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Chapter 1: Introduction  

1.1 The promise of ES cells 

Since ES cells were first isolated from the mouse blastocyst in 1981 they have proven to be a 
valuable tool for understanding development and have been touted as a potential source of 
cellular therapeutics. Initial interest centred on the use of ES cells as vectors for manipulating 
the mouse genome through precise genetic manipulation of ES cells and subsequent chimera 
formation.  ES cells gained a new wave of popularity when it was hypothesised that they could 
be used to generate clinically useful cells for the treatment of injury or disease. ES cells can be 
derived from the inner cell mass (ICM) of pre-implantation embryos and represent an in vitro 
equivalent of this population (Evans and Kaufman 1981; Martin 1981). Mouse-derived ES cells 
retain the ability to contribute to the ICM when injected into blastocysts and the resulting 
chimeric mice display ES cell contribution to all tissues including the germ line (Bradley, Evans 
et al. 1984; Nagy, Rossant et al. 1993). This remarkable feature of ES cells reflects their 
pluripotency and demonstrates that given the appropriate cues for differentiation ES cells can 
respond by forming any of the cell types found in the adult organism. Cell lines have been 
derived from human blastocysts that share many of the characteristics of mouse ES cells 
(Thomson, Itskovitz-Eldor et al. 1998). Although it is not possible to undertake chimera 
formation using human ES cells, their pluripotence is suggested by the broad differentiation 
potential seen in both teratomas formed from these cells and during in vitro differentiation 
experiments (Thomson, Itskovitz-Eldor et al. 1998). It should be possible to differentiate human 
ES cells in vitro into therapeutically useful cell types for the treatment of injury or disease. 
There is good evidence that cell therapy will prove effective, including numerous 
demonstrations of mouse ES cell derivatives providing functional improvements in various 
disease models (Klug, Soonpaa et al. 1996; Brustle, Jones et al. 1999; Liu, Qu et al. 2000; Kim, 
Auerbach et al. 2002; Blyszczuk, Czyz et al. 2003; Leon-Quinto, Jones et al. 2004).  
 
Mouse ES cells have been routinely maintained by co-culture on mouse embryonic fibroblasts 
(MEFs) in selected fetal calf serum (FCS). Under these conditions ES cells can be passaged 
indefinitely and remain highly proliferative but do not differentiate. It was subsequently 
demonstrated that the requirement for MEFs can be replaced by the addition of LIF to the 
culture (Smith, Heath et al. 1988; Williams, Hilton et al. 1988). Furthermore, the requirement for 
FCS can be overcome by the addition of BMP4 (Ying, Nichols et al. 2003). Human ES cells can 
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similarly be maintained on MEFs in serum containing media, but unlike mouse ES cells do not 
depend on LIF and BMP4 signalling, instead displaying a requirement for Activin/Nodal and 
FGF2 stimulation (Vallier, Alexander et al. 2005; Xu, Rosler et al. 2005; Ludwig, Levenstein et 
al. 2006). The ability to maintain a population of pluripotent and highly proliferative cells means 
it is possible to generate a large number of cells for subsequent differentiation into mature cell 
types.  

1.2 In vitro differentiation: embryoid bodies (EB) 

Mouse ES cells are most commonly differentiated as aggregates in suspension culture in the 
absence of LIF, resulting in the formation of structures know as embryoid bodies 
(EBs)(Doetschman, Eistetter et al. 1985). EBs initially form structures comprising a core of 
pluripotent cells surrounded by a layer of visceral endoderm (VE). The inner pluripotent cells 
undergo cavitation and differentiation in part in response to signals generated by the 
surrounding VE (Coucouvanis and Martin 1995; Coucouvanis and Martin 1999). The spectrum 
of cell types generated within EBs includes derivatives of ectoderm, mesoderm and endoderm 
reflecting the pluripotency observed when ES are used to generate chimeric mice. One of the 
most remarkable examples of spontaneous differentiation within EBs is the formation of 
functional haploid male gametes, which give rise to blastocysts when injected into oocytes 
(Geijsen, Horoschak et al. 2004). Oocytes have also been observed after prolonged 
spontaneous differentiation on a two dimensional matrix (Hubner, Fuhrmann et al. 2003).  
These complex differentiation events are thought to involve the recapitulation of local signalling 
environments and crosstalk between neighbouring cells that exists in the embryo. However, 
while these examples clearly demonstrate the ability of ES cells to differentiate into mature cell 
types in vitro the differentiation outcomes within a population of EBs are highly variable, with a 
range of cell types arising within a single EB and also variability in the cell types produced 
between EBs. The heterogeneity of differentiation limits the usefulness of EBs for the derivation 
of purified cells that would be required for cell therapy. Generation of cells for therapeutic 
applications is likely to require far more sophisticated approaches, in which pluripotent cells are 
directed to desired cell types by manipulation of the differentiation environment and exclusion 
of unwanted cell types.   
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1.3 Lessons from the embryo and equivalence to in vitro 
systems 

The observation that ES cell differentiation in EBs parallels the differentiation of ICM in vivo, 
coupled with the derivation of ES cells from the pluripotent cells of the ICM and their ability to 
respond to developmental cues in the embryo, indicates that a clear understanding of how 
embryonic development proceeds should provide the means to control the differentiation of ES 
cells in vitro. Equally, the close relationship between ES cells and pluripotent cells of the 
embryo suggest that mechanisms found to control ES differentiation in vitro should provide 
insights into early embryonic development.  

1.3.1 Primitive Ectoderm formation in the mouse 

In the mouse the ICM is a population of Oct4 positive, pluripotent cells located at one pole of 
the blastocyst at 3.5 dpc (Fig. 1.1). Cells on one side of the ICM are in contact with trophoblast 
and the other side is exposed to the blastocoelic cavity. At 4.5 dpc the conceptus implants into 
the uterine wall and a subpopulation of ICM cells expressing GATA6 move to the surface 
exposed to the blastocoelic cavity, where they down-regulate Oct4 and differentiate to 
extraembryonic primitive endoderm (Chazaud, Yamanaka et al. 2006). Primitive endoderm that 
remains in contact with the ICM becomes visceral endoderm (VE) and acts as a growth 
substrate and/or support tissue for the remaining pluripotent cells. The ICM expands around 
5.0dpc and undergoes a process of epithelialisation to form a cup shaped pseudo-stratified 
epithelium called the primitive ectoderm, separated from the VE by a thick basement 
membrane (Coucouvanis and Martin 1995). The primitive ectoderm remains pluripotent until 
germ lineage specification beginning at around 6.0 dpc.  Although the primitive ectoderm is 
able to contribute to all the embryonic tissues it is thought to have lost the ability to give rise to 
primitive endoderm (Gardner and Rossant 1979; Gardner 1985). The primitive ectoderm has 
also lost the ability to contribute to development when injected into host blastocysts, meaning 
that pluripotence cannot be formally demonstrated for this population (Gardner 1971; Rossant 
1977; Beddington 1983; Brook and Gardner 1997).  
 
Primitive ectoderm displays a unique gene expression profile in comparison to the ICM. Both 
populations share expression of a number of genes including the pluripotence related Oct4 and 
Sox2, but expression of other genes associated with the ICM is down-regulated as primitive 
ectoderm forms, including Rex1, CRTR1, Gbx2, Nanog and Psc1. A further set of genes has 
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been identified that are up-regulated in primitive ectoderm, including Fgf5 and PRCE (Haub 
and Goldfarb 1991; Hebert, Boyle et al. 1991; Pelton, Sharma et al. 2002; Hart, Hartley et al. 
2004).  
 
These data show that by morphology, developmental potential and gene expression the ICM 
and primitive ectoderm can be uniquely defined. It is difficult however, to draw a sharp temporal 
distinction between the two populations as some primitive ectoderm characteristics are 
acquired earlier than others. Rex1 and Nanog are down-regulated in the pluripotent cells at 
about 4.75 dpc (Pelton, Sharma et al. 2002; Hart, Hartley et al. 2004), a time when pluripotent 
cells could not be isolated using conditions for ICM but before the completion of 
epithelialisation of the primitive ectoderm around 5.25-5.5 dpc. Fgf5 expression in the embryo 
is not detected in the ICM at 3.5 dpc and remains low at 4.75 dpc (Hebert, Boyle et al. 1991; 
Pelton, Sharma et al. 2002), but is detected after epithelialisation at 5.5 dpc and more highly 
expressed at 6.5 dpc (Haub and Goldfarb 1991; Hebert, Boyle et al. 1991; Pelton, Sharma et 
al. 2002). Therefore the loss of ICM specific gene expression and functional characteristics are 
temporally distinct from the acquisition of morphological characteristics and gene expression of 
primitive ectoderm. 
 
 

Deleted for copyright protection 
Figure 1.1 Early development in the mouse 
The 3.5 dpc the inner cell mass (ICM) is in contact with trophectoderm (T) on one side 
and exposed to the blastocoelic cavity (BC) on the other. By 4.5 dpc, at the time of 
implantation, GATA6 expressing cells have segregated from remaining ICM to the 
surface of the BC and formed a layer of primitive endoderm (PEn). At 5.0 dpc the 
trophectoderm has expanded into the BC to form the extraembryonic ectoderm (ExE), 
the ICM has begun to expand and form an epithelium now termed primitive ectoderm 
(PEc) with a central proamniotic cavity (PAC).  PEn still in contact with the PEc is now 
called visceral endoderm (VE). At approximately 5.25 dpc epithelialisation of the PEc is 
complete. By 5.5 dpc regionalised gene expression is detected in the proximal visceral 
endoderm (PVE) and the distal visceral endoderm (DVE). The arrow indicates the 
direction of movement of the DVE. By 6.0 dpc the DVE has migrated to a position 
overlying the anterior PEc and is now called the anterior visceral endoderm (AVE) and 
the primitive streak is beginning to form in the posterior PEc as marked by brachyury 
expression. By 6.5 dpc the primitive streak has extended towards the distal pole and 
mesoderm has begun to emerge (M). The node (N) is formed by 7.5 dpc and 
mesoderm has migrated around the ectoderm to form a tri-layered structure. Note, the 
outer trophectoderm and parietal endoderm are not shown beyond 5.25 dpc and all 
extra embryonic tissues have been removed from 6.5 dpc for simplicity. Images 
modified from “The vertebrate organizer” edited by H. Gruntz - Springer-Verlag (2003). 



 5

 
 

1.3.2 Primitive ectoderm formation in vitro 
The formation of primitive ectoderm from the ICM can be modelled from ES cells in vitro. 
Primitive ectoderm appears to exist transiently, early in EB differentiation, at a time 
characterised by a drop in ICM specific markers and an increase in primitive ectoderm markers 
(Shen and Leder 1992; Rathjen, Washington et al. 2003). Primitive ectoderm has also been 
demonstrated by directed differentiation of ES cells to early primitive ectoderm-like (EPL) cells 
(Rathjen, Lake et al. 1999). When ES cells are cultured in the presence of MEDII, a media 
conditioned by the human hepatocellular carcinoma cell line HepG2, they form a population of 
pluripotent cells that resemble the primitive ectoderm with respect to morphology, gene 
expression and lack of chimera formation. EPL cells grown in adherent culture from ES cells 
form flattened colonies with tight cell:cell junctions reminiscent of the epithelial arrangement of 
the primitive ectoderm, as opposed to the domed colony morphology adopted by ES cells 
(Rathjen, Lake et al. 1999). Gene expression of EPL cells is also consistent with primitive 
ectoderm; Oct4 and Sox2 are maintained, Rex1, CRTR1, Nanog and Psc1 are down-regulated 
and Fgf5 and PRCE are up-regulated (Table 1). Like primitive ectoderm, EPL cells are unable 
to contribute to chimeric mice following blastocyst injection (Rathjen, Lake et al. 1999). Further 
underlining the relationship between embryonic primitive ectoderm and EPL cells is the 
observation that formation of both populations is inhibited by LIF exposure. Over-expression of 
M-LIF cDNA in vivo causes retardation of primitive ectoderm formation and a failure of 
pluripotent cell differentiation (Conquet, Peyrieras et al. 1992), while EPL formation is also 
delayed by the inclusion of exogenous LIF (Rathjen, Lake et al. 1999). The pluripotence of EPL 
cells is inferred by their ability to generate derivatives of all three germ lineages and their 
expression of pluripotence associated markers, Oct4, Sox2 and alkaline phosphatase (Rathjen, 
Lake et al. 1999; Lake, Rathjen et al. 2000; Rathjen, Dunn et al. 2001; Rathjen, Haines et al. 
2002).  
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  ICM ES cells  
Primitive 
Ectoderm EPL cells 

Oct4 + +  + + 
Sox2 + +  + + 
AP + +  + + 
Rex1 + +  - - 
Nanog + +  - - 
Gbx2 + +  - - 
CRTR1 + +  - - 
Psc1 + +  - - 
Fgf5 - -  + + 
PRCE - -  + + 

 
Table 1. Marker analysis of in vivo pluripotent populations and their in vitro 
equivalents  
ES cells resemble inner cell mass (ICM) cells by gene expression and alkaline 
phosphatase (AP) activity, while EPL cells have a gene expression profile that resembles 
primitive ectoderm. 

 
 

1.3.2.1 MEDII  
The ability to model primitive ectoderm formation in vitro relies on discrete biological activities 
contained within MEDII. MEDII was alone among 14 cell line conditioned media in the ability to 
direct the conversion of ES cells to EPL cells (Rathjen, Lake et al. 1999). Ultrafiltration through 
a 3x103 Mr cut-off membrane identified EPL forming activity in both the low (<3x103 Mr) and 
high (>3x103 Mr) molecular weight fractions. The low molecular weight component was 
subsequently identified as the imino acid L-proline and the high molecular weight component 
was identified as the ECM associated form of fibronectin (FN), cellular FN (cFN) (Bettess 2001; 
Lonic 2006). cFN is required for the efficient conversion to EPL morphology in low 
concentrations of L-Proline (<40�M) but L-Proline alone is sufficient to direct EPL cell 

conversion at concentrations above 100�M (Bettess 2001). MEDII also contains a low 
concentration of human LIF that appears to contribute to EPL cell stability although as 
mentioned at high concentrations exogenously added LIF retards EPL cell formation (Rathjen, 
Lake et al. 1999). 
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1.3.2.2 EpiSCs  
Recently, cell lines have been isolated from the 5.5-6.5 dpc mouse embryo and the 7.75 dpc 
rat embryo (Brons, Smithers et al. 2007; Tesar, Chenoweth et al. 2007). These lines (EpiSCs) 
share much in common with the late primitive ectoderm from which they were derived and also 
have striking similarities to EPL cells. Like EPL cells, EpiSCs are pluripotent but quite distinct 
from ES cells. EpiSCs have a similar epithelial morphology to EPL cells and many of the key 
gene expression changes associated with EPL formation are also characteristic of EpiSCs, 
such as Fgf5 up-regulation and Rex1 down-regulation (Rathjen, Lake et al. 1999; Brons, 
Smithers et al. 2007; Tesar, Chenoweth et al. 2007). Also, both EPL cells and EpiSCs fail to 
contribute to development when injected into blastocysts and EpiSCs are also unable to 
aggregate with morulae, a feature shared with embryonic primitive ectoderm (Gardner 1985; 
Lawson, Meneses et al. 1991; Rathjen, Lake et al. 1999; Tesar, Chenoweth et al. 2007). 
EpiSCs and ES cells have distinct growth factors requirements for maintenance of 
pluripotence, such that LIF is unable to maintain EpiSCs, which instead rely on Activin/Nodal 
signalling, a feature shared with hES cells (Brons, Smithers et al. 2007; Tesar, Chenoweth et 
al. 2007). That unique cell lines can be derived from the ICM and primitive ectoderm serves to 
further underline the differences between these two highly related populations.    
 

1.3.3 From primitive ectoderm to committed germ lineages in the 
embryo 

As development proceeds, the primitive ectoderm loses pluripotence and the three primary 
germ layers, mesoderm, endoderm and ectoderm are formed in a spatially and temporally co-
ordinated process known as gastrulation. On the posterior side of the mouse embryo, adjacent 
to the junction of the primitive ectoderm and the ExE, a structure known as the primitive streak 
begins to form at 6.0 dpc (Fig. 1.1). Cells in the primitive streak lose cell:cell contacts and 
contact with the ECM that separates the primitive ectoderm from the VE, and migrate through 
the primitive streak to emerge as either mesoderm or endoderm. Primitive ectoderm cells that 
are spatially opposed to the primitive streak on the anterior of the embryo do not pass through 
the streak and go on to form the remaining lineage, ectoderm.  Fate mapping, in which cells 
from different regions of the pre and early primitive streak stage primitive ectoderm are labelled 
and followed, has revealed that each germ layer arises from relatively discrete but overlapping 
regions, suggesting that there is a partitioning of cell fate within the primitive ectoderm (Fig. 
1.2)(Lawson, Meneses et al. 1991). The first cells to pass through the streak exist in the 
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posterior/proximal primitive ectoderm and go on to form mostly extra-embryonic mesoderm. 
Embryonic mesoderm arises slightly later from more distal primitive ectoderm that passes 
through the middle and anterior streak and definitive endoderm is largely derived from a field of 
posterior primitive ectoderm near the future site of the node (Lawson, Meneses et al. 1991; 
Parameswaran and Tam 1995; Tam and Behringer 1997).  
 
 
 

 
Figure 1.2 Fate maps of pre (6.0 dpc) and early (6.5 dpc) primitive streak stage 
embryos. 
Fate maps depict the primitive ectoderm divided into overlapping regions fated to form 
the various lineages. These fate maps are adapted from (Tam and Behringer 1997). 

 
Cell swapping experiments revealed that although a particular region is fated to become a 
particular cell type, cells within that region retain plasticity, such that if they are moved to 
another region they will adopt the fate of the new location (Beddington 1982; Tam and Zhou 
1996). For example, if proximal cells from pre or early primitive streak stage embryos are 
moved to distal locations they adopt an ectodermal fate while cells located in the distal primitive 
ectoderm adopt a mesodermal fate when moved to a proximal site (Tam and Zhou 1996). 
Similar experimental manipulations of late streak and head fold stage embryos revealed that by 
this stage cells have lost pluripotence and are restricted to a single germ lineage (Carey, 
Linney et al. 1995). This work demonstrated that individual primitive ectoderm cells retain 
considerable plasticity until 6.5 dpc and until this time the fate of each cell appears to be 
governed by the signalling environment rather than cell intrinsic cues. The relative plasticity of 



 9

the primitive ectoderm is highlighted by the observation that extensive cell mixing continues 
through to lineage commitment (Gardner and Cockroft 1998). 
 
