspase-3.  A slight reduction in the 
number of cleaved Caspase-3 nuclei is observed upon treatment with 4μM PD-0325901 in 
comparison to 0.04% DMSO suggesting that less apoptosis occurs in the outer-layer of these 
embryoid bodies.  A representative image from 3 independent experiments is shown.  Data is 
from 3 independent experiments, error bars are SEM. Statistical analysis is (B-D) a one-way 
Anova with a Dunnett’s post-hoc test, (E) a paired t-test.  (* P=0.1-0.5, ** p=0.001-0.01, *** 
p<0.001) 
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Figure 5.2: Reduced expression of primitive endoderm markers Gata4 and Gata6 and 
increased expression of Nanog was observed in embryoid bodies upon inhibition of Mek. 
Embryoid bodies were grown in different concentrations of PD-0325901 or 0.04% DMSO for 7 
days.  Expression levels of (A) Gata6, and (B) Gata4 were analysed using western blotting.  A 
representative blot and quantification from 3 independent experiments is shown for each 
marker.  A dose dependent decrease in expression of both proteins was observed.  Statistical 
analysis is a one-way Anova with a Dunnett’s post-hoc test.  Whole-mount immunostaining of 
(C) Gata6 and (D) Nanog after treatment of embryoid bodies with 4μM PD-0325901. A 
reduction in the percentage of nuclei expressing Gata6 was observed whilst there was an 
increase in the percentage of nuclei expressing Nanog.  A representative image from 3 
independent experiments is shown.    Scale bars 10μm. Dotted lines represent position that 
the relevant orthogonal or aerial images were taken.  Statistical test is a paired T-test.  Data is 
from 3 independent experiments, error bars represent SEM. (* P=0.1-0.5, ** p=0.001-0.01, *** 
p<0.001). 
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5.2.2 Mek inhibition disrupts epithelial polarity 

 

Having observed a disruption in the specification of the primitive endoderm cell fate following 

inhibition of Mek signalling (Figure 5.2), embryoid bodies were cultured in PD-0325901 and the 

localisation of polarity and junctional proteins examined (Figure 5.3 & Figure 5.4). The addition 

of 2 µM PD-0325901 appeared to cause maximal inhibition of ppErk1/2, but 4 µM caused a 

bigger reduction in Gata4/6 staining. The expression of these proteins in the primitive 

endoderm is Mek dependent (Yoshida-Koide et al., 2004) arguing that in this system there may 

be a low level of Mek signalling which is inhibited by addition of 4µM PD-0325901 in place of 

2µM PD-0325901. For this reason 4µM PD-0325901 was chosen for subsequent experiments. 

 

aPkcζ/λ was apically localised in the control embryoid bodies, but when treated with the Mek 

inhibitor aPkcζ/λ was also present in the cytoplasm and in cell layers below the outer layer 

(Figure 5.3A).  After treatment with the Mek inhibitor for seven days, the tight-junction protein 

Zo-1 remained localised at the apical side of the outer layer cells but did not form a belt-like 

structure around the cells (Figure 5.3B).  Occasional labelled junctions remained, but the 

majority of protein was present in isolated puncta.  This suggested that inhibition of Mek 

disrupted the formation of the tight junctions and the localisation of aPkcζ/λ.   

 

The localisation of the adherens junction proteins E-cadherin and β-catenin was also disrupted 

by treatment with the Mek inhibitor.  E-cadherin staining was not very strong, but it would 

seem that, unlike in the DMSO control, when the embryoid bodies were cultured with the Mek 

inhibitor E-cadherin was present apically as well as laterally, and in layers below that of the 

outer layer (Figure 5.4A). β-catenin localised apically as well as laterally in the outer cell layer 

of embryoid bodies treated with PD-0325901 (Figure 5.4B) and was observed in the 2nd layer of 

cells (the layer below the outer-layer). This localisation was not observed in the controls 

(Figure 5.4A&B).  Lastly, a disruption in the localisation of the basement membrane protein 

Fibronectin was observed (Figure 5.4C).  Upon addition of PD-0325901, Fibronectin formed 

small aggregates of protein instead of a fibrous network as observed in the control embryoid 

bodies.  In addition, the Fibronectin protein in embryoid bodies treated with PD-0325901 was 

not basally restricted, but was present in all cell layers observed (Figure 5.4C).  The 

mislocalisation of the polarity complex protein aPkcζ/λ, as well as tight junction, adherens 

junction and basement membrane proteins shows that the apico-basolateral polarity of the 

outer layer of embryoid bodies was disrupted following Mek inhibition. 
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Figure 5.3: Inhibition of Mek disrupted the normal localisation of polarity complex protein 
aPkcζ/λ and the tight junction protein Zo-1 in the outer layer of embryoid bodies. 
Embryoid bodies were treated with 4μM PD-0325901, a Mek inhibitor, or 0.04% DMSO for 7 
days.  Localisation of proteins which normally polarise in the primitive endoderm epithelium 
were assessed using whole-mount immunostaining.   (A) aPkcζ/λ a member of a polarity 
complex, and (B) Zo-1 a tight junction protein were both shown to have an altered localisation 
when grown with a Mek inhibitor, suggesting a disruption in the apico-basolateral polarity of 
these cells.  Representative images from three independent experiments are shown.  Scale 
bars 10μm.  Dotted lines represent position that the relevant orthogonal or aerial images were 
taken. 
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Figure 5.4: Inhibition of Mek disrupted the normal localisation of adherens junction and 
basement membrane proteins in the outer layer of embryoid bodies. 
Embryoid bodies were treated with 4μM PD-0325901, a Mek inhibitor, or 0.04% DMSO for 7 
days.  Localisation of proteins which normally polarise in the primitive endoderm epithelium 
were assessed using whole-mount immunostaining.  (A) E-cadherin, (B) β-catenin both 
proteins in the adherens junction and (C) the basement membrane protein Fibronectin, were 
all shown to have an altered localisation when grown with a Mek inhibitor, suggesting a 
disruption in the apico-basolateral polarity of these cells.  Representative images from three 
independent experiments are shown.  Scale bars 10μm.  Dotted lines represent position that 
the relevant orthogonal or aerial images were taken.   
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5.2.3 Inhibition of Mek has no effect on the expression of junctional and polarity proteins 

Having observed a mislocalisation of the polarity and junctional proteins upon Mek inhibition, 

the expression levels of these proteins was assessed using western blotting (Figure 5.5).  No 

statistically significant effect was observed in expression of aPkcζ/λ or β-catenin (Figure 5.5A 

&C).  There was also no statistically significant effect on expression of E-cadherin, however a 

slight increase in expression was seen at increasing doses of the inhibitor (Figure 5.5B).  

Additionally a non-statistically significant increase in expression of Fibronectin was observed 

when embryoid bodies were treated with 1μM and 2μM PD-0325901, but not 4μM PD-

0325901 (Figure 5.5D).  These results suggest that there may be some regulation of the 

expression of these proteins at a whole embryoid body level, but predominantly the effect 

caused by inhibition of Mek is a change in the localisation of these proteins.
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Figure 5.5: Mek inhibition had no effect on the expression of junction and polarity proteins. 
Embryoid bodies were grown in different concentrations of PD-0325901 or 0.04% DMSO for 7 
days.  Expression levels of (A) polarity complex protein aPkcζ/λ, (B) E-cadherin, (C)β-catenin 
adherens junction proteins, and (D) basement membrane protein Fibronectin were analysed 
using western blotting.  No effect was seen on expression of aPkcζ/λ, or β-catenin, whilst a 
small dose dependent increase in expression of both E-cadherin and Fibronectin was observed.  
A representative blot and quantification from 3 independent experiments is shown for each 
marker, error bars represent SEM. Statistical analysis is a one-way Anova with a Dunnett’s 
post-hoc test  (* P=0.1-0.5, ** p=0.001-0.01, *** p<0.001). 
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5.2.4 Loss of Gata6 and Gata4 expression upon inhibition of Fgf receptor signalling  

As disruption of the Erk signalling cascade resulted in a disruption in the apico-basolateral 

polarity of the outer-layer of the embryoid body, I wished to identify the receptor responsible 

for Erk activation in this system.  A leading candidate for this was the Fgf receptor, as its 

inhibition has previously been shown to decrease expression of Gata6 and Gata4, disrupting 

cell fate specification in the primitive endoderm (Arman et al., 1998; Feldman et al., 1995).  A 

newly developed potent and selective inhibitor of the Fgf receptor, AZD-4547, was used to 

treat embryoid bodies (Figure 5.6A).  This inhibitor was chosen as it is more selective than 

previously available compounds such as PD-173074 (Gavine et al., 2012; Mohammadi et al., 

1998).  Addition of this inhibitor caused a reduction in ppErk1 and 2 (Figure 5.6B).  Some 

ppERK expression remained, perhaps due to other signalling pathways acting upstream of 

Mek, such as GPCRs, Integrins or other Receptor tyrosine kinases.  Addition of AZD-4547 

produced embryoid bodies which were smaller than controls even at the lowest dose tested 

(1uM) (Figure 5.6A&C).  There was also a dose dependent increase in the circularity of the 

embryoid bodies, resulting in embryoid bodies which were significantly more circular than 

controls when cultured with 4μM and 8μM PD-0325901 (Figure 5.6A&D).  To determine if 

addition of AZD-4547 caused an effect on apoptosis whole-mount immunostaining for cleaved 

Caspase-3 was carried out.  There was a small, but not statistically significant, increase in the 

number of nuclei in the outer-layer of the embryoid body which were positive for cleaved 

Caspase-3 (Figure 6E). The majority of cells (>85%) remained Caspase negative, arguing that 

any changes in development of the primitive endoderm are not due to cell death (Figure 5.6). 

 

A dose-dependent decrease in expression levels of both Gata4 and Gata6 was observed by 

western blotting when embryoid bodies were grown in increasing concentrations of the Fgf 

receptor inhibitor (Figure 5.7A&B).  Additionally, whole-mount immunostaining confirmed a 

reduction in Gata6 positive nuclei when 4μM AZD-4547 was used (Figure 5.7C). Nanog 

expression increased from 0% in control to an average of 82% upon inhibition of the Fgf 

receptor (Figure 7D).  This suggests that Fgf receptor signalling is activating Erk to drive an 

increase in size, heterogeneity of shape, loss of Nanog, and expression of primitive endoderm 

fate markers in embryoid bodies.  
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Figure 5.6: Addition of AZD-4547 inhibited Erk phosphorylation and resulted in smaller and 
more circular embryoid bodies. 
Embryoid bodies were grown in different concentrations of AZD-4547 for 7 days.  (A) Light 
microscopy images show a change in morphology of the embryoid bodies.  Scale bars 100μm.  
(B)  Western blotting demonstrates that AZD-4547 reduced levels of diphosphorylated Erk1/2.   
A representative blot and quantification from 3 independent experiments is shown for each 
marker.  (C) Inhibition of the Fgf receptor caused a significant reduction in size of the embryoid 
bodies. (D) Inhibition of the Fgf receptor caused a statistically significant increase in circularity.  
(E) Whole-mount immunostaining of cleaved Caspase-3 in embryoid bodies treated with 4μM 
AZD-4547 or 0.04% DMSO.  A small non-statistically significant increase in the number of 
cleaved Caspase-3 nuclei is observed upon treatment with AZD-4547 suggesting that more 
apoptosis may occurs in the outer-layer of these embryoid bodies.  A representative image 
from 3 independent experiments is shown.  Data is from 3 independent experiments, error 
bars represent SEM. Statistical analysis is (B-D) a one-way Anova with a Dunnett’s post-hoc 
test, (E) a paired t-test  (* P=0.1-0.5, ** p=0.001-0.01, *** p<0.001). 
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Figure 5.7: Reduced expression of the primitive endoderm markers Gata4 and Gata6, and 
increased expression of Nanog was observed in embryoid bodies following inhibitor of the 
Fgf receptor. 
Embryoid bodies were grown in different concentrations of AZD-4547 or0.08% DMSO for 7 
days.  Expression levels of (A) Gata6, and (B) Gata4 were analysed using western blotting.  A 
representative blot and quantification from 3 independent experiments is shown for each 
marker.  A dose dependent decrease in expression of both proteins was observed.  Statistical 
analysis is a one-way Anova with a Dunnett’s post-hoc test. Whole-mount immunostaining of 
(C) Gata6 and (D) Nanog after treatment of embryoid bodies with 4μM AZD-4547 or 0.04% 
DMSO,  A reduction in the percentage of nuclei expressing Gata6 was observed.  The 
percentage of nuclei expressing Nanog increased.  Scale bars 10μm. Dotted lines represent 
position that the relevant orthogonal or aerial images were taken.  Statistical analysis is a 
paired t-test.  Data is from 3 independent experiments, error bars represent SEM.  (* P=0.1-
0.5, ** p=0.001-0.01, *** p<0.001) 
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5.2.5 Loss of apico-basolateral polarity upon Fgf receptor inhibition 

Having observed a loss in expression of primitive endoderm markers, I examined apico-

basolateral polarity components following inhibition of the Fgf receptor. This analysis was 

performed using 4μM AZD-4547 as a clear inhibition of ppERK, loss of Gata6 and Gata4 

expression and, morphological changes were observed at this concentration. Following 

inhibition of the Fgf receptor, aPkcζ/λ localised throughout the cytoplasm of the outer-layer 

and was found in the layers below (Figure 5.8A).  Zo-1 localised to apical puncta, but did not 

form a belt around the periphery of the cells, instead only patches or short lines of Zo-1 were 

detected (Figure 5.8B).  A disruption in adherens junction proteins was also observed.  E-

cadherin localised apically and laterally of the outer-cell layer as well as in cells below the 

outer layer (Figure 5.9A).  β-catenin was observed apically in some cells and was also found in 

the cells below the outer layer (Figure 5.9B).  Localisation of Fibronectin was also investigated.  

The protein was spread throughout the outer layer, as well as in layers below and was present 

in patches, rather than forming the fibrous network observed in controls (Figure 5.9C). The 

mislocalisation of these proteins was similar to that seen when embryoid bodies were treated 

with the Mek inhibitor, suggesting that Mek dependent polarisation is driven, at least in part, 

by activation of the Fgf receptor. 
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Figure 5.8: Inhibition of the Fgf receptor disrupted the normal localisation of polarity 
complex protein aPkcζ/λ and tight junction protein Zo-1 in the outer layer of embryoid 
bodies 
Embryoid bodies were treated with the Fgf receptor inhibitor 4μM AZD-4547, or 0.04% DMSO 
for 7 days. Whole-mount immunostaining demonstrated the localisation of proteins normally 
polarised in the primitive endoderm.   (A) aPkcζ/λ a member of a polarity complex, and (B) Zo-
1 a tight junction protein, were shown to lose their apico-basolateral polarised localisation 
when grown with an Fgf receptor inhibitor suggesting a disruption in the apico-basolateral 
polarity of these cells.  Representative images from three independent experiments are 
shown.  Scale bars 10μm.  Dotted lines represent position that the relevant orthogonal or 
aerial images were taken.   
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Figure 5.9: Inhibition of the Fgf receptor disrupted the normal localisation of adherens 
junction and basement membrane proteins in the outer layer of embryoid bodies 
Embryoid bodies were treated with the Fgf receptor inhibitor 4μM AZD-4547, or 0.04% DMSO 
for 7 days. Whole-mount immunostaining demonstrated the localisation of proteins normally 
polarised in the primitive endoderm.   (A) E-cadherin, (B) β-catenin both proteins in the 
adherens junction and (C) the basement membrane protein Fibronectin, were shown to lose 
their apico-basolateral polarised localisation when embryoid bodies were grown with an Fgf 
receptor inhibitor suggesting a disruption in the apico-basolateral polarity of these cells. 
Representative images from three independent experiments are shown.  Scale bars 10μm.  
Dotted lines represent position that the relevant orthogonal or aerial images were taken.   
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5.2.6 The effect of Fgfr inhibition on the expression of junctional and polarity proteins  

The expression of junctional and polarity proteins was quantified using western blotting 

because a mislocalisation of polarity and junctional proteins had been observed upon 

inhibition of the Fgf receptor (Figure 5.10).  There was a non-statistically significant increase in 

expression of the polarity complex protein aPkcζ/λ at increasing doses of the Fgf receptor 

inhibitor (Figure 5.10A).  There are two splice variants of Zo-1, the longer isoform has an 80 

amino acid domain known as the α domain, and therefore known as Zo-1α+, whilst the less 

common form lacks the α-domain and is therefore known as Zo-1α- (Willott et al., 1992).  Zo-

1α+ is not very highly expressed in the vehicle control embryoid bodies, but there is a large, 

although not statistically significant increase in expression of Zo-1α+, following inhibition of the 

Fgf receptor suggesting it caused a change in the splicing of this gene (Figure 5.10B).  

Expression of Zo-1α- shows a non-statistically significant decrease in expression (Figure 5.10B).  

A statistically significant ~3-fold increase in E-cadherin expression was observed over the 

vehicle control at all concentrations of AZD-4547 (Figure 5.10C).  A small non-statistically 

significant decrease in expression of the adherens junction protein β-catenin (Figure 5.10D) 

was also observed.  No effect was seen on the expression of Fibronectin protein in the 

presence of AZD-4547 (Figure 5.10E).  These western blots suggest that regulation by the Fgf 

receptor of apico-basolaterally polarised proteins varies depending upon the protein, and in 

most cases small trends are seen which are not statistically significant.  The statistically 

significant increase in E-cadherin observed is particularly interesting as a small decrease in 

expression of β-catenin was observed suggesting that the effect of Fgf receptor inhibition on 

expression of these two adherens junction proteins is different. 
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Figure 5.10: The Effect of Fgf receptor inhibition on the expression of junction and polarity 
proteins 
Embryoid bodies were grown in different concentrations of AZD-4547 or 0.08% DMSO for 7 
days.  Expression levels of (A) polarity complex protein aPkcζ/λ, (B) tight junction protein Zo-1, 
adherens junction proteins (C) E-cadherin, (D)β-catenin, and  (D) basement membrane protein 
Fibronectin were analysed using western blotting.  A representative blot and quantification 
from 3 independent experiments is shown for each marker.  No effect was seen on Fibronectin 
expression, whilst a small increase in aPkcζ and Zo-1α+, and a small decrease in Zo-1α- and β-
catenin was observed.  Fgf receptor inhibition caused a large, statistically significant increase in 
expression of E-cadherin. Data is from 3 independent experiments, error bars represent SEM. 
Statistical analysis is a one-way Anova with a Dunnett’s post-hoc test  (* p=0.1-0.5, ** p=0.001-
0.01, *** p<0.001). 
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5.2.7 Inhibition of the Fgf receptor with PD-173074 also causes a disruption in 

polarisation of the outer-layer of cells 

Treatment of embryoid bodies with the recently developed Fgfr inhibitor AZD-4547 caused a 

mis-localisation of apico-basolaterally polarised proteins. To confirm the specificity of this 

effect and allow comparison with previous literature, the polarisation of embryoid bodies was 

observed using the structurally distinct and more commonly used inhibitor PD-173074.  This is 

an effective inhibitor of Fgfr1, but also inhibits Vegfr2 (Mohammadi et al., 1998).  The 

polarisation of the primitive endoderm was observed following treatment with 0.1μM PD-

173074 which is the concentration commonly used for studying primitive endoderm in vivo 

(Nichols et al., 2009; Yamanaka et al., 2010). In these in vivo studies it is often used in 

combination with a Mek inhibitor (Nichols et al., 2009; Yamanaka et al., 2010).  Therefore, 

embryoid bodies were also treated with 0.1μM PD-173074 and 1μM PD-0325901, the 

combination and concentration of inhibitors previously used to assess primitive endoderm 

development (Nichols et al., 2009; Yamanaka et al., 2010).   

 

The tight-junction protein Zo-1 localised to junctions in control embryoid bodies, but this 

localisation was disrupted following treatment with either 0.1μM PD-173074 or the 

combination of 0.1μM PD-173074 and 1μM PD-0325901 (Figure 5.11).  The localisation of the 

adherens junction protein β-catenin was also disrupted following treatment with PD-173074 

and when treated with the combined inhibitors (Figure 5.11). The use of two structurally 

distinct inhibitors of the Fgf receptor, which gave very similar results, argues that the 

phenotypes described above are caused by specifically inhibiting Fgfr signalling.    
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Figure 5.11 Inhibition of the Fgf receptor with PD-173074 or the Fgf receptor and Mek 
disrupted the normal localisation of polarity and junction proteins in the outer layer of 
embryoid bodies 
 Embryoid bodies were treated with 0.1μM of the Fgf receptor inhibitor PD-173074, 0.1μM PD-
173074 and 1 μMPD-0325901 or 0.02% DMSO for 7 days.  Whole-mount immunostaining 
demonstrated the localisation of proteins normally polarised in the primitive endoderm.  (A) 
Zo-1 a tight junction protein and (B) β-catenin a protein in the adherens junction were shown 
to lose their normal polarised localisation when embryoid bodies were incubated with 0.1μM 
PD-173074 or 0.1μM PD-173074 and 1μM PD-0325901.  This suggests a disruption in the 
apico-basolateral polarisation of these cells.   A representative image from 3 independent 
experiments is shown.  Scale bars 10μm.  Dotted lines represent position that the relevant 
orthogonal or aerial images were taken.   
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5.2.8 Pi3k signalling regulates expression of Gata4 but not localisation of Zo-1 

Only a small decrease in ppErk levels was observed when the Fgf receptor was inhibited, yet 

there was almost a full depletion of Gata6/4.  This suggested that there may be an additional 

signalling pathway downstream of the Fgf receptor which regulates the development of the 

primitive endoderm (Figure 5.12).  To test if Phosphatidylinositol 3-kinase (Pi3k) signalling is 

required for the specification and polarisation of the primitive endoderm the broad-spectrum 

inhibitor of Pi3k LY-294002 (Gharbi et al., 2007; Vlahos et al., 1994) was used (Figure 5.13A). 

 

 

Figure 5.12: Signalling pathways responsible for cell fate specification in the primitive 
endoderm. 
Fgf receptor and Erk signalling regulate the cell fate specification, demonstrated by reduced 
expression of Gata6 and Gata4 upon inhibition of these signalling cascades.  An incomplete 
decrease in ppErk levels upon Fgf receptor inhibition suggests two things.  Firstly, that an 
additional upstream signalling pathway to the Fgf receptor is also responsible for ppERK 
expression in the embryoid body.  Secondly, as a complete loss of Gata6 and Gata4 was 
observed following inhibition of the Fgf receptor despite the incomplete loss of ppErk there 
may be an alternative signalling pathway to Erk downstream of the Fgf receptor regulating 
primitive endoderm cell fate specification. 
 

Western blotting was used to determine at what concentration LY-294002 successfully 

inhibited the Pi3K signalling pathway (Figure 5.13B).  Culture of embryoid bodies in LY-294002 

caused a decrease in pS6 levels, although it was not statistically significant.  There was little 

effect on the morphology of the embryoid bodies when cultured for 7 days in 10μM LY-294002 

(Figure 5.13A).  No obvious change in size, or shape of the embryoid body in comparison to the 

vehicle control was observed.  Interestingly, inhibition of Pi3k caused a decrease in expression 

of the primitive endoderm cell fate marker Gata4, (Figure 5.13C), suggesting that Pi3K 

signalling may regulate primitive endoderm cell fate specification.   Inhibition of Pi3k with LY-
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294002 also caused a decrease in expression of the adherens junction protein E-cadherin 

suggesting that expression of this protein which is required for epithelial polarisation is 

regulated by Pi3k signalling, and may therefore affect epithelial polarisation. 

 

To investigate the effects of Pi3k inhibition on the localisation of polarisation and cell fate 

specification markers in the outer layer of cells of the embryoid body, whole-mount 

immunostaining was carried out (Figure 5.14).  Surprisingly, in contrast to the data from the 

western-blotting there was still expression of Gata4 in the nucleus of cells in the outer-cell 

layer after treatment with 10μM LY-294002 (Figure 5.14A).  This suggests that these cells have 

maintained their primitive endoderm cell fate.  Additionally, the localisation of tight-junction 

protein Zo-1 appeared unaffected by inhibition of Pi3K, suggesting that these outer cells still 

have tight junctions, and may still be polarised (Figure 5.14B).  This suggests that there may 

not be any affect on the fate specification or polarisation of the outer-cell layer upon inhibition 

of Pi3k.  Instead it may be other signalling pathways which are responsible for these processes 

downstream of Fgfr in addition to Erk signalling.  Further work is required to confirm these 

findings and further investigate the role of other signalling pathways. 
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Figure 5.13: Addition of LY-294002 inhibited phosphorylation of S6-ribosomal protein, and 
expression of Gata4 and E-cadherin, but had no effect on the morphology of the embryoid 
bodies.  
Embryoid bodies were grown in different concentrations of LY-294002 for 7 days.  (A) Light 
microscopy images show no change in the morphology of the embryoid bodies.  Scale bars 
100μm.  Western blotting was used to demonstrate the effect that LY-294002 had on 
expression of (B) phosphorylated S6-ribosomal protein (C) primitive endoderm protein Gata4 
(D) adherens junction protein E-cadherin.  Inhibition of Pi3k caused a reduction in levels of 
phosphorylated S6-ribosomal protein, as well as the primitive endoderm marker Gata4, and 
adherens junction protein E-cadherin.  A representative blot and quantification from 3 
independent experiments is shown for each marker.  Data is from 3 independent experiments, 
error bars represent SEM. Statistical analysis is a one-way Anova with a Dunnett’s post-hoc 
test  (* P=0.1-0.5, ** p=0.001-0.01, *** p<0.001). 
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Figure 5.14: Localisation of primitive endoderm marker Gata4 and tight junction marker Zo-1 
in the outer-layer of embryoid bodies is unaffected by inhibition of Pi3k 
Embryoid bodies were treated with the Pi3k inhibitor 10µM LY-294002, or DMSO for 7 days.  
Whole-mount immunostaining demonstrated the localisation of (A) primitive endoderm 
marker Gata4, and (B) tight-junction protein Zo-1.  Neither show any change in localisation 
when grown with a Pi3k inhibitor suggesting that the development of these cells is unaffected.  
Representative images from two independent experiments are shown.  Scale bars 10µm.  
Dotted lines represent position that the relevant orthogonal or aerial images were taken. 
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5.2.9 Inhibition of Mek or the Fgf receptor signalling results in a loss of epithelial barrier 

function 

The maintenance of a diffusion barrier is a common function of epithelial layers (St Johnston 

and Ahringer, 2010) .  Therefore investigated the final experiment of this thesis investigated if, 

in addition to the mislocalisation of apico-basolateral polarity proteins described above, the 

cells of the embryoid bodies had defects in their barrier function.  The diffusion of a 

membrane-impermeable biotin, which covalently links to amino groups on extracellular 

proteins, was used as a test for epithelial barrier function. The bound biotin can be readily 

visualised using fluorescently labelled streptavidin (Figure 5.15).  In control embryoid bodies 

(Figure 5.15A&B), binding of biotin was restricted to the outer, apical layer of the embryoid 

bodies.  When embryoid bodies were treated with the Mek inhibitor (PD-0325901) or Fgf 

receptor inhibitor (AZD-4547), the biotin was observed throughout the lateral side of the 

outer-layer cells, and in deeper cell layers (Figure 5.15 A&B). This demonstrated that the 

barrier function of the embryoid body epithelium was disrupted following inhibition of 

signalling by Mek or the Fgf receptor. 
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Figure 5.15: Inhibition of the Fgf receptor or Mek caused a loss in barrier function of the cells 
in the outer layer of the embryoid body. 
Embryoid bodies were treated with (A) 0.04% DMSO, or 4μM PD-0325901(Mek inhibitor), (B) 
0.04% DMSO or 4μM AZD-4547 (Fgf receptor inhibitor) for 7 days.  A membrane impermeable 
biotin which covalently links to amino groups was added to the embryoid bodies and 
subsequently visualised using Alexa-fluor-488-conjugated Streptavidin.  The biotin was largely 
restricted to the apical surface of the embryoid body in DMSO controls.  Following treatment 
with either a Mek or an Fgf receptor inhibitor, biotin also bound to basolateral membrane 
proteins of the outer cell layer and the membranes of cells under this layer.  This suggests that 
the normal epithelial barrier has been disrupted.  Representative images from three 
independent experiments are shown.  Scale bars 10μm.  Dotted lines represent position that 
the relevant orthogonal or aerial images were taken.   
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5.3 Discussion 

 

5.3.1 Summary 

In this chapter, I investigated the role of different signalling cascades in the polarisation of the 

primitive endoderm using embryoid bodies as a model system.  My data demonstrates that 

inhibition of either Mek or the Fgf receptor caused a loss of primitive endoderm markers, 

maintenance of Nanog and mislocalisation of all the polarity proteins examined; polarity 

complex protein aPkcζ/λ, tight junction protein Zo-1, adherens junction proteins β-catenin and 

E-cadherin, and basement membrane protein Fibronectin.  Associated with the disruption in 

polarity and junctional protein localisation was a loss of the barrier function of the epithelium. 

This argues that Fgf receptor signalling activates Erk 1 and 2 which then promotes cell fate 

specification, polarisation and establishment of a functional epithelial barrier.  Preliminary 

data also suggests that Pi3k signalling may not have a role in the cell fate specification or 

polarisation of the primitive endoderm. 

 

5.3.2 Embryoid bodies as a model of primitive endoderm development 

Embryoid bodies have previously been used as a model of primitive endoderm development 

(Further detail in 1.4).  Work presented here provides further evidence that the requirement 

for Fgfr/Erk signalling in embryos is recapitulated in embryoid bodies.  This suggests that 

embryoid bodies are a relevant model for primitive endoderm development as well as 

epithelial polarisation as discussed in Chapter 4.  

 

5.3.3 Fgfr/Erk signalling is required for the formation of cystic embryoid bodies 

Inhibition of Fgfr or Erk signalling clearly causes a change in the morphology of the embryoid 

bodies (Figure 5.1 and Figure 5.6).  The increase in circularity of the embryoid bodies upon 

inhibition of Fgfr and Erk is due to a loss of cystic cavities, which results in the embryoid bodies 

appearing more white, and less hollow when viewed using a microscope.  Gata4-/- embryoid 

bodies are also smaller than control and do not have cysts (Soudais et al., 1995).  As a similar 

change in morphology is observed here after inhibition of Fgfr or Mek, it may be the inhibition 

of primitive endoderm cell fate which is the cause of this change in morphology.  Additionally, 

no cavitation is observed when the basement membrane is disrupted when embryoid bodies 

are formed with Laminin-1-/- mES cells suggesting that it could also be the loss of polarisation 

of the embryoid bodies which prevents cavitation, resulting in formation of a rounder 

embryoid body.  To further investigate this change in morphology it would be useful to 
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perform H&E staining on histological sections of the embryoid bodies to observe any 

morphological changes within the embryoid body such as an absence of cavitation. 

 

The change in size and morphology of embryoid bodies is different in magnitude depending on 

whether the Fgfr or Erk inhibitor is used.  Inhibition of Mek only caused a reduction in the size 

of the embryoid body at the highest concentration, whilst the circularity of the embryoid body 

was affected at all concentrations of the inhibitor.  The Fgfr inhibitor caused a similar increase 

in circularity as the Mek inhibitor, but there was a significant reduction in the size of the 

embryoid body at all concentrations of the Fgfr inhibitor.   There are multiple signalling 

pathways downstream of the Fgf receptor (Turner and Grose, 2010), it may be that one of 

these additional pathways may also regulate embryoid body size, perhaps through regulation 

of apoptosis, cell proliferation or cell size, whilst Erk signalling regulates the morphology of the 

embryoid body more than the size. 