The knowledge that primitive ectoderm cells retain pluripotency and undertake lineage 
commitment in response to the signalling environment has important implications for the 
directed differentiation of pluripotent cells in vitro. This suggests that directed differentiation of 
pluripotent cells to a given lineage will rely on the delivery of the correct signalling environment 
to a population of primitive ectoderm equivalent cells. In this sense EPL cells appear to 
represent a superior starting population to ES cells given their similarity to the primitive 
ectoderm.   
 

1.3.4 Establishing the signalling environment for lineage 
specification 

1.3.4.1 Proximal-distal Axis 
The source of signals that establish fields with alternate fates within the pluripotent primitive 
ectoderm appear to originate in large part from the extra-embryonic tissues that surround the 
pluripotent cells. In the mouse the primitive ectoderm forms a cup like structure, the proximal lip 
of which abuts the ExE and which is encapsulated in a layer of VE (Fig. 1.1). One of the 
proposed roles for the ExE is to establish a gradient of processed Nodal across the primitive 
ectoderm (Fig. 1.3). Nodal transcripts are detected throughout the primitive ectoderm and VE at 
5.5 dpc (Conlon, Lyons et al. 1994), and it is thought that Nodal is secreted from these tissues 
in the form of a pre-cleaved precursor protein (Nodal-p), which leads to the production of Furin 
and Pace4 in the ExE, two enzymes that subsequently cleave Nodal-p to give the processed 
form (Beck, Le Good et al. 2002). It is predicted that processed Nodal will be found in highest 
concentrations in the proximal primitive ectoderm and lowest concentrations in the distal 
regions. The lack of processed Nodal in the distal embryo is thought to be important for the 
specification of the distal visceral endoderm (DVE), which further down-regulates Nodal 
signalling by secreting Nodal antagonists Lefty1 and Cer1 (reviewed in (Ang and Constam 
2004).  Analysis of mutant mice carrying cleavage resistant Nodal protein has revealed that the 
Nodal precursor protein is able to bind to Activin receptors and leads to the up-regulation of 
BMP4 (Fig. 1.3)(Ben-Haim, Lu et al. 2006). BMP4 protein is thought to form a gradient across 
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the primitive ectoderm where it is important for induction of primitive streak genes (Ben-Haim, 
Lu et al. 2006). 

 
Figure 1.3 Establishment of proximal distal asymmetry in the primitive ectoderm 
i. At 5.5 dpc Nodal precursor protein (Nodal-p) secreted from the primitive ectoderm 
and VE leads to up-regulation of BMP4 and its own cleavage enzymes Furin and 
Pace4 in the ExE. This is thought to result in high concentrations of processed Nodal 
and BMP4 in the proximal tissues and low concentrations in the distal tissues. Nodal 
signalling is further antagonised in the proximal primitive ectoderm by secretion of Cer1 
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and Lefty 1 from the newly formed DVE. ii. By 6.5 dpc Nodal is restricted to posterior 
primitive ectoderm where it is expressed in an overlapping domain with WNT3, while 
inhibitors of Nodal and WNT signalling are expressed from the AVE and BMP4 
continues to be expressed in the ExE. iii. At 7.5 dpc Nodal expression is localised to 
the newly formed Node and adjacent tissues, forming a gradient in the opposite 
direction to BMP4. ExE= extraembryonic ectoderm, PEc= primitive ectoderm, DVE= 
distal visceral endoderm, AVE= anterior visceral endoderm.  

 

1.3.4.2 Anterior-posterior Axis 
Anterior-posterior asymmetry within the embryo is heralded by asymmetric expression of Wnt3 
in the VE overlying the most proximal primitive ectoderm at 5.5 dpc. (Rivera-Perez and 
Magnuson 2005).  Shortly after Wnt3 expression is first detected, the DVE begins migrating 
anteriorly to a position overlying the anterior primitive ectoderm, where it is known as the 
anterior visceral endoderm (AVE). The AVE secretes the WNT inhibitor Dkk1 in addition to the 
Nodal and BMP4 inhibitors Lefty1 and Cer1 (Glinka, Wu et al. 1998; Belo, Bachiller et al. 2000). 
Once the AVE has formed, expression of Nodal becomes progressively more restricted to the 
posterior primitive ectoderm. By 6.5 dpc Nodal expression has been down-regulated in the 
anterior tissues and is restricted to the posterior half of the embryo, while Wnt3 expression is 
also restricted to posterior tissues but does not extend as far distally as Nodal  (Lu and 
Robertson 2004; Rivera-Perez and Magnuson 2005). The posterior restriction of Wnt3 and 
Nodal expression, together with secretion of WNT and Nodal inhibitors from the AVE appears 
to work in conjunction with BMP4, which is secreted from a ring of ExE adjacent to the primitive 
ectoderm, to position the primitive streak in the posterior embryo (Fig. 1.3).  
 
Analysis of Nodal function supports the hypothesis that mesoderm specification requires active 
induction from pluripotent cells. Nodal deficient embryos do not express Wnt3 or BMP4 and fail 
to specify an AVE (Conlon, Lyons et al. 1994; Brennan, Lu et al. 2001). As a result, Nodal 
knockout embryos appear to contain a population of pluripotent cells that is not exposed to any 
of the normal signalling centres for lineage specification. The posteriorising effects of Nodal, 
WNT3 and BMP4 are absent, as is the anteriorising influence of the AVE. When the 
differentiation potential of the resulting primitive ectoderm was measured it was found to favour 
anterior specification (Camus, Perea-Gomez et al. 2006). The ability of primitive ectoderm to 
differentiate to anterior fates in the absence of an AVE reinforces the notion that the primary 
role of the AVE is to suppress posterior identity rather than induce anterior identity. Nodal 
knockout embryos appear to acquire anterior specification as early as 5.5 dpc, a time when 
primitive ectoderm is normally unspecified (Camus, Perea-Gomez et al. 2006). This suggests 
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that Nodal may play a role in maintaining pluripotence in the primitive ectoderm, which is 
reminiscent of its role in hES and EpiSC maintenance. 
 

1.3.5 Mesendoderm specification in the posterior primitive 
ectoderm 

Having established anterior posterior asymmetry the pluripotent primitive ectoderm is exposed 
to different signalling environments that dictate its differentiation to ectoderm, mesoderm or 
endoderm. Mesoderm and endoderm are often grouped together because both lineages arise 
from the primitive streak in the posterior primitive ectoderm and their induction appears to be 
closely linked. So related are the lineages that in organisms as diverse as C. elegans and mice 
there is thought to be a population of cells called mesendoderm that can give rise to both 
mesoderm and endoderm (Rodaway and Patient 2001; Tada, Era et al. 2005). It should be 
noted that in none of the animals where mesendoderm is reported is it thought to give rise to all 
the mesoderm. Neither is it clear whether all the endoderm arises from mesendoderm or rather 
a subset. In any event the early differentiation of mesoderm and endoderm appear to be 
closely linked and this is highlighted by the fact that both lineages arise from progenitors that 
express brachyury and Mixl1 (Kispert and Herrmann 1994; Hart, Hartley et al. 2002). In the 
following description the term mesendoderm is used to refer to the primitive streak stage 
progenitors and the terms mesoderm and endoderm are used to refer to populations that have 
differentiated beyond this point. A summary of the key growth factors and processes involved in 
mesendoderm specification follows. 
 

1.3.5.1 BMP 
BMP4 appears to have multiple roles during the formation and differentiation of mesendoderm. 
The pleiotropic effects of BMP4 are reflected in its dynamic expression profile, in which BMP4 
is first detected in the ExE prior to primitive streak formation and then later it is expressed in 
primitive ectoderm derived tissues including the extraembryonic mesoderm (ExM), the posterior 
most primitive streak and later still in the lateral plate mesoderm. Genetic ablation of BMP4 
suggests that one of its roles is in mesendoderm specification from the pluripotent primitive 
ectoderm. Most BMP4 null mice die prior to mesendoderm specification and the small 
proportion that develop further show severe mesendoderm defects, including disorganised and 
truncated posterior structures and a reduction in ExM and blood islands (Winnier, Blessing et 
al. 1995; Fujiwara, Dehart et al. 2002). It is proposed that the null mice that develop 
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disorganised mesendoderm are partially rescued by either related BMP proteins or maternally 
derived BMP4. This hypothesis is supported by the observation that more severe phenotypes 
are observed when BMP signalling is disrupted by knockout of either BMPr1A or BMPr2, in 
which no mesendoderm is formed (Mishina, Suzuki et al. 1995; Beppu, Kawabata et al. 2000).  
 
Aggregation of BMP4 null ES cells with wild type host embryos generates chimeras that retain 
BMP4 expression in the ExE but not the embryonic tissues. These mice successfully specify 
mesendoderm but display multiple defects relating to left-right asymmetry and differentiation of 
the ExM (Fujiwara, Dunn et al. 2001; Fujiwara, Dehart et al. 2002). Detailed analysis of blood 
island formation in the yolk sac has revealed a role for BMP4 in ExM as a  mediator of IHH 
signalling from the adjacent VE (Baron 2001; Dyer, Farrington et al. 2001).  
 
The above data reveal that BMP4 is essential for mesendoderm induction, but interestingly this 
action is restricted to the posterior and not the anterior primitive ectoderm despite the 
production of BMP4 in all proximal tissues of the pre-gastrulation primitive ectoderm. In 
addition, phospho SMAD1, -5 and -8, which are phosphorylated in response to BMP signalling 
have been detected in all proximal primitive ectoderm at these times (Hayashi, Kobayashi et al. 
2002). The presence of active BMP signalling in anterior primitive ectoderm without 
mesendoderm specification suggests that BMP4 is required in conjunction with other positive 
regulators on the posterior side. Two such genes are Wnt3 and Nodal that are detected in the 
posterior prior to mesendoderm specification. In addition, WNT and Nodal antagonists are 
expressed in the AVE. Together this suggests that a combination of WNT, Nodal and BMP 
signalling is required to induce mesendoderm in the posterior embryo.  
 

1.3.5.2 WNT 
The role of WNT signalling in mesendoderm specification is supported by knockout studies, 
which revealed both WNT3 and the WNT co-receptors Lrp5 and Lrp6 are essential for primitive 
streak and mesendoderm formation (Liu, Wakamiya et al. 1999; Kelly, Pinson et al. 2004). 
When either WNT3 or both Lrp5 and Lrp6 are absent, no mesendoderm is formed but the AVE 
is correctly specified, indicating that AVE migration and mesendoderm formation are 
independent events. Based on expression analysis WNT3 has been proposed to cause 
brachyury up-regulation in the primitive streak (Rivera-Perez and Magnuson 2005). A role for 
WNT in brachyury up-regulation has also been demonstrated in paraxial mesoderm where 
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WNT3a has been shown to directly regulate brachyury transcription (Yamaguchi, Takada et al. 
1999). The link between WNT signalling and mesendoderm induction is also supported by the 
finding that expression of stabilised �-catenin, which is thought to mimic WNT signalling, leads 
to concomitant brachyury and Snail1 up-regulation and E-cadherin down-regulation in primitive 
ectoderm cells that normally form ectoderm (Kemler, Hierholzer et al. 2004). 
 

1.3.5.3 Nodal 
Nodal plays multiple roles during lineage specification from pluripotent cells. As discussed, 
Nodal has a role prior to lineage specification in maintenance of the pluripotent state and 
establishment of the DVE. Following this, Nodal expression becomes restricted to posterior 
tissues by 6.5 dpc, where it appears to act cooperatively with WNT and BMP4 to initiate 
primitive streak formation and subsequent mesendoderm formation in the most proximal 
primitive ectoderm. As development proceeds, Nodal expression is lost from the primitive 
streak and by 7.5 dpc expression is found in the node and adjacent tissues (Fig. 1.3)(Conlon, 
Lyons et al. 1994). Analysis of hypomorphic Nodal mutants that express reduced levels of 
Nodal protein, show anterior truncations of the primitive streak and deficiencies in anterior 
mesendoderm (Lowe, Yamada et al. 2001). In agreement with this finding it was shown that 
mosaic inactivation of Nodal or selective deletion of SMAD2 within the embryonic tissues, both 
of which result in reduced Nodal signalling, cause a failure in anterior primitive streak 
development (Vincent, Dunn et al. 2003; Lu and Robertson 2004). Together these findings 
provide strong support for a model in which dose-dependent Nodal signals contribute to 
primitive streak patterning, such that high local concentrations of Nodal together with an 
absence of BMP4 signalling in the anterior streak is responsible for the formation of definitive 
endoderm. 
 

1.3.5.4 FGF 
Another major growth factor family, the FGFs, was also shown to play a fundamental role in 
mesendoderm specification. Anterior primitive ectoderm explants, normally fated to form 
neurectoderm, switch to a mesendodermal fate when cultured in the presence of FGF2 in 
serum-free conditions, as evidenced by the induction of the mesendoderm genes brachyury, 
goosecoid and vimentin (Burdsal, Flannery et al. 1998). Fgf8 encodes a growth factor that is 
required for proper migration of cells away from the primitive streak. In the absence of Fgf8 
there is a loss of mesendoderm tissues, with only the most posterior mesoderm, destined to 
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form the extra-embryonic yolk sac, moving away from the streak (Sun, Meyers et al. 1999). 
Fgf8 expression is first detected in the posterior primitive ectoderm, prior to gastrulation and is 
maintained in the primitive streak during gastrulation. Fgf8 is not expressed in extra-embryonic 
ectoderm or cells fated to form ectoderm (Crossley and Martin 1995).  
 
Deletion of Fgfr1, which is normally expressed throughout the primitive ectoderm and then 
becomes restricted to the posterior primitive streak, causes mice to die at gastrulation with cells 
accumulating at the posterior primitive streak (Deng, Wynshaw-Boris et al. 1994; Yamaguchi, 
Harpal et al. 1994). Further chimeric analysis revealed that cells in the middle of the streak 
failed to execute a proper EMT and migrate through the streak (Ciruna, Schwartz et al. 1997). 
Fgfr1 null embryos lack brachyury expression in the mid-primitive streak but not the node or 
allantois. In the mid-primitive streak E-cadherin is not down-regulated because of a loss of 
Snail1 expression. Aberrant E-cadherin protein sequesters �-catenin that would otherwise 
allow WNT signalling to induce brachyury, hence demonstrating a link between FGF and WNT 
signalling in gastrulation (Ciruna and Rossant 2001).   
 
Together, the available data suggests that the signalling environment along the primitive streak 
has a dynamic proximal-distal arrangement, and the position at different points along the streak 
dictates the cell type that will be specified. 
 

1.3.5.5 E-cadherin 
While there has been a strong focus on the role of growth factors and their antagonists in 
lineage specification there is also quite clearly other points of intervention that can influence 
cell fate decisions. The role of cytoskeletal organisation in correct mesendoderm specification 
is highlighted by a common phenotype seen in mutants of Snail1 or the WNT and FGF 
signalling pathways; the failure of cells at the primitive streak to lose adherens junctions and 
subsequent failure of emerging mesoderm to migrate away from the streak (Deng, Wynshaw-
Boris et al. 1994; Yamaguchi, Harpal et al. 1994; Sun, Meyers et al. 1999; Ciruna and Rossant 
2001; Kelly, Pinson et al. 2004). Adherens junctions form an anchor for the cytoskeleton and 
help maintain correct epithelial morphology, implying that correct modulation of the actin 
cytoskeleton is essential for appropriate lineage determination from pluripotent primitive 
ectoderm.    
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The role of E-cadherin in lineage specification cannot be determined directly from knockout 
studies because embryos without E-cadherin do not survive beyond compaction due to a 
failure in trophectoderm formation (Larue, Ohsugi et al. 1994). Explants of anterior primitive 
ectoderm cultured on a fibronectin substrate form an epithelial sheet and express SSEA1, a 
marker of the primitive ectoderm (Solter and Knowles 1978). The culture of explants in the 
presence of an E-cadherin neutralising antibody results in the acquisition of a mesenchymal 
morphology, down-regulation of SSEA1 and up-regulation of vimentin, a marker of mesoderm 
exiting the primitive streak (Jackson, Grund et al. 1981). Transient treatment with an E-
cadherin neutralising antibody also led to the down-regulation of E-cadherin (Burdsal, Damsky 
et al. 1993). Together this indicates that disruption of E-cadherin protein function can trigger 
differentiation of primitive ectoderm to mesoderm. Larue et al. (1996) generated E-cadherin null 
ES cells and showed that in addition to adhesion defects these cells expressed the 
mesendoderm marker, brachyury. brachyury expression could be reversed by constitutive 
expression of E-cadherin but not by constitutive expression of N-cadherin. Further to this, 
teratomas generated from E-cadherin null lines with constitutive N-cadherin formed cartilage 
and neurepithelia as opposed to E-cadherin null lines with constitutive E-cadherin that formed 
epithelia, further illustrating the central role of E-cadherin in lineage specification (Larue, Antos 
et al. 1996). 
 

1.4 Mesendoderm induction from ES cells  

Studies in the embryo suggest that mesendoderm induction is an active process regulated by 
BMPs, WNTs, Nodal and FGFs and involves an EMT. This is supported by work using ES 
cells, in which many of the same factors have been implicated in mesoderm and endoderm 
formation. 
 
In the presence of serum ES cells spontaneously form cells of the mesendoderm lineage. 
Serum contains a rich cocktail of growth factors and when ES cells are cultured in serum free 
(S/F) conditions, differentiation to mesoderm and endoderm is reduced and ectoderm is 
favoured (Johansson and Wiles 1995; Wiles and Johansson 1999). The S/F differentiation of 
ES cells has allowed the contribution of individual growth factors to mesendoderm specification 
to be measured. In addition, the ability to measure the type of mesendoderm formed from 
differentiating ES cells in response to various growth factor combinations has provided 
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considerable insight into the signalling environments present at different points along the 
primitive streak.   
 
The action of BMP4 on ES cell differentiation is consistent with its reported role in 
mesendoderm induction in vivo. Johansson and Wiles (1995) reported that exogenously added 
BMP4 was effective in replacing serum in mesendoderm induction (Johansson and Wiles 
1995). This observation has since been repeated and expanded in numerous differentiation 
assays such that BMP4 has been shown to up-regulate the mesendoderm markers brachyury, 
tbx6 and Mixl1 as well as increase the frequency of primitive hematopoietic lineages, which 
arise from the most posterior primitive streak in vivo (Nakayama, Lee et al. 2000; Adelman, 
Chattopadhyay et al. 2002; Park, Afrikanova et al. 2004; Gadue, Huber et al. 2005; Ng, Azzola 
et al. 2005; Lindsley, Gill et al. 2006). The induction of posterior primitive streak derivatives is in 
line with in vivo data that suggests BMP4 concentrations are highest in the posterior primitive 
streak and lowest in the anterior primitive streak, where BMP antagonists, Noggin and Chordin 
are found in high concentrations thanks to their secretion from the node (Bachiller, 
Klingensmith et al. 2000).  
 