 

5.3.4 Fgfr/Erk signalling is required for cell fate specification and polarisation of the 

outer-layer of the embryoid body 

The Fgfr/Erk signalling pathway is known to be required for cell fate specification of the 

primitive endoderm (Lanner and Rossant, 2010).  My data confirms that inhibition of either the 

Fgf receptor or Mek signalling causes a loss of primitive endoderm cell fate markers and 

maintenance of the pluripotency protein Nanog. Interestingly, inhibition of the Fgf receptor 

caused a stronger reduction of primitive endoderm fate markers, despite inducing less 

inhibition of Erk than the Mek inhibitor. This suggests that another receptor may be activating 

Mek (Figure 5.12).  This observation also raises the possibility that the Fgf receptor might be 

activating other signalling pathways, such as Pi3k-Akt, Stat, Plcγ, p38 Mapk, and Jnk (Turner 

and Grose, 2010) to promote expression of Gata4 and Gata6.  If this hypothesis was true 

addition of Fgf to embryoid bodies treated with the Mek inhibitor would cause a upregulation 

of Gata6 and Gata4 through an Erk signalling independent pathway.  To test which other 

signalling cascades were involved the effect of Fgf receptor inhibition on phosphorylation of 

proteins in different signalling cascades could be assessed by western blotting.  Subseuqently, 

the effect of inhibition of these other signalling cascades on cell fate specification and 

polarisation of the outer-layer of cells of the embryoid body could be determined. 

 

My data also show that Fgfr/Erk signalling is required for the formation of a polarised primitive 

endoderm layer with an efficient barrier function. This hypothesis is supported by several 

other findings.  Firstly, aPkc does not polarise in the primitive endoderm of embryos grown in 
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2i medium, which includes a Mek and a Gsk3β inhibitor (Saiz et al., 2013).  Secondly, 

expression of a truncated form of Fgfr2 in mES cells has been reported to disrupt basement 

membrane formation (Li et al., 2001a), while Grb2 knockout embryoid bodies show an absence 

of Laminin basal to the outer cell layer (Cheng et al., 1998). Combining my data with previous 

studies leads us to propose that the Fgfr/MAPK signalling pathway promotes polarisation of 

the primitive endoderm as well as its fate. There are at least three possibilities to explain this 

dual role (Figure: 5.16); 1) Fgfr/Erk signalling regulates primitive endoderm cell fate 

specification which then promotes polarisation. 2) Fgfr/Erk signalling initiates the polarisation 

of the primitive endoderm which then drives fate specification. 3) Mapk independently 

regulates both the polarisation and fate determination of the primitive endoderm.  

 

 

Figure: 5.16:  Three possible explanations for the dual role of Fgfr/Erk signalling in primitive 
endoderm development.   
Results presented in this chapter show that Fgfr/Erk signalling is required for the formation of 
a polarised primitive endoderm layer.  This suggests that the process of cell polarisation and 
cell fate specification may be dependent upon each other (Models 1 & 2), or that these two 
processes are independent but both regulated by Fgfr/Erk signalling (Model 3). 
 

In embryoid bodies, the cells start to polarise prior to the maximal nuclear localisation of 

Gata6, Gata4, and Hnf4α (Figure 4.6, Figure 4.10, Figure 4.11, Figure 4.12).  This suggests that 

in embryoid bodies the onset of polarisation occurs before cell fate specification and argues 

against model one where cell fate regulators promote polarisation. There is also evidence that 

disrupting polarisation of the primitive endoderm does not affect fate determination, arguing 



Chapter 5: Formation of a polarised primitive endoderm layer in embryoid bodies requires Fgfr/Erk signalling 

176 

 

against model two. Embryoid bodies formed with mES cells which do not express Laminin γ1, a 

key component of the basement membrane, have primitive endoderm cells in the outer-layer 

although they are not properly organised (Murray and Edgar, 2000, 2001). Additionally, E-

cadherin -/- ES cells showed normal primitive endoderm development, but the embryoid bodies 

did not form a cavity, consistent with defects in epithelial barrier formation (Rula et al., 2007).  

In Dab2 null mouse embryos cells of the primitive endoderm lose their apico-basolateral 

polarity.  In these embryos Gata4 expression was observed, but positive cells were positioned 

throughout the epiblast, suggesting a failure in positioning but not fate regulation (Rula et al., 

2007; Yang et al., 2007).  

 

The studies described above argue against the idea of polarity regulating cell fate (model 2). 

However, there is also evidence to support the model that loss of proteins required for 

epithelial polarisation can disrupt primitive endoderm fate specification.  In Integrin β1 -/- 

embryoid bodies, α-fetoprotein (a marker of visceral endoderm)  is only expressed in clusters 

of endoderm cells, Dab2 protein was not observed by immunofluorescence, and Gata4 

became cytoplasmic (Liu et al., 2009).  This suggests that the absence of integrins disrupts the 

development of the primitive endoderm.  The mutant embryoid bodies had no ppErk1/2, and 

had reduced p38 and Akt activation suggesting that integrins control endoderm differentiation 

via the Raf/Erk and Akt signalling pathways (Liu et al., 2009).  Live-imaging of embryos treated 

with an aPkc inhibitor revealed that the primitive endoderm cells migrate but fail to remain on 

the ICM surface when they reach the cavity.  This resulted in primitive endoderm cells being 

present throughout the epiblast rather than forming a distinct layer on the edge of the 

blastocoel (Saiz et al., 2013).  No effect was seen on early markers of the primitive endoderm 

fate (Pdgfrα, and Gata6), but some cells were negative for both Nanog and Gata4, suggesting a 

defect in primitive endoderm maturation (Saiz et al., 2013). Co-transfection experiments also 

showed that the Dab2 promoter can be transactivated by forced expression of Gata6, in NIH-

3T3 cells (Morrisey et al., 2000) suggesting the polarity regulator Dab2 may be a downstream 

target of the cell fate regulator Gata6. In summary, current evidence appears to support the 

idea of a hybrid model where early regulation of primitive endoderm fate acts upstream of 

polarisation, but that aPkc and possibly other regulators of polarity, are required for the 

maturation of the primitive endoderm fate.  This is clearly a complex process, and the 

mechanistic elucidation of Fgfr/Erk signalling’s dual role in cell fate determination and cell 

polarisation, and how these two processes are interlinked and interact will be a key goal for 

future work (Further detail in 6.3). 
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5.3.5 Fgfr/Erk regulation of protein expression differs depending on protein 

The effect of Fgfr or Erk inhibition on the localisation of polarity proteins is very similar. 

However, the effect on expression of polarity proteins appears to be dependent upon whether 

it is the Fgf receptor or Erk which is being inhibited ( Table 5.1) 

 

 Table 5.1: Summary of effect of inhibition of Mek or the Fgf receptor on expression of 
proteins usually apico-basolaterally localised in the primitive endoderm. 

 Mek inhibition (4μM PD-0325901) Fgfr inhibition (4μM AZD-4547) 

aPkcζ/λ Possible small increase Possible small increase 

Zo-1 Unknown Possible Increase in Zo-1α+, no 
change in Zo-1α- 

β-catenin No change Possible small decrease 

E-cadherin Possible increase Statistically significant increase 

Fibronectin Possible small increase No change 

 

A different effect is seen following Fgf receptor or Erk inhibition on the expression of every 

protein observed except E-cadherin.  There are three possible reasons for this; 1) the effects 

observed are mostly very small, not statistically significant and therefore may not be 

biologically relevant but instead are just noise; 2) these two inhibitors aren’t effecting exactly 

the same intercellular signalling pathways and therefore are effecting protein expression in 

different ways in the primitive endoderm; 3) the protein levels assessed are across the whole 

embryoid body, whilst the investigation of the localisation of these proteins was restricted only 

to the first few layers of the embryoid body.  These two signalling pathways may have different 

effects on the inner layers of the embryoid body not visible during the confocal analysis of the 

whole-mount immunostaining, whilst having the same effect on protein expression in the 

outer-layers of cells. 

 

A significant increase in E-cadherin is observed upon inhibition of the Fgf receptor whilst a 

small increase is detected when Erk is inhibited. Interestingly, no effect is seen on β-catenin 

levels upon Erk signalling, whilst inhibition of the Fgf receptor causes a small decrease.  Both β-

catenin and E-cadherin are components of the adherens junction but different effects are 

observed on their protein expression levels.  This suggests that expression of the proteins 

present in this junction is differently regulated event though a similar effect on their 

localisation is observed with the two inhibitors.  This may occur because β-catenin is known to 

have a role in signalling and its expression levels may change depending on the differentiation 

of the other cells within the embryoid body. 
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An increase in expression of the Zo-1α+ splice variant was observed upon inhibition of the Fgf 

receptor.  Late expression of Zo-1α+ and its intracellular localisation has been suggested to be a 

rate-limiting step in the synthesis of the tight junction (Sheth et al., 1997).  In vivo Zo-1α- tight 

junction formation occurs from the 8-cell stage after compaction, whilst the Zo-1α+ tight 

junction assembly occurs during the 32-stage prior to blastocoel accumulation, and is localised 

in perinuclear sites before incorporation into the tight junction (Sheth et al., 1997).  As a 

disruption in the localisation of Zo-1 was observed upon inhibition of the Fgf receptor it could 

be that the Zo-1α+ is expressed because the cell is undergoing tight junction assembly and is 

not polarised.   

 

5.3.6 Pi 3-kinase may not regulate primitive endoderm specification or Zo-1 localisation 

Inhibition of the Fgf receptor resulted in only a small decrease in ppErk levels, suggesting that 

there may be additional signalling pathways downstream of the Fgf receptor which regulates 

the development of the primitive endoderm (Figure 5.12).  Data presented here suggests that 

although Pi3k signalling regulates the expression levels of Gata4, it is not required for 

localisation of Gata4 to the nuclei of primitive endoderm cells.  This is in contrast to results 

published by others which suggest that Fgfr regulates primitive endoderm specification 

through the Plcγ1 and Pi3k-Akt pathway rather than through Erk signalling (Chen et al., 2000).  

The difference in results may be because in my study 10μM LY-294002 was added only on day 

0 and day 5, whilst Chen et al. (2000) added 10mM LY-294002 in fresh media every day.  At 

this concentration, ~7000 times its enzymatic IC-50 (1.4μM) (Vlahos et al., 1994), it is possible 

that this compound is causing toxic affects, as well as many off-target effects.  In the presence 

of LY294002, Nanog repression is enhanced which suggests that the Pi3k-Akt pathway is not 

responsible for Nanog repression (Hamazaki et al., 2006; Hamazaki et al., 2004).  As Nanog 

repression is a critical event in primitive endoderm specification this suggests that Pi3k 

signalling does not regulate this aspect of primitive endoderm development.  Investigating the 

effect of PI3K inhibition on localisation and expression of additional proteins required for 

primitive endoderm specification would be essential to make a clear conclusion as to the role 

of this signalling cascade in primitive endoderm development. 

 

Pi3k-Akt signalling regulates transcription and localisation of Laminin β1 and collagen in 

embryoid bodies (Li et al., 2001b).  No change in the localisation of the tight junction protein 

Zo-1 was observed in this study upon inhibition of Pi3k signalling, suggesting it does not 

regulate its localisation.  Interestingly, there was a decrease in expression of E-cadherin, but 

there was not sufficient time to investigate its localisation.  To clarify the effect of Pi3k 
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signalling on epithelial polarisation in this system it would be beneficial to investigate the 

localisation of other proteins which have been shown to be apico-basolaterally localised under 

normal conditions. 

 

5.3.7 Additional signalling pathways upstream of Erk signalling 

As only a small decrease in ppErk levels was observed when the Fgf receptor was inhibited 

there must be other inputs than the Fgf receptor upstream of Erk (Figure 5.12).  These could 

be other receptor tyrosine kinases eg. Egfr (Roskoski, 2012), or alternatively G-protein coupled 

receptors (Sugden and Clerk, 1997), Integrins (Giancotti and Ruoslahti, 1999), or Calcium (Agell 

et al., 2002). 

 

5.3.8 Conclusion 

Here, with my extensively characterised embryoid body model of primitive endoderm 

specification and polarisation I investigated the mechanisms which promote polarisation of the 

primitive endoderm.  My results demonstrate that the Fgfr/Erk pathway is required for the 

formation of a polarised primitive endoderm cell layer with in embryoid bodies.  Treatment 

with small molecule inhibitors of Mek or the Fgf receptor caused a mislocalisation of polarity 

complex, tight junction, adherens junction and basement membrane proteins which normally 

show apico-basolateral polarisation in the primitive endoderm cells.  Additionally, disruption of 

the epithelial barrier, which normally blocks free diffusion across the epithelium of the 

primitive endoderm, was observed.  These results show that Fgf receptor driven Erk signalling 

is required for the formation of an endoderm with apico-basolateral polarity and epithelial 

barrier function in embryoid bodies.   
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6.1 Summary 

The aim of this thesis was to establish a model to investigate the relationship between 

polarisation and cell fate specification in preimplantation epithelia.  When mES cells were 

cultured with BMP4, cells expressed transcription factors required for trophoblast 

development but did not express Elf5, the trophoblast markers Cdx2 and Eomesodermin did 

not colocalise, and there was expression of the mesodermal transcription factor Brachyury.  

BMP4 did not therefore induce differentiation of mES cells to cells with characteristics which 

are known to be typical of trophoblast cells.  Additionally, there was a lot of experimental 

variation.  It was therefore decided that BMP4 induced trophoblast differentiation would not 

make a good a model of the development of preimplantation epithelia for this thesis. 

 

Subsequent work focused on the use of embryoid bodies as a model of primitive endoderm 

development.  The outer-layer of an embryoid body forms the primitive endoderm.  Using 

hanging drop embryoid bodies the gradual fate specification and polarisation of the primitive 

endoderm was observed.  It was discovered that the peak in number of positive nuclei for 

primitive endoderm cell fate markers such as Gata6 and Gata4, and the complete loss of 

pluripotency marker Nanog occurred after some proteins showed apico-basolateral 

polarisation. 

 

Having established the use of hanging drop embryoid bodies as a model of primitive endoderm 

development the regulation of the primitive endoderm polarisation was investigated.  It has 

previously been shown that the Fgfr/Erk signalling cascade is required for primitive endoderm 

cell fate specification.  Results presented here showed that this signalling cascade was required 

for the formation of a polarised primitive endoderm.  Inhibition of either the Fgf receptor, Erk 

signalling, or both these components resulted in a mis-localisation of epithelial polarity and 

junction proteins and a disruption of barrier function. This suggests that the Fgfr/Erk signalling 

cascade is required for the formation of a polarised primitive endoderm and that the processes 

of cell polarisation and cell fate specification may be inter-related and potentially dependent 

upon each other during primitive endoderm development.   

 

6.2 Embryoid bodies as a model of preimplantation epithelial 

development 

As outlined above the development of the primitive endoderm in embryoid bodies was chosen 

to be used in this thesis as a model of primitive endoderm development.  There are many 
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advantages to using this model.  It is a reliable 3D model composed of a variety of non-

transformed cell types, which gradually polarise and express cell fate markers.  In order to 

probe their development it is possible to manipulate the embryoid bodies using small-

molecule inhibitors as shown in this thesis, as well using the many transgenic mES cell lines 

which are available (Dolgin, 2011; Skarnes et al., 2011).  This model is also amenable to many 

techniques for analysis, such as whole-mount immunostaining, western blotting and PCR.    

The use of these techniques for manipulation and analysis of development allows thorough 

investigation of epithelial polarisation, and primitive endoderm fate cell fate specification 

individually.  They also provide a good model to study the regulation of these events, and the 

relationship between them, some experiments which could be carried out using this system to 

examine this question in the future are proposed in 6.3. 

 

There are however limitations to the use of embryoid bodies.  For example, the protein 

analysis performed here was done using whole embryoid body lysates and therefore analysis 

was potentially confused by the expression of proteins in the non-primitive endoderm cells 

within the embryoid body.  A potential solution to this would be to sort the primitive 

endoderm cells using FACS to allow expression analysis of only this cell population instead of 

the whole-embryoid body.  Additionally, when investigating the development of the primitive 

endoderm in mouse embryos, because they are smaller it is possible to confocal through the 

embryo which facilitates analysis of the sorting of these cells.  A possible solution to this would 

be to develop a protocol of sectioning the embryoid bodies and performing 

immunhistochemistry to examine the inner cells of the embryoid body.  A final limitation is 

that use of embryoid bodies is a good model to investigate mechanisms but it is not an in vivo 

model, and is therefore unlikely to fully recapitulate all aspects of tissue development.  It is 

therefore essential to confirm major findings from embryoid bodies in vivo.  

 

6.3 The relationship between polarisation and cell fate specification 

in the primitive endoderm 

The role that different polarity proteins have in the development of the primitive endoderm 

has been previously investigated (Further detail in 1.4.7).  There has however been very 

limited work which has studied the relationship between primitive endoderm cell fate 

specification and polarisation.  Work presented here in chapter 5 identified a role for the 

Fgfr/Erk signalling pathway in the development of a polarised primitive endoderm.  

Additionally, results outlined in chapter 4 suggested a gradual polarisation of the primitive 

endoderm which is established prior to maximal expression of cell fate specification proteins.  
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These two results suggest that there may be an inter-dependent relationship between 

primitive endoderm polarisation and fate specification, alternatively these two events may be 

regulated by the same mechanism independently, (Figure: 5.16) (Further discussion in 5.3.4).   

 

There are many possible future experiments which could be performed to begin to investigate 

the relationship between primitive endoderm polarisation, cell fate specification and the 

Fgfr/Erk signalling cascade.  One such experiment is to further investigate the temporal 

relationship between these two events by trying to isolate the two events.  For example, in all 

experiments described in Chapter 5 the small-molecule inhibitors were added on day 0, and 

also when the media was replenished on day 5, all analysis was subsequently done on day 7.  It 

would be interesting to analyse the phenotype observed at other time points, such as on day 3 

when some proteins have already polarised, but few cells express primitive endoderm 

markers.  Additionally, adding the inhibitors at different time points during the development of 

the embryoid bodies may provide more information.   Addition of the inhibitor on day 3 would 

allow the outer-layer to begin to polarise but full fate specification would not be expected to 

occur prior to treatment.  Alternatively the inhibitor could be added from day 0 until day 3, 

during which time it is known that the outer cell layer polarises but complete cell fate 

specification does not occur.  The removal of the inhibitor on day 3 would then allow the 

embryoid bodies to potentially recover polarity and/or cell fate and may provide us with 

further information as to the relationship between these two processes. 

 

A different approach to investigate the relationship between these two components and 

Fgfr/Erk signalling would be to try to rescue the phenotype we have observed after addition of 

the Fgfr or Mek inhibitors.  This could be either by inducing cellular polarisation or cell fate 

specification in the embryoid body.  For example, a basement membrane component could be 

added to the outside of the embryoid body treated with the small molecular inhibitor to try 

and induce a polarity in the cells, it would be interesting to see if these cells subsequently 

acquire primitive endoderm fate markers, or just develop a polarity.  If they do not acquire 

primitive endoderm fate it would suggest that primitive endoderm cell fate specification is not 

directly downstream of polarisation.  Addition of exogenous laminin to embryoid bodies has 

previously been shown to prevent accumulation of a basement membrane, and expression of 

the endoderm marker Afp, but this was carried out on normal developed embryoid bodies 

(Grover et al., 1983).  This suggests that addition of a basement membrane component may 

not induce polarity in the primitive endoderm cells as hoped.  One approach to rescuing cell 

fate specification would be to induce Gata6 or Gata4 expression after embryoid body 
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formation and treatment with small molecules.  This could perhaps be done using an inducible 

cell line, so that addition of a chemical such as doxycylcine would induce expression of the 

gene and therefore potentially stimulate primitive endoderm fate specification in these cells.  

If inducing primitive endoderm fate specification rescued both the cell polarisation and the cell 

fate specification it would suggest that cell polarisation can be regulated by cell fate 

specifcation and cell fate specification is regulated by Fgfr/Erk signalling.  Alternatively if 

inducing epithelial polarisation in the cells rescues both the cell polarisation and cell fate 

specification it suggests cell polarisation can regulate cell fate specification and cell 

polarisation is directly regulated by Fgfr/Erk signalling.  If both rescuing cell fate and cell 

polarity individually rescue the full phenotype it would suggest a complicated inter-dependent 

relationship between these two events which would require investigation with further 

experiments.  Lastly, if each approach induced only the cell polarisation or cell fate 

specification expected it would suggest that the Fgfr/Erk signalling cascade regulates these two 

events independently.   

 

An alternative approach to investigating the relationship between the cell fate specification 

and cell polarisation of the primitive endoderm in embryoid bodies would be to disrupt these 

processes directly and analyse the phenotype.  For example, Gata6 and Gata4 knockout mES 

cells already exist, their phenotype in embryoid bodies has been analysed with respect to 

primitive endoderm fate specification (Bielinska and Wilson, 1997; Morrisey et al., 1998; 

Soudais et al., 1995), but the polarisation of the outer-layer of cells was not investigated.  

Additionally, cell polarisation could be disrupted using small molecule inhibitors such as an 

aPkc inhibitor.  aPkc inhibitors have been used before in vivo but without a comprehensive 

study of the localisation of multiple polarity and junction proteins (Saiz et al., 2013) .  E-

cadherin blocking antibodies are available and have been used previously, and would 

potentially disrupt cell polarisation (Malaguti et al., 2013).  Alternatively, there are many mES 

cell lines which are available that could be used to disrupt epithelial polarisation for example 

mES cell lines are available which are null for polarity and junction components, for example 

Zo-1-/-(Xu et al., 2012) Afadin-/- (Komura et al., 2008), and Cingulin-/- (Guillemot et al., 2004).  It 

would be important with all these approaches aimed at disrupting polarisation to ensure that 

apico-basolateral polarisation is disrupted, as loss of some components which are polarised 

does not cause mis-polarisation of the whole cell, for example Occludin-/- embryoid bodies 

(Saitou et al., 1998).  Alternatively, a small scale chemical screen for polarity regulators could 

be performed on embryoid bodies, using known inhibitors of key pathways.  This could identify 

novel signalling pathways which regulate primitive endoderm polarisation, and/or cell fate 



Chapter 6: Final Discussion and Future work 

185 

 

specification which would increase our knowledge about both of these events and might 

futher elucidate the relationship between these two events. 

 

6.4 The role for Fgfr/Erk signalling in epithelial polarisation  

    

The focus of this PhD was has been the development of embryonic epithelia, but a key 

question is whether this is relevant to adult epithelia.  Work presented here suggests that 

Fgfr/Erk signalling is required for the polarisation of the cells of the primitive endoderm.  

Conversely, there is a lot of evidence that the Erk signalling pathway can cause the opposite 

effect in other cell types, therefore resulting in epithelial-mesenchymal transition (EMT).  In an 

EMT-induced cell line HOC313 cells (a head an neck squamous cell carcinoma cell line), 

inhibition of Fgf with a small molecule inhibitor causes reduced expression of Snail1 and 2 

(EMT genes) , and induces E-cadherin expression (Nguyen et al., 2013).  Suggesting Fgfr/Erk 

signalling is required for epithelial to mesenchymal transition.   

 

Ha-Ras-transformed mammary epithelial cells (EpRas) cells are a different polarised cell line 

used to investigate EMT.  When EpRas cells are cultured in collagen gels with an Erk signalling 

inhibitor more than 95% of TGFβ-induced EMT structures fail to form  (Janda et al., 2002).  This 

suggests that Erk signalling is required for TGFβ-induced EMT.  Ras mutants which are known 

to selectively signal through either the Erk or Pi3k pathway were used to probe the 

requirements for Erk or Pi3k signalling in this system.  The mutants with overactive Erk 

signalling had a spindle-shaped morphology, were positive for the EMT marker vimentin, and 

lost the epithelial marker E-cadherin (Janda et al., 2002).  Conversely, the cells with increased 

Pi3k signalling showed redistribution of E-cadherin, but did not upregulate vimentin (Janda et 

al., 2002).  These two experiments therefore demonstrated that TGFβ signals through Erk 

inducing EMT in cells, which involves a loss of polarisation, therefore having the opposite 

effect to that which it has in the primitive endoderm. 

 

However, the role that Fgfr/Erk signalling has in epithelial polarisation is very complex and 

context dependent.   For example in Caco-2 cells the differentiation state of the cells  or the 

stimulus changes the effect Erk signalling has on tight junctions (Aggarwal et al., 2011).  

Epidermal growth factor (EGF), a stimulus of Erk signalling, makes H2O2 induced barrier 

disruption worse in undifferentiated cells, whilst when EGF was added to differentiated cells 

the disruption of the barrier was reduced (Aggarwal et al., 2011).  This suggests that Erk 

signalling has two opposing effects on tight junction stability depending upon the 
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differentiation state of the cells.  When Caco-2 cells are undifferentiated stimulation of Erk 

signalling causes disassembly of the tight junction, conversely, in differentiated cells Erk 

signalling results in assembly of the tight junction, as is observed in the work presented here.    

 

The studies presented above (Aggarwal et al., 2011; Janda et al., 2002; Nguyen et al., 2013) 

suggest that the role of the Fgfr/Erk signalling pathway in epithelial polarity is context 

dependent.  Therefore, the requirement we have identified for the Fgfr/Erk signalling pathway 

in the establishment of a polarised epithelium in embryoid bodies may be observed in other 

systems.  In depth studies are required to determine the effect of Fgfr and Erk inhibition on the 

polarisation of other embryonic epithelia as well as to see if they have a role in the 

maintenance of polarisation in adult epithelia. 

 

To help these comparisons to other systems it would be interesting to investigate the 

mechanism by which Fgfr/Erk signalling regulates polarisation in the primitive endoderm of 

embryoid bodies.   As Erk signalling is known to phosphorylate many transcription factors, 

protein kinases and phosphatases and other proteins directly (Roskoski, 2012)  a candidate 

approach would be a good way to start investigating this. The first step in epithelial 

polarisation involves the adhesion of the basal surface of the cell by integrin receptors to the 

basement membrane (Martin-Belmonte and Perez-Moreno, 2012).  Initial adhesions between 

cells are formed from Nectin-Afadin associating with Par3, followed by recruitment of other 

junction proteins to produce a primordial adhesion.  It could be one of the proteins which is 

involved in the establishment of epithelial polarisation that is the target directly, or indirectly 

of the Fgfr/Erk signalling.  Alternatively, it could be the maintenance of the polarisation which 

is regulated by Fgfr/Erk and therefore it could be any protein or proteins which are involved in 

epithelial polarisation that is a direct or indirect target of this signalling cascade. 

 

6.5 Final conclusion 

In summary, work presented in this thesis highlights embryoid bodies as a good model for 

studying the regulation of primitive endoderm polarisation and the relationship between 

epithelial cell fate specification and polarisation.  Results demonstrated that in the outer-layer 

of embryoid bodies the onset of polarisation occurred prior to maximal expression of primitive 

endoderm fate markers.  The work also showed that the Fgfr/Erk signalling pathway is 

required for polarisation and barrier formation in the primitive endoderm of embryoid bodies.  

This poses the question of whether there is a relationship between primitive endoderm 
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polarisation and cell fate specification which future studies could investigate.  These studies 

are likely to be relevant to the development of other embryonic and adult epithelia.   

 

 



Chapter 7: References 

188 

 

7 References 

 

Abe, K., Niwa, H., Iwase, K., Takiguchi, M., Mori, M., Abé, S.I., and Yamamura, K.I. (1996). 
Endoderm-specific gene expression in embryonic stem cells differentiated to embryoid bodies. 
Exp Cell Res 229, 27-34. 

Agell, N., Bachs, O., Rocamora, N., and Villalonga, P. (2002). Modulation of the 
Ras/Raf/MEK/ERK pathway by Ca(2+), and calmodulin. Cell Signal 14, 649-654. 

Aggarwal, S., Suzuki, T., Taylor, W.L., Bhargava, A., and Rao, R.K. (2011). Contrasting effects of 
ERK on tight junction integrity in differentiated and under-differentiated Caco-2 cell 
monolayers. Biochem J 433, 51-63. 

Akhtar, N., and Streuli, C.H. (2013). An integrin-ILK-microtubule network orients cell polarity 
and lumen formation in glandular epithelium. Nat Cell Biol 15, 17-27. 

Amita, M., Adachi, K., Alexenko, A.P., Sinha, S., Schust, D.J., Schulz, L.C., Roberts, R.M., and 
Ezashi, T. (2013). Complete and unidirectional conversion of human embryonic stem cells to 
trophoblast by BMP4. Proc Natl Acad Sci U S A 110, E1212-1221. 

Anderson, J.M., Van Itallie, C.M., and Fanning, A.S. (2004). Setting up a selective barrier at the 
apical junction complex. Curr Opin Cell Biol 16, 140-145. 

Ando-Akatsuka, Y., Saitou, M., Hirase, T., Kishi, M., Sakakibara, A., Itoh, M., Yonemura, S., 
Furuse, M., and Tsukita, S. (1996). Interspecies diversity of the occludin sequence: cDNA 
cloning of human, mouse, dog, and rat-kangaroo homologues. J Cell Biol 133, 43-47. 

Andrae, J., Gallini, R., and Betsholtz, C. (2008). Role of platelet-derived growth factors in 
physiology and medicine. Genes Dev 22, 1276-1312. 

Arceci, R.J., King, A.A., Simon, M.C., Orkin, S.H., and Wilson, D.B. (1993). Mouse GATA-4: a 
retinoic acid-inducible GATA-binding transcription factor expressed in endodermally derived 
tissues and heart. Mol Cell Biol 13, 2235-2246. 

Arman, E., Haffner-Krausz, R., Chen, Y., Heath, J.K., and Lonai, P. (1998). Targeted disruption of 
fibroblast growth factor (FGF) receptor 2 suggests a role for FGF signaling in pregastrulation 
mammalian development. Proc Natl Acad Sci U S A 95, 5082-5087. 

Artus, J., Kang, M., Cohen-Tannoudji, M., and Hadjantonakis, A.K. (2013). PDGF signaling is 
required for primitive endoderm cell survival in the inner cell mass of the mouse blastocyst. 
Stem Cells 31, 1932-1941. 

Artus, J., Panthier, J.J., and Hadjantonakis, A.K. (2010). A role for PDGF signaling in expansion 
of the extra-embryonic endoderm lineage of the mouse blastocyst. Development 137, 3361-
3372. 

Artus, J., Piliszek, A., and Hadjantonakis, A.K. (2011). The primitive endoderm lineage of the 
mouse blastocyst: sequential transcription factor activation and regulation of differentiation by 
Sox17. Dev Biol 350, 393-404. 



Chapter 7: References 

189 

 

Assémat, E., Bazellières, E., Pallesi-Pocachard, E., Le Bivic, A., and Massey-Harroche, D. (2008). 
Polarity complex proteins. Biochim Biophys Acta 1778, 614-630. 

Avilion, A.A., Nicolis, S.K., Pevny, L.H., Perez, L., Vivian, N., and Lovell-Badge, R. (2003). 
Multipotent cell lineages in early mouse development depend on SOX2 function. Genes Dev 
17, 126-140. 

Balda, M.S., and Matter, K. (1998). Tight junctions. J Cell Sci 111 ( Pt 5), 541-547. 

Barczyk, M., Carracedo, S., and Gullberg, D. (2010). Integrins. Cell Tissue Res 339, 269-280. 

Barrett, S.D., Bridges, A.J., Dudley, D.T., Saltiel, A.R., Fergus, J.H., Flamme, C.M., Delaney, A.M., 
Kaufman, M., LePage, S., Leopold, W.R., et al. (2008). The discovery of the benzhydroxamate 
MEK inhibitors CI-1040 and PD 0325901. Bioorg Med Chem Lett 18, 6501-6504. 

Beck, F., Erler, T., Russell, A., and James, R. (1995). Expression of Cdx-2 in the mouse embryo 
and placenta: possible role in patterning of the extra-embryonic membranes. Dev Dyn 204, 
219-227. 

Benton, R., and St Johnston, D. (2003). Drosophila PAR-1 and 14-3-3 inhibit Bazooka/PAR-3 to 
establish complementary cortical domains in polarized cells. Cell 115, 691-704. 

Bernardo, A.S., Faial, T., Gardner, L., Niakan, K.K., Ortmann, D., Senner, C.E., Callery, E.M., 
Trotter, M.W., Hemberger, M., Smith, J.C., et al. (2011). BRACHYURY and CDX2 mediate BMP-
induced differentiation of human and mouse pluripotent stem cells into embryonic and 
extraembryonic lineages. Cell Stem Cell 9, 144-155. 

Betschinger, J., Mechtler, K., and Knoblich, J.A. (2003). The Par complex directs asymmetric cell 
division by phosphorylating the cytoskeletal protein Lgl. Nature 422, 326-330. 