The role of Nodal on ES cell differentiation supports the in vivo work that implicates Nodal in 
posterior specification and supports its additional actions in endoderm differentiation. Over-
expression of Nodal in ES cells led to a decrease in ectodermal differentiation and an increase 
in mesoderm and endoderm differentiation (Pfendler, Catuar et al. 2005). Stimulation of 
differentiating ES cells with the Nodal mimetic, ActivinA, has been shown to induce primitive 
streak markers (Johansson and Wiles 1995; Kubo, Shinozaki et al. 2004; Gadue, Huber et al. 
2006). High concentrations of ActivinA favoured definitive endoderm and low concentrations 
favoured paraxial mesoderm differentiation, suggesting that lineage specification from ES cells 
is regulated in a similar manner to the embryo, where Nodal concentrations are thought to be 
highest in the anterior primitive streak where the majority of definitive endoderm is derived 
(Kubo, Shinozaki et al. 2004; Gadue, Huber et al. 2006). Tada et al (Tada, Era et al. 2005) 
extended these studies and showed that ES cells can be differentiated to mesendoderm in S/F 
plus ActivinA. In response to these conditions a population arises that expresses Gsc and E-
cadherin. This population can differentiate to mesoderm (restricted lineages) and endoderm. 
Flow analysis indicates that the cells that become endoderm do not lose E-cadherin and do not 
express Snail1, which suggests that these cells do not undergo an EMT, as opposed to cells 



 18

that differentiate to mesoderm in which Snail1 is up-regulated and E-cadherin is lost. This may 
prove to be a useful distinction between endoderm and mesoderm. 
 
WNTs have also been shown to be able to induce mesendoderm specification from ES cells as 
illustrated by the promotion of primitive streak markers and hematopoietic differentiation from 
ES cells cultured in the presence of WNT3 conditioned media or recombinant WNT3a protein 
(Lako, Lindsay et al. 2001; Gadue, Huber et al. 2006). In addition, the low level of spontaneous 
mesendoderm that is detected in S/F differentiation of ES cells is completely eradicated by the 
inclusion of WNT inhibitors (Lindsley, Gill et al. 2006). Similarly, active WNT signalling is a 
feature of serum induced mesendoderm differentiation from ES cells and the inclusion of Dkk1 
blocks both WNT signalling and mesendoderm specification, with cells differentiating to 
ectoderm instead (Lindsley, Gill et al. 2006).  
 
ES cells cultured in the presence of BMP4 but not WNT and Nodal would be predicted to mirror 
the situation in the anterior most primitive ectoderm in vivo where mesendoderm is not formed. 
However this is not the case, with strong mesendoderm induction observed when ES cells are 
differentiated in serum-free conditions with exogenous BMP4 alone (Johansson and Wiles 
1995; Park, Afrikanova et al. 2004; Ng, Azzola et al. 2005). A likely explanation is that BMP4 
leads to WNT and or Nodal signalling which is not possible in anterior cells in vivo because of 
the presence of WNT and Nodal inhibitors generated by the AVE. This possibility has been 
partially investigated in experiments using ES cells to look at the relationship between BMP4 
and WNT3 in posterior specification. BMP4 can overcome the block in mesendoderm 
specification imposed by Dkk1 and increasing WNT signalling can enhance mesendoderm 
induction in low concentrations of BMP4 (Lindsley, Gill et al. 2006) supporting the hypothesis 
that BMP4 and WNT signalling act synergistically in posterior specification. The relationship 
between WNT and Nodal signalling has also been investigated using ES cells and it was 
shown that both are required in concert (Gadue, Huber et al. 2006). Formation of 
mesendoderm by stimulation of ES cells with WNT3a induced Nodal expression and formation 
with ActivinA stimulation induced Wnt3 expression, while blockade of either pathway precluded 
mesendoderm formation by stimulation with the other (Gadue, Huber et al. 2006). A three-way 
analysis of WNT, Nodal and BMP signalling interactions has yet to be reported but is likely to 
shed further light on the interaction of these pathways in mesendoderm specification.  
 



 19

These studies demonstrate that ES cells differentiate to appropriate cellular outcomes in 
response to embryologically relevant signals. Work using short hairpin RNA probes to 
knockdown genes thought to be involved in this process in vivo supports the hypothesis that 
ES cell differentiation is governed by the same molecular mechanisms as pluripotent cell 
differentiation in the embryo. RNAi knockdown of four transcription factors GATA6, Eomes, 
Mixl1 and brachyury, revealed blocks in differentiation at various points of mesendoderm 
specification and provided new insights into the molecular hierarchy of these factors (Izumi, Era 
et al. 2007). VE formation was effectively suppressed by knockdown of GATA6 but not Eomes 
or Mixl1 knockdown (Izumi, Era et al. 2007). On the other hand a block in definitive endoderm 
(DE) was seen in response to Eomes or Mixl1 knockdown but not by knockdown of GATA6 or 
brachyury (Izumi, Era et al. 2007). The points at which Eomes and Mixl1 are involved in DE 
formation appear to differ, with Eomes knockdown resulting in a block prior to the appearance 
of mesendodermal progenitors while Mixl1 knockdown affected the differentiation of 
mesendoderm to DE (Izumi, Era et al. 2007). In addition Mixl1 over-expression was able to 
rescue the defects seen in Eomes knockdown, which supports the previously held view that 
Mixl1 is downstream of Eomes (Izumi, Era et al. 2007). Taken together with the response of ES 
cells to WNTs and TGFs this demonstrates that ES cells differentiate to mesendoderm 
derivatives via biologically relevant intermediates.  
  

1.5 Differentiation of mesoderm and endoderm derivatives 
from ES cells 

Many mesoderm derived populations have been identified from differentiation of ES cells, 
including hematopoietic, endothelial, cardiac, skeletal muscle and adipocyte lineages (Wobus 
and Boheler 2005). Hematopoietic differentiation is possibly the best characterised pathway of 
mesoderm development from ES cells and provides an excellent example of the ability of ES 
differentiation to shed light on embryonic development. Kinetic studies revealed that 
hematopoietic development within EBs closely resembles yolk-sac hematopoiesis in the 
embryo, in which mesoderm arising early in gastrulation from the most posterior primitive 
streak migrates to the presumptive yolk-sac and through interactions with extra-embryonic VE 
forms structures termed blood islands. Hematopoiesis within both EBs and blood islands is 
characterised by an absence of lymphopoiesis and the formation of primitive erythrocytes 
expressing embryonic �h1 globin (Keller, Kennedy et al. 1993; Baron 2003).  
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Within blood islands hematopoietic cells arise at the same time and place as endothelial cells 
and their progenitors share expression of a number of markers including Flk1 and SCL 
(Yamaguchi, Dumont et al. 1993; Kallianpur, Jordan et al. 1994; Kabrun, Buhring et al. 1997), 
leading to speculation that they share a common progenitor called a hemangioblast. Individual 
cells, termed BL-CFCs, were isolated from early EBs that were capable of giving rise to both 
endothelial and hematopoietic colonies, indicating that BL-CFCs could be the in vitro equivalent 
of hemangioblasts. The relevance of this population to the in vivo setting was confirmed when 
BL-CFCs were successfully isolated from the posterior primitive streak of 6.5-7.5 dpc embryos 
(Huber, Kouskoff et al. 2004). 
 
The ability to monitor and isolate intermediate populations during in vitro hematopoietic 
differentiation has delivered insights into the molecular regulation and signalling requirements 
of this lineage. BMP4, VEGF, FGF, WNT and ActivinA are all involved in the specification of 
hematopoietic precursors from ES cells (Faloon, Arentson et al. 2000; Lako, Lindsay et al. 
2001; Park, Afrikanova et al. 2004). BMP4, WNT and ActivinA are capable of inducing 
brachyury expression as previously mentioned (section 1.4), while VEGF acts at the level of the 
hemangioblast to direct further differentiation to hematopoietic lineages (Nakayama, Lee et al. 
2000; Kubo, Shinozaki et al. 2004; Park, Afrikanova et al. 2004). FGF signalling is critical for 
proliferation of the hemangioblast (Faloon, Arentson et al. 2000). Studies using hES cells show 
that the same pathways appear to operate in hematopoietic commitment, with a combination of 
BMP4, VEGF, SCF, TPO, Flt3L, resulting in hematopoietic differentiation. BMP4 alone was 
capable of inducing a primitive streak like population and a combination of BMP4 and VEGF 
led to robust formation of hematopoietic colony forming cells (Tian, Morris et al. 2004; Pick, 
Azzola et al. 2007). 
 
Differentiation to mature hematopoietic lineages is enhanced by culture on OP9 cells that 
secrete a soluble inducing agent or via the application of FCS in combination with cytokines 
such as IL3, IL1, GM-CSF, M-CSF, EPO and SCF (Wiles and Keller 1991; Nakano, Kodama et 
al. 1994; Hole 1999).  
 
Another ES cell derived mesodermal cell type that has been widely studied are 
cardiomyocytes. These cells readily arise within EBs cultured in FCS and display properties 
observed in cardiomyocytes both in vivo and in primary culture. Development of 
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cardiomyocytes from ES cells follows the appropriate cardiac gene expression profile and 
mature cells show characteristic sarcomeric structures, contractility and electrophysiological 
properties (Guan, Furst et al. 1999; Maltsev, Ji et al. 1999; Boheler, Czyz et al. 2002). 
Cardiomyocytes also differentiate from hES cells and despite being present at reduced 
frequency in spontaneous differentiation protocols, their development follows a similar pattern 
of gene expression and acquisition of electrophysiological properties (Kehat, Kenyagin-Karsenti 
et al. 2001; Mummery, Ward-van Oostwaard et al. 2003). 
 
Perhaps the most actively pursued endodermal derivative is insulin-producing endocrine cells 
because of their potential application to the treatment of diabetes mellitus. Protocols to isolate 
these cells from mouse ES cells originally relied on genetic modifications or selection protocols 
from prolonged differentiation (Soria, Roche et al. 2000; Soria 2001; Shiroi, Yoshikawa et al. 
2002). More recently, directed differentiation protocols have been developed from both mouse 
and human ES cells that take advantage of the ability of ActivinA to direct endodermal 
specification (section 1.4) and the inclusion of various growth factor combinations including 
EGF, bFGF and IGFII to further differentiate the cells to Pdx1+, Foxa2+ pancreatic endoderm 
and insulin-producing endocrine cells (D'Amour, Bang et al. 2006; Jiang, Au et al. 2007). 
 

1.6 Ectoderm formation: A role for active mesendoderm 
suppression in vivo and in vitro 

Rather than use a unique set of signalling pathways for the specification of ectoderm from 
primitive ectoderm, the process appears to be controlled largely by the active suppression of 
mesendoderm specification. In this way cells of the primitive ectoderm will become ectoderm 
once they lose pluripotence unless they are directed to form mesendoderm. The role of 
mesendoderm suppression in directing ectoderm specification is supported by findings both in 
vivo and in vitro. 
  
In the embryo, ectoderm arises from anterior-distal primitive ectoderm, a population of cells that 
do not pass through the primitive streak (Fig. 1.2) (Lawson, Meneses et al. 1991; Tam and 
Behringer 1997). Mesendoderm suppression in the anterior primitive ectoderm is suggested by 
the secretion of WNT and Nodal inhibitors, Dkk1, Cer1 and Lefty1 from the AVE. Knockout of 
Dkk1 in mice leads to anterior head truncations and double knockouts for Cer1 and Lefty1 lead 
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to ectopic primitive streak formation (Mukhopadhyay, Shtrom et al. 2001; Perea-Gomez, Vella 
et al. 2002).  
 
As mentioned, ES cells favour ectoderm formation when allowed to differentiate in the absence 
of serum (Wiles and Johansson 1999). Van der kooy and colleagues attempted to remove all 
possible external signals from ES cells by growing them in PBS and showed that ectodermal 
specification was initiated in the small number of surviving cells (Smukler, Runciman et al. 
2006). This is interpreted as evidence that serum provides mesoderm inducing activity and 
when it is withdrawn the cells default to an ectodermal outcome. S/F induction of ectoderm has 
been reported in monolayer culture with supplements (Ying, Stavridis et al. 2003) (Lee, 
Lumelsky et al. 2000) and suspension culture (Wiles and Johansson 1999; Watanabe, Kamiya 
et al. 2005). Co-culture on the stromal cell line PA6 in S/F conditions is also reported to induce 
neural induction in the absence of mesoderm and endoderm (Kawasaki, Mizuseki et al. 2000). 
Anterior specification can be enhanced by the inclusion of BMP, WNT and Nodal inhibitors, 
suggesting that in S/F conditions, remaining mesoderm differentiation is driven by endogenous 
BMP, WNT and Nodal production (Gratsch and O'Shea 2002; Watanabe, Kamiya et al. 2005; 
Lindsley, Gill et al. 2006). 
 
Together, these observations demonstrate the central role of mesendoderm suppression in 
lineage specification. In this way pluripotent cells of the primitive ectoderm appear to be armed 
with multiple mechanisms for the correct specification of subsequent lineage determination. 
Cells in the anterior primitive ectoderm exist in an environment where posteriorising signals are 
blocked by a series of antagonists secreted by the AVE, which intercept signals before they 
reach the cells, while cells in the posterior primitive ectoderm are exposed to a mesoderm 
inducing environment rich in BMPs, TGFs and WNTs.  
 

1.7 ES cell differentiation can be controlled by the physical 
environment 

The physical environment can be manipulated to regulate differentiation outcome from ES cells 
in culture. Efficient neural differentiation from ES cells can be induced by culture on acellular 
amniotic membrane matrix components (Ueno, Matsumura et al. 2006). Furthermore, the 
culture of ES cells on collagen IV can direct trophectoderm differentiation, a lineage that has 
not previously been observed from ES cells, while culture on collagen I, laminin and fibronectin 
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do not allow trophectoderm differentiation (Schenke-Layland, Angelis et al. 2007).  Both of 
these observations indicate that lineage choice from pluripotent cells is affected by interactions 
with the physical environment. This may offer a simple point of intervention for in vitro 
differentiation systems that could be just as powerful as the modulation of the growth factor 
environment in the directed differentiation of ES cells to a desired cell type.  
 
The standard approach with many ES differentiation protocols has been to directly modify the 
signalling environment with growth factors or various agonists and antagonists. This approach 
has been particularly fruitful but it should not be seen as the only way to influence 
differentiation outcome. As outlined above there is evidence that modulation of the cells 
physical environment can be interpreted by the cell to alter subsequent differentiation.  

1.8 EPL cells represent a superior starting population to ES 
cells for investigating lineage commitment 

Differentiation of ES cells has demonstrated that the processes controlling the commitment of 
in vitro pluripotent cell populations to germ lineages is similar to that seen in the embryo. 
Experiments involving pluripotent cells in vivo and in vitro suggest that at the loss of 
pluripotence each cell makes a decision between the two alternate fates of ectoderm or 
mesendoderm. The precise control of this decision is not fully resolved but it appears to be 
governed by the environment in which the cell finds itself. On the anterior side the environment 
dictates an ectodermal fate while on the posterior side the environment dictates a 
mesendodermal fate. 
 
One of the limitations of using ES cells to investigate lineage commitment is that ES cells 
appear to be equivalent to the ICM, which itself does not undertake the decision to differentiate 
to the committed germ lineages.  As a result it has been observed that when ES cells are 
differentiated in EBs the composition of the bodies changes in the days before lineage 
commitment and this affects the resultant differentiation (Shen and Leder 1992; Pelton, Sharma 
et al. 2002; Kouskoff, Lacaud et al. 2005). Therefore the generation of homogenous 
populations of EPL cells provides a superior starting population for investigating the molecular 
control of lineage commitment. Since EPL cells are a more advanced pluripotent population 
than ES cells they represent a better model of the cell population that undergoes lineage 
commitment. In addition, the ability to generate homogenous populations of EPL cells means 
that the environment present at the time of lineage commitment is not complicated by the 
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presence of alternate cell populations such as visceral endoderm (VE). VE is known to appear 
spontaneously in EB differentiation and contributes endogenous differentiation signals (Lake, 
Rathjen et al. 2000; Rathjen, Dunn et al. 2001; Rathjen, Haines et al. 2002). The utility of EPL 
cells in studying lineage commitment has been demonstrated by the ability to direct EPL cells 
to homogenous neurectoderm or populations highly enriched in mesendoderm (Lake, Rathjen 
et al. 2000; Rathjen, Haines et al. 2002).  

 
Figure 1.4 EPL cells are equivalent to the population that undergoes lineage 
specification in vivo. 
ES cells are most similar to cells of the inner cell mass from which they are 
derived, while EPL cells are more similar to cells of the primitive ectoderm (section 
1.3.2) and it is the primitive ectoderm that is the population that loses pluripotence 
and undergoes lineage specification.  ICM= inner cell mass, BC= blastocoelic 
cavity, PEc= primitive ectoderm.   

 

1.8.1 Ectoderm from EPL cells 

EPL cells can be generated in suspension culture by growing ES cells in bacterial dishes in 
standard ES media that has no LIF and is supplemented with 50% conditioned media from 
HepG2 cells (MEDII). EPL cells formed in this way differentiate to homogenous neurectoderm 
when continued in suspension culture in MEDII (EBMs). EBMs form as aggregates of stratified 
epithelial cells that uniformly express Sox1, Sox2 and NCAM (Rathjen, Haines et al. 2002). 
When allowed to differentiate after seeding onto gelatinised plastic over 90% of bodies giving 
rise to neural projections (Rathjen, Haines et al. 2002). The lack of mesoderm and endoderm is 
indicated by the absence of an outer layer of endoderm and the almost complete absence of 
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beating muscle in seeded bodies (Rathjen, Haines et al. 2002). The lack of mesoderm and 
endoderm is supported by an absence of brachyury and AFP expression (Rathjen, Haines et 
al. 2002). EPL formation within EBM has been demonstrated by up-regulation of Fgf5, 
maintenance of Oct4 and down-regulation of Rex1 within the first four days of culture (Rathjen, 
Haines et al. 2002). Further to this, EBM4 (see Table 2.1) can be diverted to mesoderm by 
removal of MEDII and inclusion of BMP4, which results in the up-regulation of brachyury. By 
EBM6 the cells no longer up-regulate brachyury in response to BMP4, instead forming surface 
ectoderm, consistent with the classification of EBM6 as a population of definitive ectoderm (N 
Harvey, unpublished). These analyses indicate that neurectoderm formation in EBM proceeds 
in a synchronous and homogenous manner via embryologically relevant intermediates.   
 