Bhat, M.A., Izaddoost, S., Lu, Y., Cho, K.O., Choi, K.W., and Bellen, H.J. (1999). Discs Lost, a 
novel multi-PDZ domain protein, establishes and maintains epithelial polarity. Cell 96, 833-845. 

Bielinska, M., and Wilson, D.B. (1997). Induction of yolk sac endoderm in GATA-4-deficient 
embryoid bodies by retinoic acid. Mech Dev 65, 43-54. 

Bilder, D., Li, M., and Perrimon, N. (2000). Cooperative regulation of cell polarity and growth by 
Drosophila tumor suppressors. Science 289, 113-116. 

Bilder, D., and Perrimon, N. (2000). Localization of apical epithelial determinants by the 
basolateral PDZ protein Scribble. Nature 403, 676-680. 

Bilder, D., Schober, M., and Perrimon, N. (2003). Integrated activity of PDZ protein complexes 
regulates epithelial polarity. Nat Cell Biol 5, 53-58. 

Blij, S., Frum, T., Akyol, A., Fearon, E., and Ralston, A. (2012). Maternal Cdx2 is dispensable for 
mouse development. Development 139, 3969-3972. 

Bone, H.K., Damiano, T., Bartlett, S., Perry, A., Letchford, J., Ripoll, Y.S., Nelson, A.S., and 
Welham, M.J. (2009). Involvement of GSK-3 in regulation of murine embryonic stem cell self-
renewal revealed by a series of bisindolylmaleimides. Chem Biol 16, 15-27. 

Bone, H.K., and Welham, M.J. (2007). Phosphoinositide 3-kinase signalling regulates early 
development and developmental haemopoiesis. J Cell Sci 120, 1752-1762. 



Chapter 7: References 

190 

 

Brown, A.P., Carlson, T.C., Loi, C.M., and Graziano, M.J. (2007). Pharmacodynamic and 
toxicokinetic evaluation of the novel MEK inhibitor, PD0325901, in the rat following oral and 
intravenous administration. Cancer Chemother Pharmacol 59, 671-679. 

Bryant, D.M., and Mostov, K.E. (2008). From cells to organs: building polarized tissue. Nat Rev 
Mol Cell Biol 9, 887-901. 

Buniello, A., Hardisty-Hughes, R.E., Pass, J.C., Bober, E., Smith, R.J., and Steel, K.P. (2013). 
Headbobber: a combined morphogenetic and cochleosaccular mouse model to study 10qter 
deletions in human deafness. PLoS One 8, e56274. 

Buschmann, M.M., Shen, L., Rajapakse, H., Raleigh, D.R., Wang, Y., Lingaraju, A., Zha, J., 
Abbott, E., McAuley, E.M., Breskin, L.A., et al. (2013). Occludin OCEL-domain interactions are 
required for maintenance and regulation of the tight junction barrier to macromolecular flux. 
Mol Biol Cell 24, 3056-3068. 

Cai, K.Q., Capo-Chichi, C.D., Rula, M.E., Yang, D.H., and Xu, X.X. (2008). Dynamic GATA6 
expression in primitive endoderm formation and maturation in early mouse embryogenesis. 
Dev Dyn 237, 2820-2829. 

Cartwright, P., McLean, C., Sheppard, A., Rivett, D., Jones, K., and Dalton, S. (2005). LIF/STAT3 
controls ES cell self-renewal and pluripotency by a Myc-dependent mechanism. Development 
132, 885-896. 

Chalmers, A.D., Lachani, K., Shin, Y., Sherwood, V., Cho, K.W., and Papalopulu, N. (2006). 
Grainyhead-like 3, a transcription factor identified in a microarray screen, promotes the 
specification of the superficial layer of the embryonic epidermis. Mech Dev 123, 702-718. 

Chalmers, A.D., Pambos, M., Mason, J., Lang, S., Wylie, C., and Papalopulu, N. (2005). aPKC, 
Crumbs3 and Lgl2 control apicobasal polarity in early vertebrate development. Development 
132, 977-986. 

Chambers, I., Colby, D., Robertson, M., Nichols, J., Lee, S., Tweedie, S., and Smith, A. (2003). 
Functional expression cloning of Nanog, a pluripotency sustaining factor in embryonic stem 
cells. Cell 113, 643-655. 

Chambers, I., Silva, J., Colby, D., Nichols, J., Nijmeijer, B., Robertson, M., Vrana, J., Jones, K., 
Grotewold, L., and Smith, A. (2007). Nanog safeguards pluripotency and mediates germline 
development. Nature 450, 1230-1234. 

Chawengsaksophak, K., James, R., Hammond, V.E., Köntgen, F., and Beck, F. (1997). Homeosis 
and intestinal tumours in Cdx2 mutant mice. Nature 386, 84-87. 

Chazaud, C., Yamanaka, Y., Pawson, T., and Rossant, J. (2006). Early lineage segregation 
between epiblast and primitive endoderm in mouse blastocysts through the Grb2-MAPK 
pathway. Dev Cell 10, 615-624. 

Chell, V., Balmanno, K., Little, A.S., Wilson, M., Andrews, S., Blockley, L., Hampson, M., Gavine, 
P.R., and Cook, S.J. (2013). Tumour cell responses to new fibroblast growth factor receptor 
tyrosine kinase inhibitors and identification of a gatekeeper mutation in FGFR3 as a 
mechanism of acquired resistance. Oncogene 32, 3059-3070. 

Chen, L., Yabuuchi, A., Eminli, S., Takeuchi, A., Lu, C.W., Hochedlinger, K., and Daley, G.Q. 
(2009). Cross-regulation of the Nanog and Cdx2 promoters. Cell Res 19, 1052-1061. 



Chapter 7: References 

191 

 

Chen, W.S., Manova, K., Weinstein, D.C., Duncan, S.A., Plump, A.S., Prezioso, V.R., Bachvarova, 
R.F., and Darnell, J.E. (1994). Disruption of the HNF-4 gene, expressed in visceral endoderm, 
leads to cell death in embryonic ectoderm and impaired gastrulation of mouse embryos. Genes 
Dev 8, 2466-2477. 

Chen, Y., Li, X., Eswarakumar, V.P., Seger, R., and Lonai, P. (2000). Fibroblast growth factor 
(FGF) signaling through PI 3-kinase and Akt/PKB is required for embryoid body differentiation. 
Oncogene 19, 3750-3756. 

Chen, Y., Wang, K., Chandramouli, G.V., Knott, J.G., and Leach, R. (2013). Trophoblast lineage 
cells derived from human induced pluripotent stem cells. Biochem Biophys Res Commun 436, 
677-684. 

Cheng, A.M., Saxton, T.M., Sakai, R., Kulkarni, S., Mbamalu, G., Vogel, W., Tortorice, C.G., 
Cardiff, R.D., Cross, J.C., Muller, W.J., et al. (1998). Mammalian Grb2 regulates multiple steps in 
embryonic development and malignant transformation. Cell 95, 793-803. 

Ciruna, B.G., and Rossant, J. (1999). Expression of the T-box gene Eomesodermin during early 
mouse development. Mech Dev 81, 199-203. 

Cockburn, K., and Rossant, J. (2010). Making the blastocyst: lessons from the mouse. J Clin 
Invest 120, 995-1003. 

Colegio, O.R., Van Itallie, C.M., McCrea, H.J., Rahner, C., and Anderson, J.M. (2002). Claudins 
create charge-selective channels in the paracellular pathway between epithelial cells. Am J 
Physiol Cell Physiol 283, C142-147. 

Coradini, D., Casarsa, C., and Oriana, S. (2011). Epithelial cell polarity and tumorigenesis: new 
perspectives for cancer detection and treatment. Acta Pharmacol Sin 32, 552-564. 

Delva, E., Tucker, D.K., and Kowalczyk, A.P. (2009). The desmosome. Cold Spring Harb Perspect 
Biol 1, a002543. 

Deng, C.X., Wynshaw-Boris, A., Shen, M.M., Daugherty, C., Ornitz, D.M., and Leder, P. (1994). 
Murine FGFR-1 is required for early postimplantation growth and axial organization. Genes Dev 
8, 3045-3057. 

Dietrich, J.E., and Hiiragi, T. (2007). Stochastic patterning in the mouse pre-implantation 
embryo. Development 134, 4219-4231. 

Doble, B.W., Patel, S., Wood, G.A., Kockeritz, L.K., and Woodgett, J.R. (2007). Functional 
redundancy of GSK-3alpha and GSK-3beta in Wnt/beta-catenin signaling shown by using an 
allelic series of embryonic stem cell lines. Dev Cell 12, 957-971. 

Doetschman, T.C., Eistetter, H., Katz, M., Schmidt, W., and Kemler, R. (1985). The in vitro 
development of blastocyst-derived embryonic stem cell lines: formation of visceral yolk sac, 
blood islands and myocardium. J Embryol Exp Morphol 87, 27-45. 

Dolgin, E. (2011). Mouse library set to be knockout. Nature 474, 262-263. 

Donnison, M., Beaton, A., Davey, H.W., Broadhurst, R., L'Huillier, P., and Pfeffer, P.L. (2005). 
Loss of the extraembryonic ectoderm in Elf5 mutants leads to defects in embryonic patterning. 
Development 132, 2299-2308. 



Chapter 7: References 

192 

 

Drukker, M., Tang, C., Ardehali, R., Rinkevich, Y., Seita, J., Lee, A.S., Mosley, A.R., Weissman, 
I.L., and Soen, Y. (2012). Isolation of primitive endoderm, mesoderm, vascular endothelial and 
trophoblast progenitors from human pluripotent stem cells. Nat Biotechnol 30, 531-542. 

Duncan, S.A., Manova, K., Chen, W.S., Hoodless, P., Weinstein, D.C., Bachvarova, R.F., and 
Darnell, J.E. (1994). Expression of transcription factor HNF-4 in the extraembryonic endoderm, 
gut, and nephrogenic tissue of the developing mouse embryo: HNF-4 is a marker for primary 
endoderm in the implanting blastocyst. Proc Natl Acad Sci U S A 91, 7598-7602. 

Duncan, S.A., Nagy, A., and Chan, W. (1997). Murine gastrulation requires HNF-4 regulated 
gene expression in the visceral endoderm: tetraploid rescue of Hnf-4(-/-) embryos. 
Development 124, 279-287. 

Dziadek, M., and Adamson, E. (1978). Localization and synthesis of alphafoetoprotein in post-
implantation mouse embryos. J Embryol Exp Morphol 43, 289-313. 

Ebnet, K., Suzuki, A., Ohno, S., and Vestweber, D. (2004). Junctional adhesion molecules 
(JAMs): more molecules with dual functions? J Cell Sci 117, 19-29. 

Era, T., and Witte, O.N. (2000). Regulated expression of P210 Bcr-Abl during embryonic stem 
cell differentiation stimulates multipotential progenitor expansion and myeloid cell fate. Proc 
Natl Acad Sci U S A 97, 1737-1742. 

Eshkind, L., Tian, Q., Schmidt, A., Franke, W.W., Windoffer, R., and Leube, R.E. (2002). Loss of 
desmoglein 2 suggests essential functions for early embryonic development and proliferation 
of embryonal stem cells. Eur J Cell Biol 81, 592-598. 

Esner, M., Pachernik, J., Hampl, A., and Dvorak, P. (2002). Targeted disruption of fibroblast 
growth factor receptor-1 blocks maturation of visceral endoderm and cavitation in mouse 
embryoid bodies. Int J Dev Biol 46, 817-825. 

Evans, M.J., and Kaufman, M.H. (1981). Establishment in culture of pluripotential cells from 
mouse embryos. Nature 292, 154-156. 

Falvella, F.S., Manenti, G., Spinola, M., Pignatiello, C., Conti, B., Pastorino, U., and Dragani, T.A. 
(2006). Identification of RASSF8 as a candidate lung tumor suppressor gene. Oncogene 25, 
3934-3938. 

Feldman, B., Poueymirou, W., Papaioannou, V.E., DeChiara, T.M., and Goldfarb, M. (1995). 
Requirement of FGF-4 for postimplantation mouse development. Science 267, 246-249. 

Fleming, T.P., McConnell, J., Johnson, M.H., and Stevenson, B.R. (1989). Development of tight 
junctions de novo in the mouse early embryo: control of assembly of the tight junction-specific 
protein, ZO-1. J Cell Biol 108, 1407-1418. 

Fletcher, G.C., Lucas, E.P., Brain, R., Tournier, A., and Thompson, B.J. (2012). Positive feedback 
and mutual antagonism combine to polarize Crumbs in the Drosophila follicle cell epithelium. 
Curr Biol 22, 1116-1122. 

Frankenberg, S., Gerbe, F., Bessonnard, S., Belville, C., Pouchin, P., Bardot, O., and Chazaud, C. 
(2011). Primitive endoderm differentiates via a three-step mechanism involving Nanog and 
RTK signaling. Dev Cell 21, 1005-1013. 



Chapter 7: References 

193 

 

Fujikura, J., Yamato, E., Yonemura, S., Hosoda, K., Masui, S., Nakao, K., Miyazaki Ji, J., and Niwa, 
H. (2002). Differentiation of embryonic stem cells is induced by GATA factors. Genes Dev 16, 
784-789. 

Furuse, M., Fujita, K., Hiiragi, T., Fujimoto, K., and Tsukita, S. (1998). Claudin-1 and -2: novel 
integral membrane proteins localizing at tight junctions with no sequence similarity to 
occludin. J Cell Biol 141, 1539-1550. 

Furuse, M., Furuse, K., Sasaki, H., and Tsukita, S. (2001). Conversion of zonulae occludentes 
from tight to leaky strand type by introducing claudin-2 into Madin-Darby canine kidney I cells. 
J Cell Biol 153, 263-272. 

Furuse, M., Hirase, T., Itoh, M., Nagafuchi, A., Yonemura, S., and Tsukita, S. (1993). Occludin: a 
novel integral membrane protein localizing at tight junctions. J Cell Biol 123, 1777-1788. 

Futaki, S., Hayashi, Y., Emoto, T., Weber, C.N., and Sekiguchi, K. (2004). Sox7 plays crucial roles 
in parietal endoderm differentiation in F9 embryonal carcinoma cells through regulating Gata-
4 and Gata-6 expression. Mol Cell Biol 24, 10492-10503. 

Fässler, R., and Meyer, M. (1995). Consequences of lack of beta 1 integrin gene expression in 
mice. Genes Dev 9, 1896-1908. 

Gardner, R.L. (1982). Investigation of cell lineage and differentiation in the extraembryonic 
endoderm of the mouse embryo. J Embryol Exp Morphol 68, 175-198. 

Gardner, R.L. (1983). Origin and differentiation of extraembryonic tissues in the mouse. Int Rev 
Exp Pathol 24, 63-133. 

Gardner, R.L., and Rossant, J. (1979). Investigation of the fate of 4-5 day post-coitum mouse 
inner cell mass cells by blastocyst injection. J Embryol Exp Morphol 52, 141-152. 

Gavine, P.R., Mooney, L., Kilgour, E., Thomas, A.P., Al-Kadhimi, K., Beck, S., Rooney, C., 
Coleman, T., Baker, D., Mellor, M.J., et al. (2012). AZD4547: an orally bioavailable, potent, and 
selective inhibitor of the fibroblast growth factor receptor tyrosine kinase family. Cancer Res 
72, 2045-2056. 

Gerbe, F., Cox, B., Rossant, J., and Chazaud, C. (2008). Dynamic expression of Lrp2 pathway 
members reveals progressive epithelial differentiation of primitive endoderm in mouse 
blastocyst. Dev Biol 313, 594-602. 

Getsios, S., Huen, A.C., and Green, K.J. (2004). Working out the strength and flexibility of 
desmosomes. Nat Rev Mol Cell Biol 5, 271-281. 

Gharbi, S.I., Zvelebil, M.J., Shuttleworth, S.J., Hancox, T., Saghir, N., Timms, J.F., and Waterfield, 
M.D. (2007). Exploring the specificity of the PI3K family inhibitor LY294002. Biochem J 404, 15-
21. 

Giancotti, F.G., and Ruoslahti, E. (1999). Integrin signaling. Science 285, 1028-1032. 

Gilbert, S.F., and Singer, S.R. (2000). Developmental biology (Sunderland, Mass.: Sinauer 
Associates), pp. xviii, 749 p. 

Goldin, S.N., and Papaioannou, V.E. (2003). Paracrine action of FGF4 during periimplantation 
development maintains trophectoderm and primitive endoderm. Genesis 36, 40-47. 



Chapter 7: References 

194 

 

Goodenough, D.A., and Paul, D.L. (2009). Gap junctions. Cold Spring Harb Perspect Biol 1, 
a002576. 

Grabarek, J.B., Zyzyńska, K., Saiz, N., Piliszek, A., Frankenberg, S., Nichols, J., Hadjantonakis, 
A.K., and Plusa, B. (2012). Differential plasticity of epiblast and primitive endoderm precursors 
within the ICM of the early mouse embryo. Development 139, 129-139. 

Grover, A., Andrews, G., and Adamson, E.D. (1983). Role of laminin in epithelium formation by 
F9 aggregates. J Cell Biol 97, 137-144. 

Guillemot, L., Hammar, E., Kaister, C., Ritz, J., Caille, D., Jond, L., Bauer, C., Meda, P., and Citi, S. 
(2004). Disruption of the cingulin gene does not prevent tight junction formation but alters 
gene expression. J Cell Sci 117, 5245-5256. 

Guo, G., Huss, M., Tong, G.Q., Wang, C., Li Sun, L., Clarke, N.D., and Robson, P. (2010). 
Resolution of cell fate decisions revealed by single-cell gene expression analysis from zygote to 
blastocyst. Dev Cell 18, 675-685. 

Hamazaki, T., Kehoe, S.M., Nakano, T., and Terada, N. (2006). The Grb2/Mek pathway 
represses Nanog in murine embryonic stem cells. Mol Cell Biol 26, 7539-7549. 

Hamazaki, T., Oka, M., Yamanaka, S., and Terada, N. (2004). Aggregation of embryonic stem 
cells induces Nanog repression and primitive endoderm differentiation. J Cell Sci 117, 5681-
5686. 

Harun, R., Ruban, L., Matin, M., Draper, J., Jenkins, N.M., Liew, G.C., Andrews, P.W., Li, T.C., 
Laird, S.M., and Moore, H.D. (2006). Cytotrophoblast stem cell lines derived from human 
embryonic stem cells and their capacity to mimic invasive implantation events. Hum Reprod 
21, 1349-1358. 

Harvey, K.F., and Hariharan, I.K. (2012). The hippo pathway. Cold Spring Harb Perspect Biol 4, 
a011288. 

Hayashi, Y., Furue, M.K., Tanaka, S., Hirose, M., Wakisaka, N., Danno, H., Ohnuma, K., Oeda, S., 
Aihara, Y., Shiota, K., et al. (2010). BMP4 induction of trophoblast from mouse embryonic stem 
cells in defined culture conditions on laminin. In Vitro Cell Dev Biol Anim 46, 416-430. 

Hillman, N., Sherman, M.I., and Graham, C. (1972). The effect of spatial arrangement on cell 
determination during mouse development. J Embryol Exp Morphol 28, 263-278. 

Hirate, Y., Cockburn, K., Rossant, J., and Sasaki, H. (2012). Tead4 is constitutively nuclear, while 
nuclear vs. cytoplasmic Yap distribution is regulated in preimplantation mouse embryos. Proc 
Natl Acad Sci U S A 109, E3389-3390; author reply E3391-3382. 

Hirate, Y., Hirahara, S., Inoue, K., Suzuki, A., Alarcon, V.B., Akimoto, K., Hirai, T., Hara, T., 
Adachi, M., Chida, K., et al. (2013). Polarity-dependent distribution of angiomotin localizes 
Hippo signaling in preimplantation embryos. Curr Biol 23, 1181-1194. 

Hynes, R.O. (2009). The extracellular matrix: not just pretty fibrils. Science 326, 1216-1219. 

Irie, K., Shimizu, K., Sakisaka, T., Ikeda, W., and Takai, Y. (2004). Roles and modes of action of 
nectins in cell-cell adhesion. Semin Cell Dev Biol 15, 643-656. 

Izumi, Y., Hirose, T., Tamai, Y., Hirai, S., Nagashima, Y., Fujimoto, T., Tabuse, Y., Kemphues, K.J., 
and Ohno, S. (1998). An atypical PKC directly associates and colocalizes at the epithelial tight 



Chapter 7: References 

195 

 

junction with ASIP, a mammalian homologue of Caenorhabditis elegans polarity protein PAR-3. 
J Cell Biol 143, 95-106. 

Janda, E., Lehmann, K., Killisch, I., Jechlinger, M., Herzig, M., Downward, J., Beug, H., and 
Grünert, S. (2002). Ras and TGF[beta] cooperatively regulate epithelial cell plasticity and 
metastasis: dissection of Ras signaling pathways. J Cell Biol 156, 299-313. 

Jedrusik, A., Bruce, A.W., Tan, M.H., Leong, D.E., Skamagki, M., Yao, M., and Zernicka-Goetz, 
M. (2010). Maternally and zygotically provided Cdx2 have novel and critical roles for early 
development of the mouse embryo. Dev Biol 344, 66-78. 

Jedrusik, A., Parfitt, D.E., Guo, G., Skamagki, M., Grabarek, J.B., Johnson, M.H., Robson, P., and 
Zernicka-Goetz, M. (2008). Role of Cdx2 and cell polarity in cell allocation and specification of 
trophectoderm and inner cell mass in the mouse embryo. Genes Dev 22, 2692-2706. 

Joberty, G., Petersen, C., Gao, L., and Macara, I.G. (2000). The cell-polarity protein Par6 links 
Par3 and atypical protein kinase C to Cdc42. Nat Cell Biol 2, 531-539. 

Johnson, M.H., and Ziomek, C.A. (1981). The foundation of two distinct cell lineages within the 
mouse morula. Cell 24, 71-80. 

Kang, M., Piliszek, A., Artus, J., and Hadjantonakis, A.K. (2013). FGF4 is required for lineage 
restriction and salt-and-pepper distribution of primitive endoderm factors but not their initial 
expression in the mouse. Development 140, 267-279. 

Kelly, K.F., Ng, D.Y., Jayakumaran, G., Wood, G.A., Koide, H., and Doble, B.W. (2011). β-catenin 
enhances Oct-4 activity and reinforces pluripotency through a TCF-independent mechanism. 
Cell Stem Cell 8, 214-227. 

Kemphues, K.J., Priess, J.R., Morton, D.G., and Cheng, N.S. (1988). Identification of genes 
required for cytoplasmic localization in early C. elegans embryos. Cell 52, 311-320. 

Kimura, N., Nakashima, K., Ueno, M., Kiyama, H., and Taga, T. (1999). A novel mammalian T-
box-containing gene, Tbr2, expressed in mouse developing brain. Brain Res Dev Brain Res 115, 
183-193. 

Ko, L.J., Yamamoto, M., Leonard, M.W., George, K.M., Ting, P., and Engel, J.D. (1991). Murine 
and human T-lymphocyte GATA-3 factors mediate transcription through a cis-regulatory 
element within the human T-cell receptor delta gene enhancer. Mol Cell Biol 11, 2778-2784. 

Komura, H., Ogita, H., Ikeda, W., Mizoguchi, A., Miyoshi, J., and Takai, Y. (2008). Establishment 
of cell polarity by afadin during the formation of embryoid bodies. Genes Cells 13, 79-90. 

Koutsourakis, M., Langeveld, A., Patient, R., Beddington, R., and Grosveld, F. (1999). The 
transcription factor GATA6 is essential for early extraembryonic development. Development 
126, 723-732. 

Kunath, T., Saba-El-Leil, M.K., Almousailleakh, M., Wray, J., Meloche, S., and Smith, A. (2007). 
FGF stimulation of the Erk1/2 signalling cascade triggers transition of pluripotent embryonic 
stem cells from self-renewal to lineage commitment. Development 134, 2895-2902. 

Kuo, C.T., Morrisey, E.E., Anandappa, R., Sigrist, K., Lu, M.M., Parmacek, M.S., Soudais, C., and 
Leiden, J.M. (1997). GATA4 transcription factor is required for ventral morphogenesis and 
heart tube formation. Genes Dev 11, 1048-1060. 



Chapter 7: References 

196 

 

Kurosawa, H. (2007). Methods for inducing embryoid body formation: in vitro differentiation 
system of embryonic stem cells. J Biosci Bioeng 103, 389-398. 

Kwon, G.S., Viotti, M., and Hadjantonakis, A.K. (2008). The endoderm of the mouse embryo 
arises by dynamic widespread intercalation of embryonic and extraembryonic lineages. Dev 
Cell 15, 509-520. 

Langton, P.F., Colombani, J., Chan, E.H., Wepf, A., Gstaiger, M., and Tapon, N. (2009). The 
dASPP-dRASSF8 complex regulates cell-cell adhesion during Drosophila retinal morphogenesis. 
Curr Biol 19, 1969-1978. 

Lanner, F., and Rossant, J. (2010). The role of FGF/Erk signaling in pluripotent cells. 
Development 137, 3351-3360. 

Leahy, A., Xiong, J.W., Kuhnert, F., and Stuhlmann, H. (1999). Use of developmental marker 
genes to define temporal and spatial patterns of differentiation during embryoid body 
formation. J Exp Zool 284, 67-81. 

Lee, H.O., and Norden, C. (2013). Mechanisms controlling arrangements and movements of 
nuclei in pseudostratified epithelia. Trends Cell Biol 23, 141-150. 

Li, L., Arman, E., Ekblom, P., Edgar, D., Murray, P., and Lonai, P. (2004). Distinct GATA6- and 
laminin-dependent mechanisms regulate endodermal and ectodermal embryonic stem cell 
fates. Development 131, 5277-5286. 

Li, X., Chen, Y., Schéele, S., Arman, E., Haffner-Krausz, R., Ekblom, P., and Lonai, P. (2001a). 
Fibroblast growth factor signaling and basement membrane assembly are connected during 
epithelial morphogenesis of the embryoid body. J Cell Biol 153, 811-822. 

Li, X., Talts, U., Talts, J.F., Arman, E., Ekblom, P., and Lonai, P. (2001b). Akt/PKB regulates 
laminin and collagen IV isotypes of the basement membrane. Proc Natl Acad Sci U S A 98, 
14416-14421. 

Li, Y., Moretto-Zita, M., Soncin, F., Wakeland, A., Wolfe, L., Leon-Garcia, S., Pandian, R., Pizzo, 
D., Cui, L., Nazor, K., et al. (2013). BMP4-directed trophoblast differentiation of human 
embryonic stem cells is mediated through a ΔNp63+ cytotrophoblast stem cell state. 
Development 140, 3965-3976. 

Lichtner, B., Knaus, P., Lehrach, H., and Adjaye, J. (2013). BMP10 as a potent inducer of 
trophoblast differentiation in human embryonic and induced pluripotent stem cells. 
Biomaterials 34, 9789-9802. 

Liu, J., He, X., Corbett, S.A., Lowry, S.F., Graham, A.M., Fässler, R., and Li, S. (2009). Integrins 
are required for the differentiation of visceral endoderm. J Cell Sci 122, 233-242. 

Lock, F.E., Underhill-Day, N., Dunwell, T., Matallanas, D., Cooper, W., Hesson, L., Recino, A., 
Ward, A., Pavlova, T., Zabarovsky, E., et al. (2010). The RASSF8 candidate tumor suppressor 
inhibits cell growth and regulates the Wnt and NF-kappaB signaling pathways. Oncogene 29, 
4307-4316. 

Malaguti, M., Nistor, P.A., Blin, G., Pegg, A., Zhou, X., and Lowell, S. (2013). Bone morphogenic 
protein signalling suppresses differentiation of pluripotent cells by maintaining expression of E-
Cadherin. Elife 2, e01197. 



Chapter 7: References 

197 

 

Marine, J., and Winoto, A. (1991). The human enhancer-binding protein Gata3 binds to several 
T-cell receptor regulatory elements. Proc Natl Acad Sci U S A 88, 7284-7288. 

Martin, G.R. (1981). Isolation of a pluripotent cell line from early mouse embryos cultured in 
medium conditioned by teratocarcinoma stem cells. Proc Natl Acad Sci U S A 78, 7634-7638. 

Martin, G.R., and Evans, M.J. (1975). Differentiation of clonal lines of teratocarcinoma cells: 
formation of embryoid bodies in vitro. Proc Natl Acad Sci U S A 72, 1441-1445. 

Martin, G.R., Wiley, L.M., and Damjanov, I. (1977). The development of cystic embryoid bodies 
in vitro from clonal teratocarcinoma stem cells. Dev Biol 61, 230-244. 

Martin-Belmonte, F., and Perez-Moreno, M. (2012). Epithelial cell polarity, stem cells and 
cancer. Nat Rev Cancer 12, 23-38. 

Masui, S., Nakatake, Y., Toyooka, Y., Shimosato, D., Yagi, R., Takahashi, K., Okochi, H., Okuda, 
A., Matoba, R., Sharov, A.A., et al. (2007). Pluripotency governed by Sox2 via regulation of 
Oct3/4 expression in mouse embryonic stem cells. Nat Cell Biol 9, 625-635. 

Matsuda, T., Nakamura, T., Nakao, K., Arai, T., Katsuki, M., Heike, T., and Yokota, T. (1999). 
STAT3 activation is sufficient to maintain an undifferentiated state of mouse embryonic stem 
cells. EMBO J 18, 4261-4269. 

Matter, K., and Balda, M.S. (2007). Epithelial tight junctions, gene expression and nucleo-
junctional interplay. J Cell Sci 120, 1505-1511. 

McCarthy, K.M., Skare, I.B., Stankewich, M.C., Furuse, M., Tsukita, S., Rogers, R.A., Lynch, R.D., 
and Schneeberger, E.E. (1996). Occludin is a functional component of the tight junction. J Cell 
Sci 109 ( Pt 9), 2287-2298. 

Meilhac, S.M., Adams, R.J., Morris, S.A., Danckaert, A., Le Garrec, J.F., and Zernicka-Goetz, M. 
(2009). Active cell movements coupled to positional induction are involved in lineage 
segregation in the mouse blastocyst. Dev Biol 331, 210-221. 

Messerschmidt, D.M., and Kemler, R. (2010). Nanog is required for primitive endoderm 
formation through a non-cell autonomous mechanism. Dev Biol 344, 129-137. 

Minsuk, S.B., and Keller, R.E. (1997). Surface mesoderm in Xenopus: A revision of the stage 10 
fate map (Development Genes and Evolution), pp. 389-401. 

Mitsui, K., Tokuzawa, Y., Itoh, H., Segawa, K., Murakami, M., Takahashi, K., Maruyama, M., 
Maeda, M., and Yamanaka, S. (2003). The homeoprotein Nanog is required for maintenance of 
pluripotency in mouse epiblast and ES cells. Cell 113, 631-642. 

Mohammadi, M., Froum, S., Hamby, J.M., Schroeder, M.C., Panek, R.L., Lu, G.H., Eliseenkova, 
A.V., Green, D., Schlessinger, J., and Hubbard, S.R. (1998). Crystal structure of an angiogenesis 
inhibitor bound to the FGF receptor tyrosine kinase domain. EMBO J 17, 5896-5904. 

Molkentin, J.D., Lin, Q., Duncan, S.A., and Olson, E.N. (1997). Requirement of the transcription 
factor GATA4 for heart tube formation and ventral morphogenesis. Genes Dev 11, 1061-1072. 

Moore, R., Cai, K.Q., Escudero, D.O., and Xu, X.X. (2009). Cell adhesive affinity does not dictate 
primitive endoderm segregation and positioning during murine embryoid body formation. 
Genesis 47, 579-589. 



Chapter 7: References 

198 

 

Morris, S.A., Teo, R.T., Li, H., Robson, P., Glover, D.M., and Zernicka-Goetz, M. (2010). Origin 
and formation of the first two distinct cell types of the inner cell mass in the mouse embryo. 
Proc Natl Acad Sci U S A 107, 6364-6369. 