Unlike the majority of ectodermal differentiation protocols, EBM culture directs ectoderm 
formation in the continued presence of serum, which is pro-mesendodermal as previously 
discussed (section 1.4). This suggests that MEDII contains a mesendoderm suppressing 
activity in addition to the EPL forming activities previously described (section 1.3.2). 
 

1.8.2 Mesendoderm from EPL cells 

Despite the ability to generate homogenous ectodermal populations via an EPL cell 
intermediate it has also been demonstrated that EPL cells retain the ability to form 
mesendoderm derivatives when differentiated as EBs in the absence of MEDII (EPLEBs). 
EPLEBs superficially resemble ES derived EBs (ESEBs) but the organisation and cellular 
makeup of EPLEBs is quite different to traditional ESEBs. EPLEBs undergo a rapid program of 
mesendoderm differentiation, with early up-regulation of the primitive streak marker brachyury 
in comparison to ESEBs (Lake, Rathjen et al. 2000). EPLEBs produce more macrophages than 
ESEBs when cultured in methylcellulose supplemented with M-CSF and IL3 and also have 
higher levels of beating cardiocytes than ESEBs when seeded onto gelatinised plastic (Lake, 
Rathjen et al. 2000). This demonstrates that EPLEBs show a strong bias towards posterior 
differentiation. EPLEBs do not form a layer of VE although SPARC positive cells are 
occasionally seen on the outside of bodies indicating that parietal endoderm can form (Lake, 
Rathjen et al. 2000). A more detailed analysis of the endodermal component of EPLEBs has 
been performed and indicates that the endoderm present on the majority of EPLEBs is 
consistent with definitive endoderm by both morphology and gene expression. Endodermal 
cells on EPLEBs do not have the characteristic apical vacuoles of VE but do express the 
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definitive endoderm marker Sox17 (S Vassilieva, pers comm.). As well as differences in the 
endodermal component of EPLEBs relative to ESEBs there is a marked difference in the 
differentiation to ectoderm, such that ectodermal derivatives are not detected in EPLEBs in 
contrast to ESEBs where ectoderm is routinely detected. The absence of ectoderm in EPLEBs 
is indicated by an inability to detect Sox1 transcripts and a failure of seeded bodies to produce 
neural projections (Lake, Rathjen et al. 2000).  
 

1.9 Anterior/posterior model 

The ability to differentiate EPL cells to relatively pure populations of anterior or posterior 
derivatives demonstrates the utility of the EPL cells for investigating lineage commitment from 
pluripotent cells. The similarity of EPL cells to primitive ectoderm and the rapid acquisition of 
lineage specific markers and loss of pluripotent characteristics upon differentiation of EPL cells 
suggest they are an excellent model for the cells in the embryo that undergo lineage 
commitment. One of the outstanding issues in using EPL cells to investigate lineage 
commitment is that the method for generating EPL cells has been different for subsequent 
ectodermal or mesodermal differentiation. Ectodermal differentiation has utilised suspension 
EPL cells while mesodermal differentiation has traditionally started from adherent EPL cells 
(Lake, Rathjen et al. 2000; Rathjen, Haines et al. 2002). One of the aims of this thesis is to 
formally establish the equivalence of EPL formation in adherent and suspension culture and 
see whether a population exists during EBM differentiation that can be redirected from an 
ectodermal fate to a mesodermal fate. Should a population of EBM be found that can be 
efficiently redirected to mesoderm by formation of EPLEB it would provide evidence that EPL 
cells represent a population whose fate can be dramatically altered by simple in vitro 
manipulations. Further to this it would establish a model for investigating events in 
anterior/posterior specification in mouse development (Fig. 1.5).  
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Figure 1.5. Schematic of EPL cell differentiation protocols. 
ES cell are thought to represent an in vitro equivalent of the ICM. ES 
cells are converted to EPL cells by culture in MEDII are thought to 
represent an in vitro equivalent of the primitive ectoderm. If 
suspension EPL cells are left in MEDII they form bodies composed of 
neurectodermal progenitors (EBM7-9) that are thought to represent an 
in vitro equivalent of the neural plate at day 7 and the neural tube at 
day 9 (Rathjen, Haines et al. 2002). Alternatively, if EPL cells are 
trypsinised and reaggregated in the absence of MEDII in serum 
containing media (EPLEB) the resulting bodies are enriched in 
mesoderm and contain practically no ectoderm. 

 
An understanding of how EPL cells are able to switch to either anterior or posterior fates will 
potentially uncover general mechanisms that control the process of lineage determination from 
pluripotent cells. This type of intervention is likely to be very important for the directed 
differentiation of pluripotent cells to a desired cell type.  
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1.10 Thesis Aims 

The principle aim of this thesis is to identify mechanisms and understand the regulation of 
mesoderm formation from a pluripotent primitive ectoderm like substrate. In order to approach 
this aim it was necessary to establish various properties of EPL cell formation and 
differentiation, which are listed below.  
 
Please note that for the remaining thesis I will refer only to mesoderm and not to 
mesendoderm. I have made no attempt to define endoderm formation but have rather restricted 
my analysis to mesendoderm and mesoderm markers as well as functional mesoderm 
outcomes. The primary reason for this is the absence of definitive endoderm markers and the 
difficulty in distinguishing endodermal lineages morphologically in the adherent assays 
described here. 
 
1. Understanding mesoderm formation from EPL cells 

� Investigate kinetics of EPL cell formation in adherent and suspension culture  
EPL formation has been reported in both adherent and suspension culture with EPL cells 
shown to exist following 2 days adherent culture in MEDII and in separate analyses, following 4 
days suspension culture in MEDII. Because no direct comparison has been made between the 
two systems it is not clear whether this reflects differences in the kinetics of EPL cell formation 
in adherent and suspension culture or whether this reflects the existence of EPL cells for 
several days in MEDII. The speed of EPL cell formation is also examined, as is the 
differentiation of various EPL cell populations to mesodermal lineages.  
 

� Elaborate on the description of mesoderm and blood formation from EPL cells 
EPL cells have been reported to differentiate to mesoderm when cultured in EPLEB. This 
thesis expands on the description of mesoderm formation previously published and describes 
the early events of mesoderm induction in EPLEB including the timing of primitive streak and 
early blood markers.   
 
2. Investigate LTR-HSC formation from EPL cells 
Preliminary work carried out by collaborators suggested that EPLEB may have the capacity to 
give rise to LTR-HSCs in host mice. LTR-HSCs are not seen from similar systems that use ES 
cells as a starting source and so this would represent a unique feature of EPL cells and 
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suggests that the mesoderm formed with EPLEBs may be different to that formed within 
ESEBs. In order to test this possibility a series of experiments were conducted based on the 
observations from the pilot experiments of our collaborators. 
 
3. Define the mechanisms responsible for lineage commitment from EPL cells in EBM 
and EPLEB differentiation systems 
Using a combination of genetic markers and functional analysis, the contribution of MEDII and 
trypsinisation in lineage commitment from pluripotent EPL cells was measured. Having 
demonstrated a role for disaggregation in promoting mesoderm, the signalling pathways and 
cellular interactions that might be stimulated or disrupted to favour mesoderm over ectoderm 
were investigated.  
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Chapter 2: Materials and Methods 

2.1 Nomenclature 

Name Alternate 
Name 

Description Possible additions Notes 

ES  Embryonic Stem cell   
ESEBy  Embryoid body generated 

from ES cells and grown for y 
days in suspension culture 

Agents added at 
day 0 denoted as: 
ESEBy+Agent 

 

EPLx  ES cells grown on gelatin in 
50%MEDII for x days with no 
LIF 

  

EBMx  Embryoid body generated 
from ES cells in 50%MEDII 
suspension culture for x days  

Agents added at 
day 0 denoted as: 
EBMy+Agent 

 

EBMxICy EPLICy EBM grown for x days and 
then transferred to IC media 
for a further y days 

Agents added at 
day x denoted as: 
EBMxICy+Agent 

No 
disaggregation 
at day x 

EBMxEBMy EPLEBMy 

when 
x=2-4 

Secondary EBM generated 
from EBM cells grown for x 
days and then reaggregated 
for a further y days 

Agents added at 
day x denoted as: 
EBMxEBMy+Agent 

Disaggregation 
at day x 

EBMxEBy EPLEBy 

when 
x=2-4 

Secondary EB generated 
from EBM cells grown for x 
days and then reaggregated 
for a further y days in  

Agents added at 
day x denoted as: 
EBMxEBy+Agent 

Disaggregation 
at day x 

EBMxMIIy EBMx+y 

EPLMIIy 
EBM grown for x days and 
then continued in MEDII for a 
further y days 

Agents added at 
day x denoted as: 
EBMxMIIy+Agent 

No 
disaggregation 
at day x 

*It is recommended that this page be photocopied and kept as a reading aid owing to the 
difficult nomenclature. 

2.2 Abbreviations  

AVE    Anterior visceral endoderm 
BC    Blastocoelic cavity 
BMP    Bone morphogenic protein 
cFN    Cellular fibronectin 
DAPT    N-[N-(3,5-difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl 
ester 
DMEM    Dulbecco’s modified Eagle medium 
DMSO    Dimethyl sulfoxide 
dpc    Days post coitum 
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DVE    Distal visceral endoderm 
�E-cadherin   E-cadherin neutralising antibody 
ECM    Extra-cellular matrix 
EFDB    Enzyme-free Dissociation Buffer 
EMT    Epithelial-mesenchymal transition 
ExE    Extra-embryonic ectoderm 
FCS    Fetal Calf Serum 
FGF    Fibroblast growth factor 
Gy    Gray 
IF    Immunofluorescence 
JAGp    Jagged1 synthetic peptide 
LIF    Leukaemia inhibitory factor 
MEDII    Media conditioned by HepG2 cells 
MEF    Mouse embryonic fibroblast 
NICD    Notch intra-cellular domain 
PAC    Proamniotic cavity 
PEc    Primitive ectoderm 
PVE    Proximal visceral endoderm 
RT    Room temperature 
S/F    Serum free media (section 2.4.3) 
SSP    Staurosporine 
T    Trophectoderm 
TGF    Transforming growth factor 
VE    Visceral Endoderm 
WB    Western Blot 
WT    Wild type 
 

2.3 Cell culture 

2.3.1 ES Cell Lines 
Cell lines used during the course of this work were obtained from: 
D3 ES cells (Doetschman et al., 1985) Dr Lindsay Williams, Ludwig Institute, 

Melbourne  
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brachy-GFP ES cells (Fehling et al., 2003)  Prof. Gordon Keller, MSSM, New 
York 

Mixl1-GFP ES cells (Hart, Hartley et al. 2002) Dr Lorraine Robb, WEHI, Melbourne 
Sox1-GFP ES cells (Ying, Stavridis et al. 2003) Prof. Austin Smith, University of 

Edinburgh, Edinburgh 
R1-GFP ES cells (Hadjantonakis, Gertsenstein et al. 1998) Prof. Patrick Tam, CMRI, 

Sydney 
 

2.3.2 Media components and additives 
PBS 136 mM NaCl, 2.6 mM KCl, 1.5 mM KH2PO4, 8 mM NaHPO4, pH7.4.  
PBS/gelatin 0.2% gelatin in PBS 
DMEM Dulbeco's modified Eagles media without HEPES, containing L-

glutamine, glucose and sodium pyruvate (Gibco BRL, #11995) 
F12 Hams nutrient mix plus L-glutamine (Gibco BRL, #11765)  
FCS   Fetal calf serum batch tested for ability to maintain ES cells (Gibco 
BRL) 
L-glutamine  100 mM L-glutamine (Gibco BRL) in PBS.   
�-ME 100 mM �-mercaptoethanol (Sigma) in PBS. Solutions were not kept 

longer than two weeks.  
LIF LIF produced by COS cells transfected with a mouse LIF expression 

plasmid, pDR10, as described previously (Rathjen, Lake et al. 1999).  
ITSS Insulin, transferring, sodium selenite media supplement (Sigma, 

#I1884) 
Trypsin 0.1% trypsin (Difco) and 1 x EDTA Versene buffered solution (CSL). 

Sterilised by filtration through a 0.22 �M membrane 
JAGp Jagged1 synthetic peptide with the sequence 

CDDYYYGFGCNKFGRPRDD was generated by Chemicon. JAGp 
was added to cells at a concentration of 10 �M. 

DAPT DAPT was added two hours prior to removing cells from MEDII and 
again with every media change at a concentration of 50 �M 
(Calbiochem, #565784) 
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L-685458 L-685458 was added two hours prior to removing cells from MEDII 
and again with every media change at a concentration of 4 �M 
(Calbiochem, #565771) 

SSP Staurosporine was used at a concentration of 25 nM (Alexis, #81590). 
DMSO DMSO was used as a carrier only control for treatments with DAPT, L-

685458 and SSP 

2.3.3 Media 
 
Incomplete Media (IC) DMEM, 10% FCS, 1mM L-glutamine, 0.1 mM �-ME

  
 
Complete Media for ES (ES)  IC media supplemented with 1000 units of LIF 
  
50% MEDII Media (MEDII) 50% media isolated from HepG2 cells cultured in IC 

media for 4 days and sterilised by filtration through a 
0.22 �M membrane (Rathjen, Lake et al. 1999), 45% 

DMEM, 5% FCS, 1mM L-glutamine, 0.1 mM �-ME  
 
Serum Free Media (S/F) 50% DMEM, 50% F12, supplemented with 1xITSS

  
 

2.3.4 Feeder free ES cell maintenance 
D3 ES cells and Sox1-GFP ES cells were maintained in ES media at 370C in 10% CO2 on 
tissue culture plastic (Falcon). Cells were passaged by washing in PBS followed by a 1 min 
incubation with trypsin at RT with gentle pipetting to lift cells from the plastic and disrupt 
colonies. Trypsinisation of cells was terminated by addition of IC media and cells were pelleted 
by centrifugation at 1200 rpm for 2 mins. Media was aspirated, cells resuspended and counted 
under a hemocytometer with trypan blue to exclude dead cells. Cells were seeded onto fresh 
tissue culture plates at 1x105 cells/mL. ES cells were re-fed daily and passaged after two or 
three days. 

2.3.6 Feeder dependent ES cell maintenance 
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R1-GFP ES cells, brachy-GFP ES cells and Mixl1-GFP ES cells were maintained on feeder 
layers of irradiated mouse embryonic fibroblasts (MEFs). MEFs were isolated and stored as 
described in section 2.4.6.1. One day prior to use MEFs were exposed to a 30 Gy X-ray dose 
and seeded onto gelatinised tissue culture plastic at a density of 1.5x105 cells/mL. Passaging 
and culture of feeder dependent lines was otherwise the same as for feeder free (section 2.4.4) 
except that cells were seeded at a density of 1.5x105 cells/mL to account for the inclusion of 
MEFs in the cell counts.  

2.3.6.1 MEF isolation and storage 
Embryos were dissected from 13.5 dpc pregnant mice and transferred to a dish containing 
sterile PBS. Under a dissecting microscope the head, liver, intestine, heart and viscera was 
removed from each embryo and the remaining embryonic tissue washed in sterile PBS before 
transfer to trypsin where embryos were passed twice through an 18 gauge needle and 
incubated for 15 minutes in trypsin. At five minute intervals the supernatant was transferred to a 
tube containing 10 volumes of IC media and remaining pieces were passed through the needle. 
Resistant debris was discarded and pooled supernatant pelleted and seeded into 175cm2 
tissue culture flasks (Falcon) at a density equivalent to one embryo per flask. After 4 days 
culture at 370C in 5% CO2 single cell suspensions were prepared using trypsin as described in 
section 2.4.4 and either passaged up to a maximum of four times or frozen in a “Mr Frosty” 
freezing container (Nalgene) in 10% DMSO/90% FCS overnight at -800C before being 
transferred to liquid nitrogen for long term storage.  

2.3.7 MEF depletion  
MEFs were depleted from feeder dependent ES cells prior to their use for differentiation 
protocols. Briefly, ES cells were depleted of MEFs by reseeding  single cell suspensions onto 
gelatinised tissue culture plates and allowing MEFs to adhere for 30 mins before carefully 
tipping of nonadherent cells which were enriched for ES cells. Further enrichment of ES cells 
was achieved by reseeding onto gelatinised tissue culture plates at a density of 3x105 cells/mL 
for overnight culture. Cells were then trypsinised as per section 2.4.4.  
 

2.3.8 Differentiation of ES cells to adherent EPL cells 
ES cells were differentiated to adherent EPL cells as described previously (Rathjen, Lake et al. 
1999). Briefly, ES cells were trypsinised as per section 2.4.4 and resuspended in MEDII media. 
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5x104 cells/mL were seeded onto gelatinised tissue culture plates and cultured at  370C in 10% 
CO2. Cells were re-fed daily and passaged after two or three days.  
 

2.3.9 Differentiation of ES cells to suspension EPL cells 
ES cells were trypsinised as per section 2.4.4. Suspension EPL cell cultures were initiated by 
seeding ES cells at a density of 1x105 cells/mL onto non-adherent bacterial petri dishes and 
culturing at 370C in 10% CO2 in MEDII media. After two days EBMs were split 1:2 and re-fed 
daily thereafter.  
 

2.3.10 EPLEBs from adherent EPL cells 
Adherent EPL cells were trypsinised in the same way as ES cells as per section 2.4.4. EPLEB 
cultures were initiated by seeding EPL cells at a density of 1x105 cells/mL onto non-adherent 
bacterial petri dishes and culturing at 370C in 10% CO2 in IC media. EPLEB were re-fed daily 
from day two. 
 

2.3.11 EPLEBM and EPLEB from suspension EPL cells 
EBM2-4 were collected, washed in PBS and resuspended in trypsin. Bodies were reduced to 
single cell suspension with gentle pippetting for approximately 1 min. Trypsinisation of cells 
was terminated by addition of IC media and cells were then passed through a 70 �M sieve 
(Falcon) to remove any residual clumps before being pelleted by centrifugation at 1200 rpm for 
2 mins. Media was aspirated, cells resuspended and counted under a hemocytometer with 
trypan blue to exclude dead cells. 
EPLEBM and EPLEB cultures were initiated by seeding cells at a density of 1x105 cells/mL 
onto non-adherent bacterial petri dishes and culturing at 370C in 10% CO2 in MEDII media or 
IC media respectively. Both EPLEBM and EPLEB were re-fed daily from day two. Where 
indicated trypsin was substituted with enzyme-free Cell Dissociation Buffer (EFDB) (Invitrogen 
#13150-016) or Dispase II neutral protease (dispase) (Roche #165859). EFDB was left on cells 
for 15 minutes at 370C prior to trituration. Dispase was prepared fresh in DMEM to a 
concentration of 1 mg/ml, filtered through a 0.22 �M filter and applied to cells at 370C for 30 
minutes prior to trituration. Following trituration suspensions prepared using EFDB or dispase, 
were treated as for trypsin suspensions. 
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2.3.12 EPLIC 
Suspension EPL cells were generated as per section 2.4.9. Between days 2-4 bodies were 
collected and washed with PBS before being returned to fresh bacterial dishes in IC media. 
Plates were then re-fed daily. Bodies were split on day 3 1:3. 
 

2.3.13 EBM  
Suspension EPL cells were generated as per section 2.4.9. Bodies were split on day 3 1:4 and 
re-fed daily thereafter with MEDII media. 
  

2.4 Differentiation Assays 
Differentiation of cells within bodies was analysed by seeding bodies onto gelatin-treated tissue 
culture grade plasticware (Falcon) for approximately 12 hours in the appropriate serum 
containing media (either IC or MEDII) before the media was replaced with S/F media. 
Outgrowths were examined microscopically on the indicated days after seeding and scored for 
the presence of neural projections, visible red blood cells and beating muscle. Typically 
outgrowths were scored on days 4, 8 and 12 post seeding and the maximum recorded score 
for each cell type was plotted. Typically visible red blood cells had a maximum score on day 4, 
beating muscle on day 8 and neural projections on day 12. 

2.5 Primers 

DNA primers were designed using the online Primer3 primer design software or taken from 
published papers where cited and synthesised by Geneworks. All primers are designed to 
recognise mouse DNA. Primer sequences are shown 5’-3’ and expected product size is shown 
in brackets. Primers were resuspended in MQ at 50�M and stored at -200C until further use. 

�

�-actin (89bp) F=CTG CCT GAC GGC CAG G 
R=GAT TCC ATA CCC AAG AAG GAA GG 

 
BMP4 (118bp)  F=AGG AGG AGG AGG AAG AGC AG 
  R=CCT GGG ATG TTC TCC AGA TG 
 
brachyury (143bp) F=TGC TGC CTG TGA GTC ATA AC 
  R=GCC TCG AAA GAA CTG AGC TC (Elefanty, Robb et al. 1997) 
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�-h1 (87bp)  F=CAC TGT GAC AAG CTT CAT GTG G 
  R=CCT TGG CAA AAT GAG TAG AAA GG 
 
�-major (115bp)  F=ACA GGC TGC CTT CCA GAA GG 
  R=ACT GAC AGA TGC TCT CTT GGG 
 
Dnmt3b (182bp)  F=CCG TGA TGG CTT CAA AGA AT 
  R=GAG CTC AGT GCA CCA CAA AA’ 
 
E-cadherin (67bp) F=CAT TTT GCA ACC AAG AAA GGA CT 
  R=GGT TAT CCG CGA GCT TGA GAT GG 
 
EKLF (148bp)  F=TCC ATC AGT ACA CTC ACC ACC C 
  R=TCC TCC GAT TTC AGA CTC ACG 
 
Eomesodermin (228bp) F=GCA GGG CAA TAA GAT GTA CG 
  R=CTG AGT CTT GGA AGG GTT CA (McConnell, Petrie et al. 2005) 
 
Fgf5 (169)  F=CTG CAG ATC TAC CCG GAT G 
  R=TAA ATT TGG CAC TTG CAT GG 
 
Fgf8 (143bp)  F=TCC GGA CCT ACC AGC TCT AC 
  R=TCG GAC TCT GCT TCC AAA AG 
 
Flk1 (108bp)  F=TAC CGG GAC GTC GAC ATA GC 
  R=TCT CGG TGA TGT ACA CGA TGC 
 
GAPDH (238bp)  F=CTT CAC CAC CAT GGA GAA GGC 
  R=GGC ATG GAC TGT GGT CAT GAG (Uchide, Fujimori et al. 2002) 
 
GATA1 (123bp)  F=CAG AGA GTG TGT GAA CTG TGG 
  R=TGA CAA TCA TTC GCT TCT TGG G 
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Gbx2 (100bp)  F=CTC GCT GCT CGC TTT CTC T 
  R=CGG GTC ATC TTC CAC CTT T 
 
Lmx1a (150bp)  F=CCT CAG ACT CAG GCA AAA 
  R=CCT TGA ATG CTC TCC TCT GC 
 
Mash1 (86bp)  F=TAG CCC AGA GGA ACA AGA GC 

R=CTG CTT CCA AAG TCC ATT CC 
 
Mixl1 (145bp)  F=CTT CCG ACA GAC CAT GTA CCC 
  R=GAT AAG GGC TGA AAT GAC TTC CC 
 
Nanog (81bp)  F=CAG AAA AAC CAG TGG TTG AAG ACT AG 
  R=GCA ATG GAT GCT GGG ATA CTC (Lin, Chao et al. 2005) 
 
N-cadherin (162bp) F=AGG AC CTT TCC TCA AGA GC 
  R=CGA TCC AGA GGC TTT GTG AC 
 
Oct4 (66bp)  F=CCC AGG CCG ACG TGG 
  R=GAT GGT GGT CTG GCT GAA CAC 
 
Otx2 (150bp)  F=AGC TCG GGA AGT GAG TTC AG 
  R=GAA GTG GAC AAG GGG TCA GA 
 
Ptn (78bp)  F=TGG AGC TGA GTG CAA GTA CC 
  R=CTG CCA GTT CTG GTC TTC AA 
 
Rex1 (118bp)  F=TGC CTC CAA GTG TTG TCC C 
  R=ATT CAT GTT GTC TTA GCT GCT TCC 
 
SCL (100bp)  F=AGC GCT GCT CTA TAG CCT TAG C 
  R=TTC ACC CGG TTG TTG TTG G 
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Snail1 (64bp) F=GCC GGA AGC CCA ACT ATA GC 
R=TAG GGC TGC TGG AAG GTG AA 

 
Snail2 (117bp)  F= GCT CCT TCC TGG TCA AGA AAC A 
  R=TGA CAG GTA TAG GGT AAC TTT CAT AGA GA 
 
Sox1 (171bp)  F=GAC TTG CAG GCT ATG TAC AAC ATC 
  R=CCT CTC AGA CGG TGG AGT TAT ATT 
 
Sox2 (151bp)  F=TCA AAC TGT GCA TAA TGG AGT AAA A  
  R=CCC CTT TTA TTT TCC GTA GTT GTA T 
 
Spp1 (82bp)  F=GCT TGG CTT ATG GAC TGA GG 
  R=AGG TCC TCA TCT GTG GCA TC 
 
TGF�1 (89bp)  F= TGA GTG GCT GTC TTT TGAC G 
  R= AGT GAG CGC TGA ATC GAA AG 
 
Twist1 (139bp)  F=CCG GAG ACC TAG ATG TCA TTG 
  R=TTC TTG TGA ATT TGG TCT CTG C 
 
Wnt3 (138bp)  F=TCC ACT GGT GCT GCT ATG TC 
  R= CCT GCT TCT CAT GGG ACT TC  
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2.6 Antibodies 

Target  Type Conjugate Host  Source  Catalogue # Use 
 
mBLBP  polyIg   Rabbit Chemicon ab9558  IF 
m E-cadherin IgG2b    Rat Sigma  U3254  Neutralising 
m E-cadherin IgG2a    Mouse BD  610181  IF, WB 
m �-Catenin IgG1    Mouse BD  610154  IF 
F-Actin  Phalloidin Texas Red N/A Molecular Probes A12379  IF  
m Notch1 IgG    Rat DSHB  bTAN 20  WB 
mTuj1  IgG1   Mouse Abcam  ab25770  IF 
rat IgG  polyIg HRP  Rabbit Dako  P0450  WB 
m IgG  polyIgG HRP  Donkey Rockland  610703124 WB 
m IgG  IgG Alexa 488 Goat Molecular Probes A11029  IF 
rabbit IgG IgG Cy3  Donkey Jackson  711165152 IF 
N/A  IgG1    Rat R&D  MAB005 Control 
   
   

2.7 RNA isolation 

Total RNA from cultured cells was isolated using either RNAzol B (Tel-test) or Trizol Reagent 
(Invitrogen, #15596-026) according to the manufacturer’s instructions. 

2.8 cDNA synthesis 

Reverse transcription was performed using the Omniscript reverse transcriptase system 
(Qiagen) following the manufacturer’s instructions. Routinely 1�g RNA was reverse transcribed 

in a 20�L reaction mix comprising 1x RT Buffer, 0.5 mM dNTP Mix, 20U Omniscript reverse 

transcriptase, 1�g Oligo (dT)12-18 (Invitrogen) and 10 U SUPERase-in (Geneworks). The 
reaction was incubated at 370C for 60 minutes followed by heat inactivation for 2 minutes at 
950C. cDNA was stored at -200C until further use.  

2.9 Tissue collection from mice 

Mice were killed by cervical dislocation and disinfected with 70% ethanol. The body cavity was 
exposed and visual observations were made for the presence of overt tumourous growths. 
Samples of approximately 2mm3 were taken from the spleen, thymus, liver and lung. Bone 
marrow was collected from both femurs as follows; femurs were removed and cleaned of 
muscle and skin by trimming with scissors and rubbing between sheets of kimwipe tissue. 
Femurs were rinsed in PBS, both ends cut off with scissors and bone marrow (BM) was 
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expelled by flushing with PBS through a 21 gauge needle. The BM aspirate was pelleted and 
snap frozen along with other tissue samples and stored at -200C until further use.  

2.10 DNA isolation 

DNA was isolated from mouse tissue samples using DNeasy Tissue Kit according to 
manufacturer’s instructions and included the optional RNase treatment step (Qiagen, #69504).  

2.11 Northern blot analysis 

1.5% (w/v) agarose gels for northern blot analysis were prepared by dissolving agarose in MQ. 
Once the gel solution had cooled to approximately 650C, 10x MOPS (23 mM MOPS pH7.0, 50 
mM NaAc, 10 mM EDTA) and 12.3 M (37%) formaldehyde were added to a final concentration 
of 1x and 0.6 M respectively. The gel was poured into a gel box pre-cleaned with Decon90 and 
NaOH.  
  
RNA samples (5�g) were diluted in an equal volume of 2x northern load buffer (1x MOPS, 2.3 

M formaldehyde, 50% (v/v) deionised formamide, 4 % (w/v) ficoll, 500�g/�l bromophenol blue, 

500�g/�l xylene cyanol), denatured at 950C for 5 min, snap cooled on ice and loaded onto gel. 
Northern gels were run at 85 V in northern running buffer (1x MOPS, 0.2M formaldehyde) until 
bromophenol blue had run ¾ to the bottom of the gel. Gel was washed 2 x 15 minutes in MQ 
and blotted onto nitrocellulose membrane (Hybond N+, Amersham). A 3cm high platform 
placed in a tray containing 1cm of 20x SSC was covered with chromatography paper so that it 
formed a wick into the SSC bath. The gel was placed face down on the moistened paper and 
rolled flat with a pipette. A piece of nitrocellulose membrane the exact size of the gel was 
placed on top of the gel with care to avoid trapping bubbles. Two pieces of chromatography 
paper soaked in 2x SSC were placed on the membrane followed by a 10 cm stack of paper 
towel cut marginally smaller than the size of the gel. A glass plate was placed on top of the 
towel and a 500g weight applied. Transfers were allowed to proceed for at least 18 hours after 
which time the filter was prepared for hybridisation (section 2.12.2). 

2.11.1 Synthesis of radiolabelled DNA probes 

DNA probes were prepared using the DECAprime II Randomly Primed DNA Labelling Kit 
according to the manufacturer’s instructions (Ambion). Briefly, 25ng of template DNA was 
incubated in 15�L of 1x Decamer solution at 950C for 5 minutes. Tube was cooled on ice 

before adding 5�L of 5x Reaction buffer, 5�L of 32P-dATP (10�Ci/�L) and 1�L Klenow 
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enzyme. Mixture was incubated at 370C for 10 minutes. Unincorporated label was removed 
from probe by centrifugation at 3000rpm for 2 minutes through a Sepharose G-50 spin column. 
DNA fragments used for analysis were; brachyury, a 1.7kb EcoR1 fragment derived from 
pSK75 (Herrmann 1991); Mixl1 a 1kb insert released by EcoR1 from plasmid containing 1kb of 
Mixl1; GAPDH, a 1kb insert released by EcoR1 from plasmid containing 1kb of GAPDH. 

2.11.2 Hybridisation of 32P-labelled probes to Northern blots 

Northern filters were rinsed in 2xSSC, cross-linked with 120mJ at 254nm in a UV Stratalinker 
1800 (Stratagene), washed in 1xSSC, 0.1% SDS at 650C for 30 minutes with rotation in a 
Hybaid oven before pre-hybridisation in ‘Church’ hybridisation buffer (0.5M NaHPO4 pH7.2, 7% 
SDS (w/v), 1mM EDTA, 1% BSA (w/v), 10 mg/ml ssDNA)(Church and Gilbert 1984) at 650C for 
1-4 hours. 32P-labelled DNA probes were denatured at 900C for 5 minutes, snap cooled on ice 
and added to the pre-hybridisation solution for 12-18 hours at 650C. Filters were washed for 2 x 
20 minutes in 1xSSC, 0.1% SDS, sealed in plastic, exposed to an imaging plate (Fujifilm) for 2-
24 hours and signal detected with a Molecular Imager FX (BioRad). Band quantitation was 
performed using BioRad Quantity One software. 

2.12 qPCR analysis  

Reaction mixes comprised 12�L SYBR Green PCR Reaction Mix (Invitrogen), 5-50ng cDNA 

and 200nM of each primer made up to a total volume of 25�L with water. Samples were 
heated to 500C for 2 minutes, then 950C for 10 minutes, before being cycled 40 times through 
950Cfor 15 seconds and 560C for 1 minute on an MJ Research PTC-200 with a Chromo4 
Continuous Fluorescence Detector Millipore). Threshold cycle values and primer efficiencies 
were generated by the Opticon Monitor software and gene expression levels compared to 
reference gene levels using the Q-Gene software package (Muller, Janovjak et al. 2002).  

2.13 Cellular Protein Extraction 

Cells were washed with PBS and lysed with a volume approximately four times the volume of 
the cell pellet of ice cold lysis buffer [50mM Tris HCl pH7.0, 150mM NaCl, 1% (v/v) NP-40, 
1mM EDTA, 1mM NaVO4, 50mM NaF, 1 tablet of “Complete Mini” EDTA-free protease inhibitor 
cocktail tablet (Roche) per 10mL buffer, added immediately before use]. Cells were lysed for 30 
minutes at 40C on a rotating platform. Cellular debris was removed by centrifugation for 10 
minutes at 12000g at 40C and protein containing supernatant was removed to a fresh ice cold 
tube. Protein concentration was determined using the BioRad Protein Assay procedure, based 
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on the Bradford method (Bradford 1976) and samples were diluted in an appropriate volume of 
fresh 6x western load buffer (60% glycerol 375mM Tris HCl pH 6.8, 12mM EDTA, 12%SDS, 
864mM �-mercaptoethanol, 500�g/�l bromophenol blue), heated at 950C for five minutes and 
stored at -800C until further use. 

2.13.1 SDS-PAGE and Western blot analysis 

SDS-polyacrylamide gels [6% polyacrylamide with Tris-SDS buffer (1.5 M Tris HCl pH 8.8, 
0.4% SDS), 0.1% APS and 0.1% TEMED] were poured using the SE 600 Ruby apparatus 
(Amersham) with 1 mm spacers and allowed to polymerise under a layer of butanol. The 
butanol layer was then removed and a stacker gel [4% polyacrylamide with Tris-SDS buffer 
(0.5 M Tris HCl pH 7.0, 0.4% SDS), 0.1% APS and 0.1% TEMED] poured and allowed to 
polymerise with 1mm combs in place. Frozen protein samples in load buffer (section 2.14) were 
thawed and heated at 950C for 5 minutes prior to loading. The gels were electrophoresed in 
SDS-PAGE buffer (25 mM Tris-Glycine, 0.1% SDS) at 200V. Proteins were transferred to 
nitrocellulose membranes using a TE42 wet transfer apparatus (Amersham) according to the 
manufacturer’s instructions. The transfer was carried out at 100V, 350 milliamps for 1 hour at 
40C in western transfer buffer (190 mM glycine, 25 mM Tris, 15% methanol). The membranes 
were blocked by incubation in 1x Roche blocking reagent (#1096176) in TBS with 0.1% Tween-
20 (TBST) for 30 minutes at RT, then rinsed in TBST. Anti-Notch1 primary antibody (ATCC, 
bTan20) diluted 1/50 in TBST plus 0.01x blocking reagent or anti-E-cadherin primary antibody 
(Sigma) diluted 1:300 in TBST plus 0.01x blocking reagent was added to the membranes for 
incubation at 40C overnight, after which membranes were washed with 3 x 20 minute washes in 
TBST. Incubation with anti-rat (Dako, P0450) or anti-mouse (Rockland, 610703124) HRP 
secondary antibody diluted 1/2000 in TBST plus 0.01x blocking reagent was performed at RT 
before washing the membrane with 3 x 20 minute washes in TBST. Membranes were 
developed in West Pico development solution as per manufacturer’s instructions (Pierce, 
1856135, 1856136).   

2.14 Transient transfection 

293T cells were transiently transfected using FuGENE 6 Transfection Reagent (Roche 
#11815091001) according to manufacturer’s instructions. Routinely 2�g DNA was transfected 

per 10cm plate in 6�L of FuGENE 6 Tansfection Reagent. Two days after tranfection cells 
were collected for protein lysate preparation as described in section 2.14. Plasmid expressing a 
Notch 1 construct that is constitutively cleaved (pCS2-Notch�E)(Kopan, Schroeter et al. 1996) 
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was a kind gift from Maria Gustafsson, while pMyc-CRTR1 was donated generously by 
Stephen Rodda.   