Morrisey, E.E., Ip, H.S., Lu, M.M., and Parmacek, M.S. (1996). GATA-6: a zinc finger 
transcription factor that is expressed in multiple cell lineages derived from lateral mesoderm. 
Dev Biol 177, 309-322. 

Morrisey, E.E., Musco, S., Chen, M.Y., Lu, M.M., Leiden, J.M., and Parmacek, M.S. (2000). The 
gene encoding the mitogen-responsive phosphoprotein Dab2 is differentially regulated by 
GATA-6 and GATA-4 in the visceral endoderm. J Biol Chem 275, 19949-19954. 

Morrisey, E.E., Tang, Z., Sigrist, K., Lu, M.M., Jiang, F., Ip, H.S., and Parmacek, M.S. (1998). 
GATA6 regulates HNF4 and is required for differentiation of visceral endoderm in the mouse 
embryo. Genes Dev 12, 3579-3590. 

Murray, P., and Edgar, D. (2000). Regulation of programmed cell death by basement 
membranes in embryonic development. J Cell Biol 150, 1215-1221. 

Murray, P., and Edgar, D. (2001). Regulation of the differentiation and behaviour of extra-
embryonic endodermal cells by basement membranes. J Cell Sci 114, 931-939. 

Müller, B.M., Kistner, U., Veh, R.W., Cases-Langhoff, C., Becker, B., Gundelfinger, E.D., and 
Garner, C.C. (1995). Molecular characterization and spatial distribution of SAP97, a novel 
presynaptic protein homologous to SAP90 and the Drosophila discs-large tumor suppressor 
protein. J Neurosci 15, 2354-2366. 

Müller, H.A. (2000). Genetic control of epithelial cell polarity: lessons from Drosophila. Dev Dyn 
218, 52-67. 

Müsch, A., Cohen, D., Yeaman, C., Nelson, W.J., Rodriguez-Boulan, E., and Brennwald, P.J. 
(2002). Mammalian homolog of Drosophila tumor suppressor lethal (2) giant larvae interacts 
with basolateral exocytic machinery in Madin-Darby canine kidney cells. Mol Biol Cell 13, 158-
168. 

Nam, S.C., and Choi, K.W. (2006). Domain-specific early and late function of Dpatj in Drosophila 
photoreceptor cells. Dev Dyn 235, 1501-1507. 

Navarro, C., Nola, S., Audebert, S., Santoni, M.J., Arsanto, J.P., Ginestier, C., Marchetto, S., 
Jacquemier, J., Isnardon, D., Le Bivic, A., et al. (2005). Junctional recruitment of mammalian 
Scribble relies on E-cadherin engagement. Oncogene 24, 4330-4339. 

Ng, R.K., Dean, W., Dawson, C., Lucifero, D., Madeja, Z., Reik, W., and Hemberger, M. (2008). 
Epigenetic restriction of embryonic cell lineage fate by methylation of Elf5. Nat Cell Biol 10, 
1280-1290. 

Ng, Y.K., George, K.M., Engel, J.D., and Linzer, D.I. (1994). GATA factor activity is required for 
the trophoblast-specific transcriptional regulation of the mouse placental lactogen I gene. 
Development 120, 3257-3266. 

Nguyen, P.T., Tsunematsu, T., Yanagisawa, S., Kudo, Y., Miyauchi, M., Kamata, N., and Takata, 
T. (2013). The FGFR1 inhibitor PD173074 induces mesenchymal-epithelial transition through 
the transcription factor AP-1. Br J Cancer 109, 2248-2258. 



Chapter 7: References 

199 

 

Niakan, K.K., Ji, H., Maehr, R., Vokes, S.A., Rodolfa, K.T., Sherwood, R.I., Yamaki, M., Dimos, J.T., 
Chen, A.E., Melton, D.A., et al. (2010). Sox17 promotes differentiation in mouse embryonic 
stem cells by directly regulating extraembryonic gene expression and indirectly antagonizing 
self-renewal. Genes Dev 24, 312-326. 

Nichols, J., Silva, J., Roode, M., and Smith, A. (2009). Suppression of Erk signalling promotes 
ground state pluripotency in the mouse embryo. Development 136, 3215-3222. 

Nichols, J., Zevnik, B., Anastassiadis, K., Niwa, H., Klewe-Nebenius, D., Chambers, I., Schöler, H., 
and Smith, A. (1998). Formation of pluripotent stem cells in the mammalian embryo depends 
on the POU transcription factor Oct4. Cell 95, 379-391. 

Niessen, C.M., and Gottardi, C.J. (2008). Molecular components of the adherens junction. 
Biochim Biophys Acta 1778, 562-571. 

Nishioka, N., Inoue, K., Adachi, K., Kiyonari, H., Ota, M., Ralston, A., Yabuta, N., Hirahara, S., 
Stephenson, R.O., Ogonuki, N., et al. (2009). The Hippo signaling pathway components Lats 
and Yap pattern Tead4 activity to distinguish mouse trophectoderm from inner cell mass. Dev 
Cell 16, 398-410. 

Nishioka, N., Yamamoto, S., Kiyonari, H., Sato, H., Sawada, A., Ota, M., Nakao, K., and Sasaki, H. 
(2008). Tead4 is required for specification of trophectoderm in pre-implantation mouse 
embryos. Mech Dev 125, 270-283. 

Niswander, L., and Martin, G.R. (1992). Fgf-4 expression during gastrulation, myogenesis, limb 
and tooth development in the mouse. Development 114, 755-768. 

Niwa, H., Burdon, T., Chambers, I., and Smith, A. (1998). Self-renewal of pluripotent embryonic 
stem cells is mediated via activation of STAT3. Genes Dev 12, 2048-2060. 

Niwa, H., Miyazaki, J., and Smith, A.G. (2000). Quantitative expression of Oct-3/4 defines 
differentiation, dedifferentiation or self-renewal of ES cells. Nat Genet 24, 372-376. 

Niwa, H., Toyooka, Y., Shimosato, D., Strumpf, D., Takahashi, K., Yagi, R., and Rossant, J. (2005). 
Interaction between Oct3/4 and Cdx2 determines trophectoderm differentiation. Cell 123, 
917-929. 

Ono, Y., Fujii, T., Ogita, K., Kikkawa, U., Igarashi, K., and Nishizuka, Y. (1989). Protein kinase C 
zeta subspecies from rat brain: its structure, expression, and properties. Proc Natl Acad Sci U S 
A 86, 3099-3103. 

Oosterwegel, M., Timmerman, J., Leiden, J., and Clevers, H. (1992). Expression of GATA-3 
during lymphocyte differentiation and mouse embryogenesis. Dev Immunol 3, 1-11. 

Orr-Urtreger, A., Givol, D., Yayon, A., Yarden, Y., and Lonai, P. (1991). Developmental 
expression of two murine fibroblast growth factor receptors, flg and bek. Development 113, 
1419-1434. 

Ozawa, M., Baribault, H., and Kemler, R. (1989). The cytoplasmic domain of the cell adhesion 
molecule uvomorulin associates with three independent proteins structurally related in 
different species. EMBO J 8, 1711-1717. 



Chapter 7: References 

200 

 

Ozawa, M., Ringwald, M., and Kemler, R. (1990). Uvomorulin-catenin complex formation is 
regulated by a specific domain in the cytoplasmic region of the cell adhesion molecule. Proc 
Natl Acad Sci U S A 87, 4246-4250. 

Paling, N.R., Wheadon, H., Bone, H.K., and Welham, M.J. (2004). Regulation of embryonic stem 
cell self-renewal by phosphoinositide 3-kinase-dependent signaling. J Biol Chem 279, 48063-
48070. 

Peng, S., Hua, J., Cao, X., and Wang, H. (2011). Gelatin induces trophectoderm differentiation 
of mouse embryonic stem cells. Cell Biol Int 35, 587-591. 

Plusa, B., Frankenberg, S., Chalmers, A., Hadjantonakis, A.K., Moore, C.A., Papalopulu, N., 
Papaioannou, V.E., Glover, D.M., and Zernicka-Goetz, M. (2005). Downregulation of Par3 and 
aPKC function directs cells towards the ICM in the preimplantation mouse embryo. J Cell Sci 
118, 505-515. 

Plusa, B., Piliszek, A., Frankenberg, S., Artus, J., and Hadjantonakis, A.K. (2008). Distinct 
sequential cell behaviours direct primitive endoderm formation in the mouse blastocyst. 
Development 135, 3081-3091. 

Qiu, R.G., Abo, A., and Martin, G.S. (2000). A human homolog of the C. elegans polarity 
determinant Par-6 links Rac and Cdc42 to PKCzeta signaling and cell transformation. Curr Biol 
10, 697-707. 

Raleigh, D.R., Boe, D.M., Yu, D., Weber, C.R., Marchiando, A.M., Bradford, E.M., Wang, Y., Wu, 
L., Schneeberger, E.E., Shen, L., et al. (2011). Occludin S408 phosphorylation regulates tight 
junction protein interactions and barrier function. J Cell Biol 193, 565-582. 

Ralston, A., Cox, B.J., Nishioka, N., Sasaki, H., Chea, E., Rugg-Gunn, P., Guo, G., Robson, P., 
Draper, J.S., and Rossant, J. (2010). Gata3 regulates trophoblast development downstream of 
Tead4 and in parallel to Cdx2. Development 137, 395-403. 

Ralston, A., and Rossant, J. (2008). Cdx2 acts downstream of cell polarization to cell-
autonomously promote trophectoderm fate in the early mouse embryo. Dev Biol 313, 614-
629. 

Rappolee, D.A., Basilico, C., Patel, Y., and Werb, Z. (1994). Expression and function of FGF-4 in 
peri-implantation development in mouse embryos. Development 120, 2259-2269. 

Recino, A., Sherwood, V., Flaxman, A., Cooper, W.N., Latif, F., Ward, A., and Chalmers, A.D. 
(2010). Human RASSF7 regulates the microtubule cytoskeleton and is required for spindle 
formation, Aurora B activation and chromosomal congression during mitosis. Biochem J 430, 
207-213. 

Riethmacher, D., Brinkmann, V., and Birchmeier, C. (1995). A targeted mutation in the mouse 
E-cadherin gene results in defective preimplantation development. Proc Natl Acad Sci U S A 92, 
855-859. 

Rimm, D.L., Koslov, E.R., Kebriaei, P., Cianci, C.D., and Morrow, J.S. (1995). Alpha 1(E)-catenin is 
an actin-binding and -bundling protein mediating the attachment of F-actin to the membrane 
adhesion complex. Proc Natl Acad Sci U S A 92, 8813-8817. 

Roberts, P.J., and Der, C.J. (2007). Targeting the Raf-MEK-ERK mitogen-activated protein kinase 
cascade for the treatment of cancer. Oncogene 26, 3291-3310. 



Chapter 7: References 

201 

 

Roskoski, R. (2012). ERK1/2 MAP kinases: structure, function, and regulation. Pharmacol Res 
66, 105-143. 

Rossant, J. (1975). Investigation of the determinative state of the mouse inner cell mass. II. The 
fate of isolated inner cell masses transferred to the oviduct. J Embryol Exp Morphol 33, 991-
1001. 

Royer, C., and Lu, X. (2011). Epithelial cell polarity: a major gatekeeper against cancer? Cell 
Death Differ 18, 1470-1477. 

Rudini, N., and Dejana, E. (2008). Adherens junctions. Curr Biol 18, R1080-1082. 

Rula, M.E., Cai, K.Q., Moore, R., Yang, D.H., Staub, C.M., Capo-Chichi, C.D., Jablonski, S.A., 
Howe, P.H., Smith, E.R., and Xu, X.X. (2007). Cell autonomous sorting and surface positioning in 
the formation of primitive endoderm in embryoid bodies. Genesis 45, 327-338. 

Russ, A.P., Wattler, S., Colledge, W.H., Aparicio, S.A., Carlton, M.B., Pearce, J.J., Barton, S.C., 
Surani, M.A., Ryan, K., Nehls, M.C., et al. (2000). Eomesodermin is required for mouse 
trophoblast development and mesoderm formation. Nature 404, 95-99. 

Saitou, M., Fujimoto, K., Doi, Y., Itoh, M., Fujimoto, T., Furuse, M., Takano, H., Noda, T., and 
Tsukita, S. (1998). Occludin-deficient embryonic stem cells can differentiate into polarized 
epithelial cells bearing tight junctions. J Cell Biol 141, 397-408. 

Saiz, N., Grabarek, J.B., Sabherwal, N., Papalopulu, N., and Plusa, B. (2013). Atypical protein 
kinase C couples cell sorting with primitive endoderm maturation in the mouse blastocyst. 
Development 140, 4311-4322. 

Saiz, N., and Plusa, B. (2013). Early cell fate decisions in the mouse embryo. Reproduction 145, 
R65-80. 

Sanchez-Ripoll, Y., Bone, H.K., Owen, T., Guedes, A.M., Abranches, E., Kumpfmueller, B., 
Spriggs, R.V., Henrique, D., and Welham, M.J. (2013). Glycogen synthase kinase-3 inhibition 
enhances translation of pluripotency-associated transcription factors to contribute to 
maintenance of mouse embryonic stem cell self-renewal. PLoS One 8, e60148. 

Santostefano, K.E., Hamazaki, T., Pardo, C.E., Kladde, M.P., and Terada, N. (2012). Fibroblast 
growth factor receptor 2 homodimerization rapidly reduces transcription of the pluripotency 
gene Nanog without dissociation of activating transcription factors. J Biol Chem 287, 30507-
30517. 

Sasaki, H. (2010). Mechanisms of trophectoderm fate specification in preimplantation mouse 
development. Dev Growth Differ 52, 263-273. 

Sato, N., Meijer, L., Skaltsounis, L., Greengard, P., and Brivanlou, A.H. (2004). Maintenance of 
pluripotency in human and mouse embryonic stem cells through activation of Wnt signaling by 
a pharmacological GSK-3-specific inhibitor. Nat Med 10, 55-63. 

Schenke-Layland, K., Angelis, E., Rhodes, K.E., Heydarkhan-Hagvall, S., Mikkola, H.K., and 
Maclellan, W.R. (2007). Collagen IV induces trophoectoderm differentiation of mouse 
embryonic stem cells. Stem Cells 25, 1529-1538. 



Chapter 7: References 

202 

 

Schrode, N., Xenopoulos, P., Piliszek, A., Frankenberg, S., Plusa, B., and Hadjantonakis, A.K. 
(2013). Anatomy of a blastocyst: cell behaviors driving cell fate choice and morphogenesis in 
the early mouse embryo. Genesis 51, 219-233. 

Sebolt-Leopold, J.S., and Herrera, R. (2004). Targeting the mitogen-activated protein kinase 
cascade to treat cancer. Nat Rev Cancer 4, 937-947. 

Selbie, L.A., Schmitz-Peiffer, C., Sheng, Y., and Biden, T.J. (1993). Molecular cloning and 
characterization of PKC iota, an atypical isoform of protein kinase C derived from insulin-
secreting cells. J Biol Chem 268, 24296-24302. 

Sherwood, V., Manbodh, R., Sheppard, C., and Chalmers, A.D. (2008). RASSF7 is a member of a 
new family of RAS association domain-containing proteins and is required for completing 
mitosis. Mol Biol Cell 19, 1772-1782. 

Sherwood, V., Recino, A., Jeffries, A., Ward, A., and Chalmers, A.D. (2010). The N-terminal 
RASSF family: a new group of Ras-association-domain-containing proteins, with emerging links 
to cancer formation. Biochem J 425, 303-311. 

Sheth, B., Fesenko, I., Collins, J.E., Moran, B., Wild, A.E., Anderson, J.M., and Fleming, T.P. 
(1997). Tight junction assembly during mouse blastocyst formation is regulated by late 
expression of ZO-1 alpha+ isoform. Development 124, 2027-2037. 

Shimoda, M., Kanai-Azuma, M., Hara, K., Miyazaki, S., Kanai, Y., Monden, M., and Miyazaki, J. 
(2007). Sox17 plays a substantial role in late-stage differentiation of the extraembryonic 
endoderm in vitro. J Cell Sci 120, 3859-3869. 

Shin, K., Fogg, V.C., and Margolis, B. (2006). Tight junctions and cell polarity. Annu Rev Cell Dev 
Biol 22, 207-235. 