2.15 Immunofluorescence  

Cells to be used for immunofluorescence were washed in PBS, fixed in 4% PFA for 15 minutes 
at RT, washed three times in PBS, permeablised in PBS/0.25%TritonX for 10 minutes, washed 
in PBS and blocked in PBS/1%BSA for 30 minutes at RT. Blocking solution was removed, 
appropriate primary antibodies added,��E-cadherin (BD #610181, 1:1000), ��-catenin (BD 

#610154, 1:1000), �Tuj1 (abcam # ab25770, 1:300), �BLBP (chemicon #9558, 1:2000), in 
fresh blocking solution and incubated overnight in a humidified box at 40C then washed three 
times with PBS and incubated for 45 minutes at RT with alexa-488 conjugated goat �-mouse 
IgG (Molecular Probes # A11029) diluted 1:1000 in PBS. Where F-Actin staining was required, 
rhodamine conjugated phalloidin (Molecular Probes # A12379) was included with the 
secondary antibodies. For cells grown on coverslips, coverslips were mounted in Prolong-gold 
Antifade with DAPI (Invitrogen #P36935) to visualise DNA and allowed to cure for at least 24 
hours. Visualisation was performed either using laser scanning confocal microscopy (LSCM) or 
epifluorescence inverted microscopy as indicated.  

2.16 Paraffin embedding, microtome sectioning H&E staining  

Bodies to be sectioned were collected, washed in PBS and resuspended in 4% PFA for 30 
minutes at RT. Fixed bodies were then dehydrated by transferring to 70% ethanol for 30 
minutes, 95% ethanol for 30 minutes, 100% ethanol for 60 minutes with a change of ethanol 
after 30 minutes and cleared with two 30 minute incubations in Histoclear. Bodies were then 
transferred to molten paraffin at 600C and incubated overnight before two paraffin changes at 3 
hour intervals and embedded in a paraffin block ready for microtome sectioning. After paraffin 
block had been allowed to harden overnight at RT, 5�M microtome sections were floated onto 
poly-L-lysine coated slides and air dried for storage.  

2.16.1 Hematoxylin and Eosin (H&E) staining  

Slides for H&E staining were deparaffinised and rehydrated by washing three times in 
Histoclear for five minutes, three times in 100% ethanol for five minutes, once in 95% ethanol 
for five minutes, once in 70% ethanol for five minutes and once in MQ for five minutes. Slides 
were stained in Hematoxylin for five minutes, rinsed in tap water for 5 minutes, de-stained in 
acid alcohol for 15-60 seconds and rinsed in tap water to halt de-staining. After blotting to 



 45

remove excess water, slides were stained in Eosin 30 seconds, dehydrated in 95% ethanol for 
three times three minutes, 100% ethanol for three times three minutes, cleared with three five 
minute incubations in Histoclear and coverslipped with DPX mounting media.   

2.17 Animal Work 

All animal work was carried out under approval from The University of Adelaide Animal Ethics 
Committee in accordance with the South Australian Prevention of Cruelty to Animals Act 1985 
and the Australian Code of Practice for the Care and Use of Animals for Scientific Purposes, 7th 
ed., 2004. 

2.18 Preparation of single cells suspensions  

Bodies to be analysed by flow cytometry were collected, washed in PBS and resuspended in 
trypsin. Bodies were reduced to single cell suspension with gentle pippetting for approximately 
1 min. Trypsinisation of cells was terminated by addition of IC media and cells were then 
passed through a 70 �M sieve (Falcon) to remove any residual clumps before being pelleted 
by centrifugation at 1200 rpm for 2 mins. Media was aspirated, cells resuspended and counted 
under a hemocytometer with trypan blue to exclude dead cells.  

2.18.1 Flow Cytometry 

Single cell suspensions were prepared as per section 2.18. 1x106 were transferred to a flow 
cytometry tube (Falcon #352008) in 500 µL ice cold PBS and stained with 5 µL of a 5 µg/mL 
solution of propidium iodide for 5 minutes on ice before being spun down and resuspended in 
PBS. Cell suspensions were analysed using a Becton Dickinson FACScan and data collected 
using CellQuest Pro software (BD) and manipulated using either CellQuest Pro or FCS 
Express (Microsoft). Voltage was set using unstained D3 ES cells and compensation values 
were set using Mixl1-GFP positive cells and D3 cells stained with PI. All PI positive cells were 
excluded from further analysis and GFP positive cells were measured in comparison to 
equivalent D3 derived populations. 
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Chapter 3: Defining EPL cell production from ES cells 
and comparison of mesoderm differentiation in 
Embryoid Bodies derived from ES and EPL cells  

3.1 Introduction 

ES cells can be differentiated to form a variety of cell types in vitro. The best characterised 
method for differentiating ES cells is to remove LIF and aggregate the cells in embryoid bodies 
(EBs). While EBs have proven useful for the investigation and understanding of events in early 
embryogenesis they have several drawbacks. EBs do not form recognisable axes such that 
differentiation proceeds in a disorganised fashion with cells of the anterior and posterior often 
juxtaposed, and there is a degree of temporal disorganisation such that cell types temporally 
separated in the embryo can arise in close association within an EB. It is predicted that this 
spatial and temporal disorganisation of differentiation will result in cells that are exposed to 
inappropriate environments and preclude the differentiation of cell fates for which the 
appropriate environment is not formed (Rathjen and Rathjen. 2001).   
 
To address the complex differentiation environment present within EBs a number of protocols 
have been developed that aim to guide differentiation of pluripotent cells in culture to more 
restricted sets of cell types (Nakano, Kodama et al. 1994; Kawasaki, Mizuseki et al. 2000; 
Rathjen, Haines et al. 2002; Ying, Stavridis et al. 2003). By directing differentiation via 
homogenous intermediate populations it should be possible to gain a better understanding of 
the signalling events and cellular interactions that are regulating a particular outcome and 
provide routes to enrich for target cell types. An example of directed differentiation is the 
formation of EPL cells from ES cells (Section 1.3.2). When differentiated as EPLEBs, 
differentiation is directed to posterior cell fates resulting in the formation of mesoderm and 
endoderm derivatives but not ectodermal derivatives (Section 1.8.2)(Lake, Rathjen et al. 2000; 
Rathjen, Dunn et al. 2001). Alternatively, when differentiated in MEDII (EBM) EPL cell 
differentiation models the anterior embryo and cells differentiate exclusively to ectodermal fates 
with little or no mesoderm/endoderm (Section 1.8.1) (Rathjen, Haines et al. 2002).  
 
EPL can be formed in adherent culture and also in suspension culture (Rathjen, Lake et al. 
1999; Rathjen, Haines et al. 2002). In adherent culture, EPL cells have been demonstrated 
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after 2 days culture in MEDII supplemented media and shown by morphology to persist in 
culture for at least 40 passages or 100 days (Rathjen, Lake et al. 1999). Acquisition and 
maintenance of the EPL cell state was observed to be a progressive process, shown by the 
dynamic expression of marker genes. Fgf5 increased as EPL cells were passaged, reaching a 
maximal level on day6, while, Rex1 expression decreased steadily between day 2 and 6 
(Rathjen, Lake et al. 1999). The presence of LIF was shown to slow the acquisition of EPL 
gene expression and reduce the level of spontaneous differentiation in low density cultures 
(Rathjen, Lake et al. 1999). In a separate report the formation of EPL cells in suspension was 
shown to occur such that a homogenous population of EPL cells existed after 4 days 
suspension culture in MEDII (EBM4) (Rathjen, Haines et al. 2002). Dynamic gene expression 
was also a feature of EPL cell formation in suspension culture, with Fgf5 detected in EBM2 and 
further up-regulated in EBM3 and EBM4 (Rathjen, Haines et al. 2002). Taken together these 
data demonstrate that EPL cells form rapidly in response to MEDII exposure and in the case of 
adherent culture, persist through extended passaging. EPL cells appear to change over the first 
2-6 days of MEDII exposure in both adherent and suspension culture, possibly reflecting 
maturation of this primitive ectoderm-like population.  
 
This chapter describes a direct comparison of the dynamics of EPL cell formation in adherent 
and suspension culture and evaluates the utility of temporally distinct EPL cell populations in 
subsequent differentiation. Initial experiments aimed to identify conditions for EPL cell 
formation that yielded a population of cells capable of giving robust mesoderm formation in 
EPLEB differentiation. Having established suitable conditions for EPL cell formation, the 
differentiation of this population was characterised in detail, including a description of primitive 
streak progression from these cells and the kinetics of blood formation within EPLEBs in 
comparison to ESEBs. 
 

3.2 ES cells grown for 1, 2, 3 or 4 days in MEDII either 
adherently or in suspension all display EPL cell gene 
expression 

The effect of the length of MEDII exposure or method of culture on the resulting EPL cell 
population was initially analysed by gene expression. ES cells were reduced to a single cell 
suspension and cultured in the presence of MEDII as adherent monolayers on gelatin coated 
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plastic or in suspension culture for 1, 2, 3 and 4 days. Table 2.1 lists the nomenclature used to 
describe these populations. Adherent cultures grown for 4 days were passaged on day 2 to 
avoid overgrowth of monolayers. RNA was isolated from each population, reverse transcribed 
and analysed by qPCR for the expression of Rex1, Fgf5, Oct4 and �-actin. Oct4 was detected 
in all populations at similar levels to ES cells (Fig. 3.1). Rex1 expression was down-regulated 
after an initial increase (Fig. 3.1). Down-regulation of Rex1 from ES levels was dependent on 
the length of exposure to MEDII but not the method of EPL formation in relation to suspension 
or adherent culture, such that Rex1 was down-regulated on day 3 and almost undetectable by 
day 4 in both conditions (Fig. 3.1). Fgf5 up-regulation was also dynamic in relation to length of 
MEDII exposure but equal between adherent and suspension culture (Fig. 3.1). Fgf5 was not 
detected in ES cells, detected at very low levels after 1 day in MEDII, up-regulated after 2 days 
and again after 3 days in MEDII then returned to roughly day 2 levels on day 4 (Fig. 3.1). These 
data indicate that the kinetics of EPL cell formation is comparable in adherent and suspension 
culture. In both systems, EPL cell formation is dynamic with respect to time in MEDII.  
 

3.3 Kinetics of EPL cell differentiation to mesoderm depends 
on the length of culture in MEDII 

Gene expression analysis suggested that EPL cell populations vary relative to the length of 
exposure to MEDII (Section 3.2). Potentially these differences in gene expression will reflect 
functional differences. One functional measure that can be applied to pluripotent cell 
populations is the speed with which they differentiate to mesoderm and their ability to form 
neural tissues under standard conditions. In comparison to ESEBs, EPLEBs express the 
primitive streak marker brachyury earlier, on day 2/3 compared to the up-regulation of 
brachyury on day 4 in ESEBs (Lake, Rathjen et al. 2000). In addition, EPL cells form EBs that 
differentiate almost exclusively to mesoderm and endoderm derivatives with very little apparent 
ectodermal differentiation. This was illustrated by the almost complete absence of neural 
projections and the absence of the neurectodermal marker, Sox1, in EPLEB (Lake, Rathjen et 
al. 2000). 
 
The timing of mesoderm induction was measured for six of the eight putative EPL cell 
populations investigated in section 3.2, not including those cultured for one day in MEDII. EBs 
were generated from each population and analysed by Northern blot for brachyury and a  
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EPL formation is dynamic with relation to MEDII exposure and does not 
differ in adherent or suspension culture according to gene expression.

D3 ES cells were grown in 50% MEDII on gelatinised dishes for 1, 2, 3 or 4 
days (EPL1, EPL2, EPL3, EPL4) or in suspension culture for 1, 2, 3 or 4 days 
(EBM1, EBM2, EBM3, EBM4). RNA was isolated, reverse transcribed and 
qPCR performed for Fgf5, Rex1, Oct4 and �-actin. Expression of Fgf5, Rex1 
and Oct4 was normalised to �-actin using Qgene quantitation software.
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second primitive streak marker, Mixl1, expression. EPLEBs generated from cells grown in 
MEDII for 2 days, either adherently or in suspension, express brachyury and Mixl1 on day 2 
and 3, with peak expression for Mixl1 seen on day 3 (Fig. 3.2, lanes 1-8). EBs generated from 
cells grown in MEDII for three days, either adherently or in suspension, displayed peak 
brachyury and Mixl1 on day 2, with little or no expression remaining by day 3 (Fig. 3.2, lanes 9-
16). EBs generated from cells grown in MEDII for 4 days in suspension induced brachyury and 
Mixl1 on day 1, with peak expression for Mixl1 seen on day 2 (Fig. 3.2, lanes 21-24).  EBs 
generated from cells grown in MEDII adherently for 4 days induce brachyury and Mixl1 weakly 
on day 2, with peak expression for Mixl1 seen on day 3 (Fig. 3.2, lanes 17-20).  Reaggregation 
was notably less efficient from cells grown adherently in MEDII for 4 days than for all the other 
populations tested. The magnitude of brachyury and Mixl1 expression appears to be reduced in 
bodies formed from cells grown in MEDII for 4 days in comparison to bodies formed from cells 
grown for 2 or 3 days in MEDII. These data indicate that mesoderm is induced earlier when 
bodies are generated from EPL cells that were cultured longer in MEDII, however aggregation 
becomes less efficient from these later EPL cell populations.  
 
EPLEBs generated from each EPL cell population were seeded on day 7 and allowed to 
differentiate further in the absence of serum. Seeded aggregates were scored for the presence 
of beating muscle and neural projections (Fig 3.3). In all cases the percentage of bodies with 
neural projections was below 10%, with a complete absence in bodies generated from cells 
grown in suspension. Between 30-40% of bodies contained beating muscle in all cases except 
where bodies were generated form cells grown adherently for 4 days in MEDII, which formed 
beating muscle in approximately 20% of bodies (Fig. 3.3).  
 
Together, the gene expression and differentiation data suggest that EPL cell formation is 
dynamic. Gene expression kinetics change in response to the length of MEDII exposure and 
the subsequent differentiation to mesoderm becomes more rapid with increased MEDII 
exposure. No difference was detected between adherent and suspension cultures in terms of 
gene expression and timing of mesoderm formation. This is consistent with previous reports 
that EPL cells form in both adherent and suspension culture (Rathjen, Lake et al. 1999; 
Rathjen, Haines et al. 2002). Interestingly, low levels of neural projections were detected from 
bodies grown from adherent EPL cells while none were detected from bodies generated from 
suspension EPL cells. This observation was true for all MEDII exposure times and was 
inconsistent with previous reports showing the complete absence of neural projections from  
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Figure 3.2
Northern blot analysis of six putative EPL populations for induction of 
nascent mesoderm markers, brachyury and Mixl1.

EBs were generated from six different starting populations; D3 ES cells 
grown in 50% MEDII on gelatinised dishes for 2 (lanes1-4), 3 (lanes9-12) or 4 
(lanes17-20) days or in suspension culture for 2 (lanes5-8), 3 (lanes13-16) or 
4 (lanes21-24) days. EBs from each starting population were collected on 
days 1, 2, 3 and 4 and RNA isolated for Northern blot analysis of brachyury, 
Mixl1 and GAPDH.
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Figure 3.3 
Differentiation outcome for EBs derived from six putative EPL cell 
populations. 

EBs were generated from six different starting populations; D3 ES cells 
grown in 50% MEDII on gelatinised dishes for 2 (EPL2), 3 (EPL3) or 4 
(EPL4) days or in suspension culture for 2 (EBM2), 3 (EBM3) or 4 
(EBM4) days. EBs were generated from each population and grown for 
a further 7 days. 48 well gelatinised trays were then seeded with one 
body per well and changed to S/F media after 12 hours. The fraction of 
bodies that contained beating muscle (   ) or neural projections (   ) was 
measured 2, 7 and 10 days post seeding. Graph represents the 
maximum recorded score for each condition. Labels on x-axis represent 
treatment prior to seeding. 
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cells grown in adherent culture (Lake, Rathjen et al. 2000). In experiments presented here, 
single cell preparations from EPL cells grown in suspension culture but not adherent culture 
were passed through a 70�M sieve. This raises the possibility that clumps of cells may have 
persisted in cell suspensions from adherent cells and is consistent with results presented in 
chapter 5 that illustrate the importance of cellular dissociation in suppression of neural 
differentiation. 
  

3.4 ES cells begin transition to EPL cells within 24 hours of 
MEDII exposure in suspension culture 

To examine the functional status of cells following MEDII exposure for 0-48 hours, an assay 
was employed that relies on the differential growth factor responsiveness of ES and EPL cells. 
When EPL cells are exposed to BMP4 in the absence of serum they respond by up-regulating 
brachyury rapidly (N Harvey, unpublished). This is consistent with observations from BMP4 
knockout embryos in which there is a failure of primitive ectoderm to correctly specify the 
primitive streak (Winnier, Blessing et al. 1995). In contrast, brachyury expression is not 
expected in ES cells cultures in response to BMP4 based on the reported role for BMP4 in 
maintaining ES cell pluripotence (Ying, Nichols et al. 2003).   
 
A transgenic ES cell line (brachy-GFP ES cells) has been developed that has GFP inserted in 
one allele of the brachyury locus (Fehling, Lacaud et al. 2003). GFP expression in these cells 
has been shown to faithfully replicate endogenous gene expression. When brachy-GFP ES 
cells were transferred to serum free (S/F) conditions in the absence of BMP4 these colonies 
showed a partially differentiated morphology on day 2 and by day 3 there were no colonies with 
ES morphology (Fig. 3.4). GFP positive cells were almost never detected under these 
conditions, consistent with the reported inability of S/F conditions to support mesodermal 
differentiation (Johansson and Wiles 1995). When ES cells were transferred to S/F media 
supplemented with BMP4, a high percentage of the colonies maintained an undifferentiated 
morphology after 2 days and approximately half the colonies were still of ES morphology on 
day 3 (Fig. 3.4). Notably, GFP positive cells were not detected under these conditions, 
indicating that BMP4 did not induce mesoderm formation from ES cells (Fig. 3.4).  



BMP4-

BMP4+

200�M

Figure 3.4

brachy-GFP ES cells do not express GFP when exposed to BMP4.

brachy-GFP ES cells were grown for 24hrs on gelatinised dishes then changed to S/F with 
or without 10ng/mL BMP4. Seeded bodies were imaged 2 and 3 days after BMP4 addition 
using a CoolSnap Fx digital camera on a Nikon TE300 inverted microscope. Phase 
contrast images and corresponding overlays of green and red fluorescence are shown. 
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When ES cells were exposed to MEDII for 24 hours (EBM1) and then grown in S/F adherent 
culture no GFP positive cells were detected after 2 or 3 days culture (Fig. 3.5). Outgrowths 
from these bodies contained multiple cell morphologies. When the S/F media was 
supplemented with BMP4, EBM1 responded by producing outgrowths almost exclusively of 
flattened epithelial cells with tight cell:cell junctions (Fig. 3.5). Cells within the body at the centre 
of these outgrowths expressed GFP after 3 days, indicating transcriptional activation of the 
brachyury promoter (Fig. 3.5). By this measure EBM1 are not equivalent to ES cells and have 
acquired at least partial EPL cell identity.  
 
Longer MEDII exposure prior to addition of BMP4 accelerated the appearance of GFP positive 
cells. GFP positive cells were detected 2 days after BMP4 addition to EBM2, EBM3 and EBM4 
(Fig. 3.6, 3.7, 3.8). The appearance of GFP positive cells was dependent on the presence of 
BMP4 as positive cells were not detected in EBM2, EBM3 or EBM4 that were cultured in S/F 
conditions without BMP4 (Fig. 3.6, 3.7, 3.8). These bodies responded in the same way as 
EBM1 morphologically, both in the presence and absence of BMP4, such that in the presence 
of BMP4 cellular outgrowths are almost exclusively composed of epithelial type cells, while in 
the absence of BMP4, outgrowths were more varied and contained only occasional epithelial 
type cells (Fig. 3.6, 3.7, 3.8).  
 

3.5 Defining the EPL cell stage  

These data indicate that within 24 hours of MEDII exposure, ES cells have adopted some, but 
not all, characteristics of EPL cells. EBM1 responded to BMP4 in the same way as EBM2, 
EBM3, and EBM4, although the appearance of mesoderm was delayed. Gene expression 
revealed a gradual acquisition of EPL cell identity, with ES cells grown in MEDII for 24 hours 
retaining ES cells gene expression. Taken together, this suggests that EPL cells continue to 
develop within the first few days of MEDII exposure and persist until at least day 4 in 
suspension culture and day 3 in adherent culture.  
 
Based on these analyses, three days MEDII exposure was used for EPL cell generation in all 
future experiments, except in selected experiments where MEDII exposure was shortened to 
two days or extended to four days for the sake of comparison. Adherent and suspension 
culture were both used depending on the demands of the experiment as the results presented 
here illustrate equivalent EPL cell formation by both methods. For the sake of simplicity, when  



Day 2 Day 3

BMP4-

BMP4+

200�M

Figure 3.5

brachy-GFP EBM1 cells express GFP when exposed to BMP4.

brachy-GFP ES cells were grown as EBMs for 12hrs then seeded onto gelatinised 
dishes in the same media for a further 12hrs to bring them to EBM1 at which time 
media was changed to S/F with or without 10ng/mL BMP4. Seeded bodies were 
imaged 2 and 3 days after BMP4 addition using a CoolSnap Fx digital camera on a 
Nikon TE300 inverted microscope. Phase contrast images and corresponding  
overlays of green and red fluorescence are shown. GFP positive cells are indicated 
with a white arrowhead. 
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Figure 3.6

brachy-GFP EBM2 cells express GFP when exposed to BMP4.

brachy-GFP ES cells were grown as EBMs for 1.5 days then seeded onto gelatinised 
dishes in the same media for a further 12hrs to form EBM2 at which time media was 
changed to S/F with or without 10ng/mL BMP4. Seeded bodies were imaged 2 and 3 
days after BMP4 addition using a CoolSnap Fx digital camera on a Nikon TE300 inverted 
microscope. Phase contrast images and corresponding  overlays of green and red 
fluorescence are shown. GFP positive cells are indicated with a white arrowhead.
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Figure 3.7

brachy-GFP EBM3 cells express GFP when exposed to BMP4.

brachy-GFP ES cells were grown as EBMs for 2.5 days then seeded onto gelatinised 
dishes in the same media for a further 12hrs to bring them to EBM3 at which time media 
was changed to S/F with or without 10ng/mL BMP4. Seeded bodies were imaged 2 and 
3 days after BMP4 addition using a CoolSnap Fx digital camera on a Nikon TE300 
inverted microscope. Phase contrast images and corresponding  overlays of green and 
red fluorescence are shown.  GFP positive cells are indicated with a white arrowhead.
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Figure 3.8

brachy-GFP EBM4 cells express GFP when exposed to BMP4.

brachy-GFP ES cells were grown as EBMs for 3.5 days then seeded onto gelatinised 
dishes in the same media for a further 12hrs to bring them to EBM4 at which time media 
was changed to S/F with or without 10ng/mL BMP4. Seeded bodies were imaged 2 and 
3 days after BMP4 addition using a CoolSnap Fx digital camera on a Nikon TE300 
inverted microscope. Phase contrast images and corresponding  overlays of green and 
red fluorescence are shown. GFP positive cells are indicated by a white arrowhead.
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the term ‘EPL’ is used without superscript it is used as an umbrella term to describe EPL cells 
formed in either adherent or suspension culture. When talking about specific cell populations, 
adherent EPL cells will be designated EPLx and suspension EPL cells will be designated EBMx, 
where x=days culture in MEDII supplemented media (Table 2.1).  

3.6 EPLEB model primitive streak progression and share key 
EMT markers with the embryo 

EPL cells are an in vitro equivalent of primitive ectoderm and when differentiated as EPLEBs 
they appear to differentiate exclusively to primitive streak derivatives (Lake, Rathjen et al. 2000; 
Rathjen, Dunn et al. 2001). This restricted differentiation pattern suggests that EPLEBs may 
provide an accurate model for posterior embryonic differentiation in the absence of 
differentiation events from the anterior side of the embryo. The primitive streak can be 
distinguished by the expression of brachyury in cells of the posterior primitive ectoderm before 
the onset of gastrulation. Mixl1 is initially expressed in the VE and is then up-regulated in the 
primitive streak and emerging mesoderm (Pearce and Evans 1999). These two early markers 
of the primitive streak have been shown to be expressed on day two of EPLEBs differentiation 
(Fig. 3.2). To examine further the similarity between gastrulation in vivo and the events of 
EPLEB differentiation, the expression of a number of genes known to be important in primitive 
streak induction and mesoderm specification were examined and compared to the timing of 
brachyury and Mixl1 expression. 
 
D3 ES cells were used to generate EBM2 and EPL3, from which EPLEB were grown. Cells 
were collected on each day of differentiation and gene expression analysis was performed by 
quantitative real time PCR for Nanog, Eomesodermin (Eomes), brachyury, Mixl1, Snail1, Snail2 
and Twist. Expression levels were normalised to �-actin. 
 
Nanog has been shown to be required for pluripotency of the inner cell mass and ES cells 
(Chambers, Colby et al. 2003; Mitsui, Tokuzawa et al. 2003).  In situ analyses have revealed 
that Nanog expression is strong in the inner cell mass, then down-regulated and restricted in 
the primitive ectoderm such that only the most posterior cells retain expression. Nanog is then 
re-expressed in primitive ectoderm on the posterior side but is reduced within the primitive 
streak and not detectable in mesodermal cells emerging from the primitive streak (Hart, Hartley 
et al. 2004). Analysis of EPLEBs revealed a down-regulation of Nanog expression between ES 
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and EPL cells before a moderate up-regulation in EPLEBs coincident with brachyury and Mixl1 
on day 2 followed by a rapid drop in transcript levels (Fig. 3.9). This dynamic modulation of 
Nanog expression is consistent with EPLEB formation modelling the progression of ICM to 
primitive ectoderm and induction of mesoderm. Further, the drop in Nanog expression from ES 
to EPL cells suggests that EPL cells are equivalent to either an early primitive ectoderm 
population or perhaps an anterior population.  
 
Eomes is a T-box transcription factor of the same class as brachyury. It is first expressed in the 
extra-embryonic ectoderm at the boundary to the embryonic tissue prior to streak formation at 
5.0 dpc, (Ciruna and Rossant 1999; Russ, Wattler et al. 2000; Brennan, Lu et al. 2001; Lu and 
Robertson 2004). By 5.5 dpc it can be detected in the most posterior primitive ectoderm, 
making  it among the earliest detected genes expressed in the posterior primitive ectoderm 
(Rivera-Perez and Magnuson 2005). Eomes is required for the movement of nascent 
mesoderm through the primitive streak (Russ, Wattler et al. 2000). In EPLEBs Eomes was 
detected coincident with brachyury, confirming the earliest streak markers are detected in 
EPLEB2 (Fig. 3.9).  
 
To investigate whether an EMT was occurring during mesoderm specification in EPLEB, the 
expression of several EMT markers, Snail1, Snail2 and Twist1, was analysed. EMT 
progression is regulated in part by the activity of Snail1, which is expressed in the early streak 
concomitant with brachyury and leads to the transcriptional repression of E-cadherin, thus 
promoting loss of cell:cell junctions and subsequent cell migration (Nieto, Bennett et al. 1992; 
Carver, Jiang et al. 2001). Analysis of Snail1 expression in EPLEBs revealed barely detectable 
expression in ES and EPL cells before a sharp up-regulation in EPLEBs on day 2, co-incident 
with other primitive streak markers, brachyury, Mixl1, Nanog and Eomes (Fig. 3.9). Peak Snail1 
expression was seen at EPLEB3 (Fig. 3.9). Snail2 is a related transcription factor which is not 
detected in the primitive streak, but is seen in a subset of emerging mesoderm (Sefton, 
Sanchez et al. 1998). Snail2 expression was not detected until EPLEB4, suggesting that the 
molecular control of EMT is equivalent in vivo and in vitro (Fig. 3.9). Twist is another 
transcriptional regular of EMT although its role in gastrulation is unclear. Twist1 transcripts are 
detected in the morulae and blastocyst prior to gastrulation as well as ExE and some 
ectodermal cells of the primitive streak (Stoetzel, Weber et al. 1995). Knockout and protein 
expression studies suggest that despite the early detection of Twist1 transcripts it is not 
important for gastrulation and is likely to be important for later events in mesoderm specification  
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Figure 3.9

EPLEBs express primitive streak and EMT markers.

EPLEBs were formed from D3 ES cell-derived EBM2 (i) and EPL3 (ii) as the starting 
population. ES cells, EBM2, EPL3 and differentiated bodies on days 1-4 were collected 
for analysis. RNA was isolated, reverse transcribed and analysed by qPCR for the 
expression of Nanog, Eomes, brachyury, Mixl1, Snail1, Snail2, Twist1 and �-actin. Gene 
expression was normalised to �-actin using Qgene quantitation software.
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(Chen and Behringer 1995; Gitelman 1997). Twist1 was detected at low levels in ES cells and 
then expression increased gradually as EPL cells differentiated to EPLEB4 (Fig. 3.9). 
 

3.7 EPLEB differentiate to primitive blood faster than ESEB 

Formation of primitive blood lineages from ES cells is a well studied mesoderm differentiation 
pathway (Doetschman, Eistetter et al. 1985; Wiles and Keller 1991; Keller, Kennedy et al. 
1993; Bautch, Stanford et al. 1996; Kennedy, Firpo et al. 1997). The progression of primitive 
blood formation in the EB system appears to recapitulate primitive blood formation as seen in 
the yolk sac. Given that EPLEBs differentiate more rapidly to mesoderm and form in the 
absence of any detectable ectoderm or VE it was interesting to test if primitive blood formation 
was altered in this system relative to ESEBs. These analyses were conducted using two 
separate EPL populations, EBM2 and EPL3 to test the hypothesis that differentiation outcome 
might be dependent on the age of the EPL population used.  
 
In two separate experiments D3 ES cells were used to generate ESEBs alongside either 
EBM2EB or EPL3EB. Cells were collected daily until day 6 (EBM2EB) or day 8 (EPL3EB) of 
differentiation and gene expression analysis was performed by quantitative real time PCR. The 
panel of genes investigated comprised markers of the ICM (Oct4, Rex1), primitive ectoderm 
(Fgf5), primitive streak (brachyury, Mixl1), hemangioblast (Flk1, SCL), hematopoietic (GATA1) 
and erythroid lineage (EKLF, �	h1, �	major). Expression levels were normalised to GAPDH. 
 
As expected, Oct4 was expressed in both EBM2 and EPL3 cells (Fig. 3.10), although in these 
experiments Oct4 expression was lower in both EPL populations when compared to ES cells. 
In ESEBs Oct4 expression was down-regulated after day4, for EBM2EB Oct4 expression was 
barely detectable after day 2, while EPL3EB showed more persistent Oct4 expression despite a 
general decrease in expression across the 8 days of differentiation (Fig. 3.10). Rex1 
expression showed the expected decrease between ES cells and both EPL cell populations 
and expression dropped to very low levels in both EB series and both EPLEB series by day 2 
of differentiation (Fig. 3.10). Fgf5 was undetectable in ES cells and up-regulated in both EBM2 
and EPL3 (Fig. 3.10). Fgf5 was further up-regulated in early EPLEB, with expression peaking 
on day 2 of differentiation for both EBM2EB and EPL3EB, before dropping to low levels by day 
4 (Fig. 3.10). ESEBs displayed Fgf5 expression beginning on day2, peaking on day3 and 
dropping by day 5 (Fig. 3.10). These data indicate loss of ICM markers and gain of primitive  
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EPLEBs express mesoderm and blood markers earlier than ESEBs.

ESEBs were formed from D3 ES cells, EPLEBs were formed from D3 ES cell-derived 
EBM2 (i) and EPL3 (ii) as the starting population. Bodies were collected daily, RNA 
isolated, reverse transcribed and analysed by qPCR for the expression of Oct4, Rex1, 
Fgf5, brachyury, Mixl1, Flk1, SCL, EKLF, GATA1, �	h1, �	maj and �-actin. Gene 
expression was normalised against �-actin using Qgene quantitation software. 

1 2 3 4 5 60

G
en

e 
ex

pr
es

si
on

 re
la

tiv
e 

to
 G

A
P

D
H

Days of differentiation

EB

EBM2EB

brachyur



Oct4

Rex1

Fgf5

Mixl1

SCL

Flk1

EKLF

GATA1

�	h1

�	maj

ii

0
0.25
0.5

0
0.5

1

0
3.5

7

0
3
6

1 2 3 4 5 60

G
en

e 
ex

pr
es

si
on

 re
la

tiv
e 

to
 G

A
P

D
H

Days of differentiation
7 8

0
0.35
0.7

0

0.001

0
0.05
0.1

0
0.01
0.02

0
0.002
0.004

0
0.005
0.01

EB

EPL3EB

0
0.001
0.002
0.003

1 2 3 4 5 6 7 8 9

brachyur



 66

ectoderm markers is initiated prior to body formation in the case of EPLEBs but does not occur 
in ESEBs until approximately 2 days after body formation.  
 
The nascent mesoderm markers brachyury and Mixl1 were expressed on day 2 of EPLEB 
differentiation (Fig. 3.10). In these experiments no difference was detected for EPLEB 
generated from EBM2 or EPL3. brachyury and Mixl1 expression was detected on day 4 for 
ESEBs, consistent with advanced mesoderm formation in EPLEBs in comparison to ESEBs 
(Fig. 3.10). 
 
Flk1 encodes vascular endothelial growth factor receptor tyrosine kinase 2 and is expressed on 
subsets of early mesoderm and the earliest vascular and hematopoietic tissues (Dumont, Fong 
et al. 1995). SCL is a basic helix-loop-helix (bHLH) transcription factor that functions in the 
hemangioblast to hematopoietic transition (D'Souza, Elefanty et al. 2005). The presence of 
Flk1 and SCL in the same population of differentiating cells has been used to indicate the 
presence of hemangioblasts (Robertson, Kennedy et al. 2000). Flk1 and SCL expression were 
coincident in both EPLEBs and ESEBs. Up-regulation of Flk1 and SCL occurred after up-
regulation of brachyury and Mixl1, consistent with the transition of nascent mesoderm cells to 
hemangioblasts. Both Flk1 and SCL were detected 2-3 days earlier in EPLEBs in comparison 
to ESEBs (Fig. 3.10).  
 
EKLF and GATA1 are erythroid specific transcription factors involved in the earliest stages of 
hematopoiesis (Orkin 1992; Miller and Bieker 1993) and �	h1 and �	major are two of the 
earliest globin genes expressed in embryonic hematopoiesis (Whitelaw, Tsai et al. 1990). In 
EPLEBs generated from EBM2 these four genes were detected on day 4 or 5, one day earlier 
than ESEBs from the same experiment (Fig. 3.10). The magnitude of expression was similar 
between EBM2EBs and ESEBs (Fig. 3.10). A similar pattern of expression was seen in 
EPL3EBs compared to matching ESEBs, however the magnitude of expression for all genes 
was lower in EPL3EBs than matching ESEBs (Fig. 3.10). The differences between EBM2EBs 
and EPL3EBs may reflect a reduced ability of EPL3EBs to differentiate from the hemangioblast 
stage to committed hematopoietic lineages.  
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3.8 Discussion 

3.8.1 Equivalence of suspension and adherent culture for EPL cell formation   
Results presented in this chapter demonstrate that EPL cells form equally in suspension or 
adherent culture in MEDII supplemented media and show comparable changes in gene 
expression and differentiation outcome over time. Although the ability to form EPL cells in 
adherent culture has been well characterised (Rathjen, Lake et al. 1999; Lake, Rathjen et al. 
2000; Rathjen, Haines et al. 2002) this is the first demonstration that equivalent populations are 
formed in suspension culture.  
 

3.8.2 EPL cells model posterior differentiation when differentiated as EPLEB 
EPLEBs represent an excellent model of posterior differentiation. EPL cells do not express 
positionally restricted markers of the posterior ectoderm, such as Nanog, brachyury and 
Eomes. The lower expression of Nanog and lack of brachyury and Eomes expression within 
EPL cells suggests EPL cells represent an unspecified or possibly anterior population of pre-
gastrulation primitive ectoderm. Interestingly, the recently reported EpiSCs, derived from 
primitive ectoderm, express Nanog at the same level as ES cells and have elevated Eomes 
levels, suggesting these cells share characteristics of the late posterior primitive ectoderm 
(Brons, Smithers et al. 2007; Tesar, Chenoweth et al. 2007). Although EPL cells are not 
equivalent to late posterior primitive ectoderm they are able to respond to the posteriorising 
environment found within an EPLEB with a moderate up-regulation of Nanog accompanied by 
expression of other posterior markers; brachyury, Mixl1, Eomes and Snail1.  
 
The observed expression of Snail1, a key regulator of EMT indicates an EMT might be part of 
mesoderm specification in EPLEBs as it is in the embryo. This is supported by the expression 
of Twist1, which is detectable in ES and EPL cells and increases as EPLEBs differentiate and 
Snail2, which appears two days after Snail1. This data suggests that EPLEBs faithfully 
recapitulate the expression of EMT markers seen in vivo. This is important as it is not clear if an 
EMT is an obligatory part of mesoderm specification or simply a mechanism for facilitating the 
migration of mesoderm cells within the embryo. For example Fgfr1-/- embryos have migration 
defects because of faulty EMT but when injected into kidney capsule Fgfr-/- ES cells are able to 
properly specify mesoderm (Ciruna and Rossant 2001).    
 