Shirayoshi, Y., Okada, T.S., and Takeichi, M. (1983). The calcium-dependent cell-cell adhesion 
system regulates inner cell mass formation and cell surface polarization in early mouse 
development. Cell 35, 631-638. 

Singh, A.M., Hamazaki, T., Hankowski, K.E., and Terada, N. (2007). A heterogeneous expression 
pattern for Nanog in embryonic stem cells. Stem Cells 25, 2534-2542. 

Skarnes, W.C., Rosen, B., West, A.P., Koutsourakis, M., Bushell, W., Iyer, V., Mujica, A.O., 
Thomas, M., Harrow, J., Cox, T., et al. (2011). A conditional knockout resource for the genome-
wide study of mouse gene function. Nature 474, 337-342. 

Smith, A.G. (2001). Embryo-derived stem cells: of mice and men. Annu Rev Cell Dev Biol 17, 
435-462. 

Smith, A.G., Heath, J.K., Donaldson, D.D., Wong, G.G., Moreau, J., Stahl, M., and Rogers, D. 
(1988). Inhibition of pluripotential embryonic stem cell differentiation by purified 
polypeptides. Nature 336, 688-690. 

Smyth, N., Vatansever, H.S., Murray, P., Meyer, M., Frie, C., Paulsson, M., and Edgar, D. (1999). 
Absence of basement membranes after targeting the LAMC1 gene results in embryonic 
lethality due to failure of endoderm differentiation. J Cell Biol 144, 151-160. 

Soudais, C., Bielinska, M., Heikinheimo, M., MacArthur, C.A., Narita, N., Saffitz, J.E., Simon, 
M.C., Leiden, J.M., and Wilson, D.B. (1995). Targeted mutagenesis of the transcription factor 



Chapter 7: References 

203 

 

GATA-4 gene in mouse embryonic stem cells disrupts visceral endoderm differentiation in 
vitro. Development 121, 3877-3888. 

St Johnston, D., and Ahringer, J. (2010). Cell polarity in eggs and epithelia: parallels and 
diversity. Cell 141, 757-774. 

Stavridis, M.P., Lunn, J.S., Collins, B.J., and Storey, K.G. (2007). A discrete period of FGF-
induced Erk1/2 signalling is required for vertebrate neural specification. Development 134, 
2889-2894. 

Steed, E., Balda, M.S., and Matter, K. (2010). Dynamics and functions of tight junctions. Trends 
Cell Biol 20, 142-149. 

Stephens, L.E., Sutherland, A.E., Klimanskaya, I.V., Andrieux, A., Meneses, J., Pedersen, R.A., 
and Damsky, C.H. (1995). Deletion of beta 1 integrins in mice results in inner cell mass failure 
and peri-implantation lethality. Genes Dev 9, 1883-1895. 

Stern, C.D., and Holland, P.W.H. Essential developmental biology 
IRL Press at Oxford University Press. 

Storm, M.P., Bone, H.K., Beck, C.G., Bourillot, P.Y., Schreiber, V., Damiano, T., Nelson, A., 
Savatier, P., and Welham, M.J. (2007). Regulation of Nanog expression by phosphoinositide 3-
kinase-dependent signaling in murine embryonic stem cells. J Biol Chem 282, 6265-6273. 

Strumpf, D., Mao, C.A., Yamanaka, Y., Ralston, A., Chawengsaksophak, K., Beck, F., and 
Rossant, J. (2005). Cdx2 is required for correct cell fate specification and differentiation of 
trophectoderm in the mouse blastocyst. Development 132, 2093-2102. 

Sudheer, S., Bhushan, R., Fauler, B., Lehrach, H., and Adjaye, J. (2012). FGF inhibition directs 
BMP4-mediated differentiation of human embryonic stem cells to syncytiotrophoblast. Stem 
Cells Dev 21, 2987-3000. 

Sugden, P.H., and Clerk, A. (1997). Regulation of the ERK subgroup of MAP kinase cascades 
through G protein-coupled receptors. Cell Signal 9, 337-351. 

Suwińska, A., Czołowska, R., Ozdzeński, W., and Tarkowski, A.K. (2008). Blastomeres of the 
mouse embryo lose totipotency after the fifth cleavage division: expression of Cdx2 and Oct4 
and developmental potential of inner and outer blastomeres of 16- and 32-cell embryos. Dev 
Biol 322, 133-144. 

Suzuki, A., Yamanaka, T., Hirose, T., Manabe, N., Mizuno, K., Shimizu, M., Akimoto, K., Izumi, Y., 
Ohnishi, T., and Ohno, S. (2001). Atypical protein kinase C is involved in the evolutionarily 
conserved par protein complex and plays a critical role in establishing epithelia-specific 
junctional structures. J Cell Biol 152, 1183-1196. 

Tabuse, Y., Izumi, Y., Piano, F., Kemphues, K.J., Miwa, J., and Ohno, S. (1998). Atypical protein 
kinase C cooperates with PAR-3 to establish embryonic polarity in Caenorhabditis elegans. 
Development 125, 3607-3614. 

Takahashi, K., Nakanishi, H., Miyahara, M., Mandai, K., Satoh, K., Satoh, A., Nishioka, H., Aoki, 
J., Nomoto, A., Mizoguchi, A., et al. (1999). Nectin/PRR: an immunoglobulin-like cell adhesion 
molecule recruited to cadherin-based adherens junctions through interaction with Afadin, a 
PDZ domain-containing protein. J Cell Biol 145, 539-549. 



Chapter 7: References 

204 

 

Tanaka, S., Kunath, T., Hadjantonakis, A.K., Nagy, A., and Rossant, J. (1998). Promotion of 
trophoblast stem cell proliferation by FGF4. Science 282, 2072-2075. 

Tanentzapf, G., and Tepass, U. (2003). Interactions between the crumbs, lethal giant larvae and 
bazooka pathways in epithelial polarization. Nat Cell Biol 5, 46-52. 

Tarkowski, A.K. (1959). Experiments on the development of isolated blastomers of mouse 
eggs. Nature 184, 1286-1287. 

Tarkowski, A.K., and Wróblewska, J. (1967). Development of blastomeres of mouse eggs 
isolated at the 4- and 8-cell stage. J Embryol Exp Morphol 18, 155-180. 

Tepass, U., and Knust, E. (1993). Crumbs and stardust act in a genetic pathway that controls 
the organization of epithelia in Drosophila melanogaster. Dev Biol 159, 311-326. 

Tepass, U., Theres, C., and Knust, E. (1990). crumbs encodes an EGF-like protein expressed on 
apical membranes of Drosophila epithelial cells and required for organization of epithelia. Cell 
61, 787-799. 

Thompson, N., and Lyons, J. (2005). Recent progress in targeting the Raf/MEK/ERK pathway 
with inhibitors in cancer drug discovery. Curr Opin Pharmacol 5, 350-356. 

Todorova, M.G., Soria, B., and Quesada, I. (2008). Gap junctional intercellular communication 
is required to maintain embryonic stem cells in a non-differentiated and proliferative state. J 
Cell Physiol 214, 354-362. 

Turner, N., and Grose, R. (2010). Fibroblast growth factor signalling: from development to 
cancer. Nat Rev Cancer 10, 116-129. 

Umeda, K., Matsui, T., Nakayama, M., Furuse, K., Sasaki, H., Furuse, M., and Tsukita, S. (2004). 
Establishment and characterization of cultured epithelial cells lacking expression of ZO-1. J Biol 
Chem 279, 44785-44794. 

Valenta, T., Hausmann, G., and Basler, K. (2012). The many faces and functions of β-catenin. 
EMBO J 31, 2714-2736. 

Vanhaesebroeck, B., Guillermet-Guibert, J., Graupera, M., and Bilanges, B. (2010). The 
emerging mechanisms of isoform-specific PI3K signalling. Nat Rev Mol Cell Biol 11, 329-341. 

Vlahos, C.J., Matter, W.F., Hui, K.Y., and Brown, R.F. (1994). A specific inhibitor of 
phosphatidylinositol 3-kinase, 2-(4-morpholinyl)-8-phenyl-4H-1-benzopyran-4-one (LY294002). 
J Biol Chem 269, 5241-5248. 

Wang, C., and Song, B. (1996). Cell-type-specific expression of the platelet-derived growth 
factor alpha receptor: a role for GATA-binding protein. Mol Cell Biol 16, 712-723. 

Wang, Y., Smedberg, J.L., Cai, K.Q., Capo-Chichi, D.C., and Xu, X.X. (2011). Ectopic expression of 
GATA6 bypasses requirement for Grb2 in primitive endoderm formation. Dev Dyn 240, 566-
576. 

Watanabe, S., Umehara, H., Murayama, K., Okabe, M., Kimura, T., and Nakano, T. (2006). 
Activation of Akt signaling is sufficient to maintain pluripotency in mouse and primate 
embryonic stem cells. Oncogene 25, 2697-2707. 



Chapter 7: References 

205 

 

Watson, A.J., and Kidder, G.M. (1988). Immunofluorescence assessment of the timing of 
appearance and cellular distribution of Na/K-ATPase during mouse embryogenesis. Dev Biol 
126, 80-90. 

Watts, J.L., Etemad-Moghadam, B., Guo, S., Boyd, L., Draper, B.W., Mello, C.C., Priess, J.R., and 
Kemphues, K.J. (1996). par-6, a gene involved in the establishment of asymmetry in early C. 
elegans embryos, mediates the asymmetric localization of PAR-3. Development 122, 3133-
3140. 

Wilder, P.J., Kelly, D., Brigman, K., Peterson, C.L., Nowling, T., Gao, Q.S., McComb, R.D., 
Capecchi, M.R., and Rizzino, A. (1997). Inactivation of the FGF-4 gene in embryonic stem cells 
alters the growth and/or the survival of their early differentiated progeny. Dev Biol 192, 614-
629. 

Wiles, M.V., and Keller, G. (1991). Multiple hematopoietic lineages develop from embryonic 
stem (ES) cells in culture. Development 111, 259-267. 

Williams, R.L., Hilton, D.J., Pease, S., Willson, T.A., Stewart, C.L., Gearing, D.P., Wagner, E.F., 
Metcalf, D., Nicola, N.A., and Gough, N.M. (1988). Myeloid leukaemia inhibitory factor 
maintains the developmental potential of embryonic stem cells. Nature 336, 684-687. 

Willott, E., Balda, M.S., Heintzelman, M., Jameson, B., and Anderson, J.M. (1992). Localization 
and differential expression of two isoforms of the tight junction protein ZO-1. Am J Physiol 
262, C1119-1124. 

Wodarz, A., Hinz, U., Engelbert, M., and Knust, E. (1995). Expression of crumbs confers apical 
character on plasma membrane domains of ectodermal epithelia of Drosophila. Cell 82, 67-76. 

Wu, G., Gentile, L., Fuchikami, T., Sutter, J., Psathaki, K., Esteves, T.C., Araúzo-Bravo, M.J., 
Ortmeier, C., Verberk, G., Abe, K., et al. (2010). Initiation of trophectoderm lineage 
specification in mouse embryos is independent of Cdx2. Development 137, 4159-4169. 

Wu, X., Li, S., Chrostek-Grashoff, A., Czuchra, A., Meyer, H., Yurchenco, P.D., and Brakebusch, 
C. (2007). Cdc42 is crucial for the establishment of epithelial polarity during early mammalian 
development. Dev Dyn 236, 2767-2778. 

Wu, Z., Zhang, W., Chen, G., Cheng, L., Liao, J., Jia, N., Gao, Y., Dai, H., Yuan, J., and Xiao, L. 
(2008). Combinatorial signals of activin/nodal and bone morphogenic protein regulate the 
early lineage segregation of human embryonic stem cells. J Biol Chem 283, 24991-25002. 

Xu, J., Lim, S.B., Ng, M.Y., Ali, S.M., Kausalya, J.P., Limviphuvadh, V., Maurer-Stroh, S., and 
Hunziker, W. (2012). ZO-1 regulates Erk, Smad1/5/8, Smad2, and RhoA activities to modulate 
self-renewal and differentiation of mouse embryonic stem cells. Stem Cells 30, 1885-1900. 

Xu, R.H., Chen, X., Li, D.S., Li, R., Addicks, G.C., Glennon, C., Zwaka, T.P., and Thomson, J.A. 
(2002). BMP4 initiates human embryonic stem cell differentiation to trophoblast. Nat 
Biotechnol 20, 1261-1264. 

Yagi, R., Kohn, M.J., Karavanova, I., Kaneko, K.J., Vullhorst, D., DePamphilis, M.L., and 
Buonanno, A. (2007). Transcription factor TEAD4 specifies the trophectoderm lineage at the 
beginning of mammalian development. Development 134, 3827-3836. 



Chapter 7: References 

206 

 

Yamaguchi, T.P., Harpal, K., Henkemeyer, M., and Rossant, J. (1994). fgfr-1 is required for 
embryonic growth and mesodermal patterning during mouse gastrulation. Genes Dev 8, 3032-
3044. 

Yamanaka, T., Horikoshi, Y., Sugiyama, Y., Ishiyama, C., Suzuki, A., Hirose, T., Iwamatsu, A., 
Shinohara, A., and Ohno, S. (2003). Mammalian Lgl forms a protein complex with PAR-6 and 
aPKC independently of PAR-3 to regulate epithelial cell polarity. Curr Biol 13, 734-743. 

Yamanaka, Y., Lanner, F., and Rossant, J. (2010). FGF signal-dependent segregation of primitive 
endoderm and epiblast in the mouse blastocyst. Development 137, 715-724. 

Yamanaka, Y., Ralston, A., Stephenson, R.O., and Rossant, J. (2006). Cell and molecular 
regulation of the mouse blastocyst. Dev Dyn 235, 2301-2314. 

Yang, D.H., Cai, K.Q., Roland, I.H., Smith, E.R., and Xu, X.X. (2007). Disabled-2 is an epithelial 
surface positioning gene. J Biol Chem 282, 13114-13122. 

Yang, D.H., Smith, E.R., Roland, I.H., Sheng, Z., He, J., Martin, W.D., Hamilton, T.C., Lambeth, 
J.D., and Xu, X.X. (2002). Disabled-2 is essential for endodermal cell positioning and structure 
formation during mouse embryogenesis. Dev Biol 251, 27-44. 

Ying, Q.L., Nichols, J., Chambers, I., and Smith, A. (2003a). BMP induction of Id proteins 
suppresses differentiation and sustains embryonic stem cell self-renewal in collaboration with 
STAT3. Cell 115, 281-292. 

Ying, Q.L., Stavridis, M., Griffiths, D., Li, M., and Smith, A. (2003b). Conversion of embryonic 
stem cells into neuroectodermal precursors in adherent monoculture. Nat Biotechnol 21, 183-
186. 

Ying, Q.L., Wray, J., Nichols, J., Batlle-Morera, L., Doble, B., Woodgett, J., Cohen, P., and Smith, 
A. (2008). The ground state of embryonic stem cell self-renewal. Nature 453, 519-523. 

Yonemura, S., Itoh, M., Nagafuchi, A., and Tsukita, S. (1995). Cell-to-cell adherens junction 
formation and actin filament organization: similarities and differences between non-polarized 
fibroblasts and polarized epithelial cells. J Cell Sci 108 ( Pt 1), 127-142. 

Yoshida-Koide, U., Matsuda, T., Saikawa, K., Nakanuma, Y., Yokota, T., Asashima, M., and 
Koide, H. (2004). Involvement of Ras in extraembryonic endoderm differentiation of embryonic 
stem cells. Biochem Biophys Res Commun 313, 475-481. 

Yu, P., Pan, G., Yu, J., and Thomson, J.A. (2011). FGF2 sustains NANOG and switches the 
outcome of BMP4-induced human embryonic stem cell differentiation. Cell Stem Cell 8, 326-
334. 

Zhang, P., Li, J., Tan, Z., Wang, C., Liu, T., Chen, L., Yong, J., Jiang, W., Sun, X., Du, L., et al. 
(2008). Short-term BMP-4 treatment initiates mesoderm induction in human embryonic stem 
cells. Blood 111, 1933-1941. 

Ziomek, C.A., and Johnson, M.H. (1980). Cell surface interaction induces polarization of mouse 
8-cell blastomeres at compaction. Cell 21, 935-942. 
 