 68

3.8.3 Blood formation in EPLEBs resembles YS hematopoiesis 
It had previously been reported that EPLEBs respond to conditions favouring macrophage 
induction more efficiently than ESEBs (Lake, Rathjen et al. 2000). Together with the marker 
analysis presented here, it shows that EPLEBs are capable of hematopoietic differentiation. 
Furthermore, the sequence of events in hematopoietic differentiation in ELPEBs appear to be 
the same as for ESEBs, with nascent mesoderm markers giving way to hemangioblast markers 
and finally committed hematopoietic markers. EPLEBs express hemangioblast and 
hematopoietic markers earlier that ESEBs, consistent with the earlier up-regulation of 
mesoderm within these bodies. The detection of �	h1 in EPLEBs suggests that primitive 
hematopoiesis is a component of EPLEBs. This is an interesting result because it had been 
hypothesised that the lack of VE on EPLEBs may preclude induction of primitive blood. This 
was based on the observation that primitive hematopoiesis is induced in structures called blood 
islands that are thought to be initiated by signalling from the visceral endoderm to the 
underlying extra-embryonic mesoderm that has migrated from the most posterior part of the 
primitive streak (Belaoussoff, Farrington et al. 1998). Further analysis is required to 
conclusively show that primitive blood is formed in EPLEB but the presence of �	h1 suggests 
that induction of yolk-sac-like events can occur in the absence of VE. Presumably the role of 
VE is replaced by an alternate cell type or media component in the case of EPLEBs.   
 

3.8.4 A transitional stage between ES and EPL cells exists after 24 hours MEDII 
exposure 
Data presented here suggests that ES cells respond to MEDII exposure within 24 hours, such 
that EBM1 have acquired the ability to respond to BMP4 with the formation of mesoderm. This 
is consistent with work showing that Smads are rapidly phosphorylated in response to BMP4 
treatment in EPL cells but not ES cells even after 24 hours exposure to MEDII (N Harvey, 
unpublished). While EBM1 appear to have acquired characteristics consistent with EPL cells it 
is not clear whether they represent a primitive ectoderm equivalent, as the expression of 
established EPL cell markers was not detected. This raises the possibility that earlier markers 
of this transitional population might exist. Micro-array analysis has revealed a large number of 
genes that are regulated between ES cells and EBM3 and these are being analysed to see if 
markers can be found to distinguish EBM1 from ES cells.  
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3.8.5 Dynamic acquisition of EPL cell identity and equivalence to primitive 
ectoderm formation in the embryo  
EPL cell formation is dynamic, with changes observed between day 1, 2, 3 and 4 (Fig. 3.1-3.8) 
(Lake, Rathjen et al. 2000; Pelton, Sharma et al. 2002; Rathjen, Haines et al. 2002).The aging 
or maturation of EPL cells may reflect the in vivo situation, where primitive ectoderm is thought 
to exist between implantation at 4.75 dpc and lineage commitment at approximately 6.5 dpc, 
during a time of rapid cell proliferation and dynamic morphogenesis. Fgf5 expression in the 
embryo is not detected in the ICM at 3.5 dpc and remains low immediately after implantation 
(approximately 4.75 dpc), a time when the ICM has not yet fully organised into an epithelial 
sheet (Hebert, Boyle et al. 1991; Pelton, Sharma et al. 2002). Fgf5 expression then increases 
and is localised evenly throughout the primitive ectoderm at 5.5 dpc and is more highly 
expressed at 6.5 dpc (Haub and Goldfarb 1991; Hebert, Boyle et al. 1991; Pelton, Sharma et 
al. 2002). Detailed analysis of Rex1 expression in the early embryo revealed expression in ICM 
at 3.5 dpc and expression persisted to 4.75 dpc, after which time expression is lost from the 
pluripotent cell population (Pelton, Sharma et al. 2002). The correlation of Rex1 down-
regulation and acquisition of primitive ectoderm like qualities in vitro suggest that primitive 
ectoderm may be present in vivo by 4.75 dpc at a time prior to the morphological changes that 
have been used to identify this population. The further maturation of EPL cells from day 2 to 4 
is indicated by the down-regulation of Rex1 and is consistent with previous observations 
(Pelton, Sharma et al. 2002). 
 

3.8.6 Are functional changes associated with maturing EPL cells? 
The dynamic changes to EPL cells in vitro and the primitive ectoderm in vivo suggest that as 
more information is gathered it will be possible to subdivide this stage of development into 
phenotypically distinct subpopulations. These subpopulations may prove to be functionally 
distinct. EPL cell age did result in reduced reaggregation efficiency, with EBM4 much less able 
to aggregate than younger EPL cells. This may reflect differences in the adhesion molecules 
expressed by older EPL cell stages. In support of this hypothesis, micro-array and qPCR data 
suggests E-cadherin is up-regulated during this time and may reflect an increasingly organised 
epithelium, which is refractory to reaggregation (Appendix 1). Data presented by Kouskoff et al 
(Kouskoff, Lacaud et al. 2005) predicts that aging primitive ectoderm becomes progressively 
restricted such that the mesodermal sub-types are fixed at the time of brachyury up-regulation. 
brachyury expressing cells from successively older EBs appear to have different abilities to 
respond to differentiation cues. The first brachyury expressing cells more readily respond to 
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signals for hemangioblast differentiation and later brachyury expressing cells more readily 
respond to signals for cardiocyte differentiation. Alternatively, it remains possible that different 
stages of primitive ectoderm maturation are equally pluripotent and differentiation outcomes 
occur in response to regionally restricted inductive factors. Studies on the embryo are not able 
to address this question easily because the process of primitive ectoderm aging is happening 
at the same time as regional specification is being established by extra-embryonic signalling 
centres. Similarly, the EB system used by Kouskoff et al is complicated by the presence of VE 
that could contribute to differences in the signalling environment over time. As VE has been 
reported to be absent from EPL cells and differentiating EPL cells, these cells could provide a 
system for looking at primitive ectoderm aging without concomitant patterning. Although the 
data presented here is not able to resolve this question, the equivalent levels of cardiocytes 
and visible red blood cells seen regardless of the length of time in MEDII supports the notion 
that different stages of primitive ectoderm remain unspecified and are equivalent in their 
response to differentiation cues.   
 



 71

Chapter 4: Neither EPL nor ES cells nor their early 
derivatives contain detectable LTR-HSC activity 

4.1 Introduction  

Amongst the most attractive and highly pursued targets for ES cell differentiation is the 
production of mature blood cells and long term repopulating hematopoietic stem cells (LTR-
HSC). Blood formation is readily detected in spontaneously differentiating EBs (Fig. 
3.10)(Keller, Kennedy et al. 1993; Kennedy, Firpo et al. 1997), although the presence of LTR-
HSCs has been harder to prove. To date there has been only rare published accounts of multi-
lineage reconstitution from un-manipulated ES derived cells (Palacios, Golunski et al. 1995; 
Hole, Graham et al. 1996; Burt, Verda et al. 2004) and serial transplantation has only been 
reported following genetic manipulation for the ectopic expression of HoxB4 or Cdx4 (Kyba, 
Perlingeiro et al. 2002; Wang, Yates et al. 2005). This is despite a long history of ES cell 
differentiation towards blood lineages [reviewed in, (Olsen, Stachura et al. 2006)]. 
Differentiation of ES cells towards blood lineages has focussed on two alternant approaches; 
formation of EBs (Doetschman, Eistetter et al. 1985; Keller, Kennedy et al. 1993) or stromal co-
culture on OP9 cells (Nakano, Kodama et al. 1994). Combinations of specific cytokines can be 
added to either system to enhance the formation of the various blood lineages and both 
systems follow similar kinetics, with the specification of mesoderm followed by hemogenic 
mesoderm, multi-lineage blood progenitors and ultimately mature blood cells. This progression 
from ES cells to mature blood cells in vitro infers that at some point there must exist 
hematopoietic progenitors, but animal injections establish that LTR-HSCs are not routinely 
present in the differentiation pathways tested. 
 
One theory that exists to explain the lack of success in differentiating ES cells to LTR-HSCs is 
that the ontogeny of ES cell derived blood seen in EB and stromal co-culture is equivalent to 
early YS hematopoiesis, and there may be an inherent restriction in the ability of this tissue to 
generate LTR-HSCs. Before the onset of circulation, repopulation from the YS only been 
reported after genetic manipulation or extended stromal co-culture (Kyba, Perlingeiro et al. 
2002). Also, like YS blood islands, ES hematopoiesis is characterised by an initial wave of 
primitive erythrocyte production. YS mesoderm is derived from the first cells to traverse the 
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primitive streak at its most its most posterior extreme and these cells migrate into the extra-
embryonic region where signalling from the overlying visceral endoderm leads to formation of 
YS blood islands. The specification of these cells appears to depend on BMP4 signalling 
(Sadlon, Lewis et al. 2004). During embryogenesis a second site of hematopoiesis is 
established, originating from the aorta gonad mesonephros (AGM), which does not produce 
primitive erythrocytes and is the first location where long-term multi-lineage progenitors can be 
detected (Cumano and Godin 2007). The AGM is derived from cells that emerge later from the 
middle-primitive streak and migrate to form the lateral mesoderm. Specification of the middle 
primitive streak appears to involve the combined actions of TGF�, FGF and WNT signalling 
(Tam and Loebel 2007). The relationship between AGM and YS derived hematopoietic cells 
becomes much less clear following the onset of circulation in the embryo at which stage LTR-
HSC can be detected in both the YS and AGM regions.  

Experiments conducted by Steve Jane and David Curtis at The Ludwig Institute, Melbourne, 
raised the possibility that EPLEBs could give rise to LTR-HSCs. They observed that EPL cells 
and early EPLEB cells were able to rescue lethally irradiated mice, while ES cells and early 
ESEB cells could not (Appendix 2). This suggested that ES and EPL cells were fundamentally 
different in their ability to form adult type LTR-HSCs. True re-population by EPL cells and early 
EPLEBs would represent a novel strategy for the generation of adult-type LTR-HSCs and be a 
clear demonstration of the utility of EPL cells in generating clinically relevant mesodermal 
derivatives. 
 
The pilot experiments performed by Jane and Curtis did not include saline injection controls, so 
it could not be determined conclusively that recovery was caused by the cells. Additionally, 
because of transgene silencing of the GFP-tagged cells it was not possible to accurately 
measure the contribution injected cells made to the blood compartment in surviving animals.  
 
In order to confirm the observations made by Jane and Curtis and measure the level of donor 
cell contribution to surviving animals, the radioprotection assay was established in Adelaide 
and a new strategy was devised for the estimation of donor cell contribution in surviving 
animals. EPL3 cells were used as the source of EPL cells in line with the work of Jane and 
Curtis. 
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4.2 Establishment of radio-protection assay 

The principal of a radioprotection assay is that a lethally irradiated mouse can be rescued by 
the introduction of donor cells that can re-populate the ablated bone marrow and reconstitute 
the animals’ hematopoietic compartment. In order to establish the radio-protection assay, an 
appropriate dose of radiation must be selected. If mice are exposed to too little radiation a 
proportion of LTR-HSCs will survive and the mice will recover. If the dose of radiation is too 
high the animals can die due to radiation induced damage to other organs including damage to 
intestinal mucosa. The length of time taken for animals to die post irradiation is used as a 
measure for the appropriate dose. Animals should die not sooner than one week and not later 
than three weeks post irradiation. 
 
Based on the literature and previous experience of the animal house staff a dose of 10Gy total 
body irradiation (TBI) was chosen and tested on two batches of 5 mice each. As illustrated in 
figure 4.1, all animals died between day 8 and 22 post irradiation, indicating that 10Gy TBI was 
an appropriate dose to test cell populations for their ability to radio-protect. 
 

4.3 R1-GFP ES cells undergo transgene silencing in a 
proportion of differentiated progeny 

Pilot experiments by Curtis and Jane were carried out with a D3 ES line carrying a GFP 
transgene under the control of a constitutively active EF1� promoter generated by Joy Rathjen. 
ES cells were electroporated and stable clones were generated. Despite attempts to choose a 
clonal line that maintained GFP expression during differentiation, it was concluded that the 
GFP transgene was silenced in most if not all cells present in injected mice after 30 days 
(David Curtis, pers. comm.). To overcome this, an alternate ES cell line called R1-GFP, was 
acquired from Andras Nagy that is reported to maintain GFP expression in all differentiated 
cells (Hadjantonakis, Gertsenstein et al. 1998). This line has even been used to generate 
entirely ES cell-derived mice and these mice express GFP in all tissues, although some tissues 
display reduced fluorescence (Hadjantonakis, Gertsenstein et al. 1998). 
 
Before using R1-GFP cells in animal injections they were tested for EPL cell and EPLEB 
formation by gene expression and found to behave in the expected manner (data not shown). 
To confirm that GFP expression was maintained during differentiation, R1-GFP ES cells were  



0

2

4

6

8

10

12

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29

Days

N
um

be
r o

f s
ur

vi
vi

ng
 m

ic
e

Figure 4.1

Animal survival following 10Gy Total Body Irradiation (TBI).

Two cohorts of five mice were irradiated with 10Gy TBI and monitored 
daily. Mice were killed when they reached a predetermined score for ill-
health and their survival time post irradiation was plotted.
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used to generate EB and EPLEB and flow cytometry was performed every two days until EB10 
and EPLEB10 (Fig 4.2, i.). Unexpectedly, cells with undetectable GFP fluorescence were 
present in every population tested. ES cells contained 1% non-green cells and when 
differentiated as EBs this percentage increased to 5% in EB6, 18% in EB8 and 30% in EB10. 
EPLEBs also displayed non-green cells with 1% non-green in EPLEB2, 12% in EPLEB4, 26% in 
EPLEB6 and 27% in EPLEB8 and EPLEB10 (Fig 4.2, i.). Epifluorescence microscopy revealed 
patchy fluorescence in EB10 and heterogeneity between bodies, with a small number of bodies 
retaining strong fluorescence, while the majority of bodies were weakly fluorescent with 
patches of non-green cells (Fig 4.2, ii. C). The loss of detectable GFP fluorescence in a 
proportion of cells meant that R1-GFP ES cells were unsuitable for use in animal injections. 
 
An alternate strategy was devised whereby untagged D3 ES cells could be detected by 
quantitative real time PCR (qPCR). Injected cells were male and recipient mice were female, so 
qPCR for the male specific gene TSPY was used to measure the presence and level of injected 
cells against a standard curve of male DNA mixed with female DNA in various proportions. This 
strategy meant live cells could not be isolated from tissues and stained for lineage markers, as 
would have been the case for GFP expressing cells, however it did allow D3 ES cells to be 
used as was the case in the pilot experiments of Curtis and Jane.  

4.4 Assessment of EPL and ES derived cell populations for 
short-term radioprotection 

Groups of 8-12 mice were irradiated with 10Gy TBI and injected 24 hours later with either PBS 
or a single cell suspension of allogeneic BM, ES cells, EPL cells, ESEB2, EPLEB2, ESEB4 or 
EPLEB4 until a total of 10 mice had received each treatment. In order to account for any 
variation in the way each group of mice responded to the procedure, each group included PBS 
and BM injected recipients and every test cell population was spread across 3-4 separate 
groups of mice. Following injection, animals were monitored daily for 30 days, scored for ill-
health and killed if the score reached a pre-determined threshold. Test cell populations were 
checked by gene expression and differentiation potential to confirm the ES to EPL cell 
transition (data not shown). 
 
A total of 9/60 mice injected with test cell populations survived for 30 days post irradiation. Of 
the EPL cell-derived populations, 3/10 mice injected with EPL cells, 2/10 mice injected with 
EPLEB2 cells and 1/10 mice injected with EPLEB4 cells survived (Fig. 4.3). Amongst the ES  
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�EBs formed from R1 ES cells were imaged for green fluorescence on day 2 (A) and day 
10 (C). Images were taken on a Nikon TE300 using a CoolSnap Fx digital camera.

' %

200�M200�M

iii

GFP

C
ou

nt
s



0

2

4

6

8

10

12

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29
Days after irradiation

N
um

be
r o

f s
ur

vi
vi

ng
 m

ic
e

no treatment
PBS
BM
ES
EPL3
EB2
EPLEB2
EB4
EPLEB4

Figure 4.3

Survival curve of irradiated mice following injection of various cell 
populations.

A total of 10 mice were injected with single cell suspensions of D3 ES cells, and 
D3 ES cell-derived EPL3, EB2, EPLEB2, EB4 or EPLEB4. Each mouse received 
1x106 cells in 100�L of PBS via the tail vein. Control groups consisted of 10 
mice that received either no treatment, 100�L PBS or 2x106 male BM cells in 
100�L PBS. Mice were injected 24 hours post irradiation with 10Gy TBI and 
monitored daily. Mice were killed when they reached a predetermined score for 
ill-health and their survival time post irradiation was plotted.
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cell derived populations 2/10 mice injected with ES cells, 0/10 mice injected with EB2 and 1/10 
mice injected with EB4 survived (Fig. 4.3). From the positive control group 9/10 mice injected 
with BM survived (Fig. 4.3). Importantly, in the negative control group 1/10 mice survived 
following injection of PBS alone (Fig. 4.3). The survival of an animal injected with PBS alone 
raised the possibility that survival could be due to insufficient radiation dose and not a radio-
protective effect of injected cells.  
 
Tissue samples from surviving animals were analysed by qPCR for TSPY and measured 
against a standard curve. Surviving animals injected with male BM were found to contain high 
levels of donor DNA, between 50-100% in spleen, thymus and BM, and between 5-50% in liver 
and lung. In contrast, the level of contribution in surviving animals injected with any of the test 
cell populations was generally below the range detected in the standard curve, which had a 
lower limit of 0.1% male DNA (Fig. 4.4). Although generally below the range of the standard 
curve it was common to detect a weak signal for TSPY in tissues from animals that survived 
following injection of test cell populations (Fig. 4.4). This suggests that injected cells probably 
did survive in small numbers but did not contribute significantly to the blood compartment of 
surviving animals.  
 
All mice that survived 30 days were examined internally and one mouse injected with EPLEB2 
was found with a tumourous growth in its lung. Real time PCR analysis revealed that the 
tumour was of donor cell origin, with a TSPY value of close to 100% (Fig. 4.5). This result 
further confirms that the PCR based detection system is capable of detecting donor cells when 
present and left the possibility that survival was due to either insufficient radiation dose or the 
injected cells may have been conferring a form of radioprotection that did not include 
reconstitution of the blood compartment. Examples of radioprotection without cellular 
contribution are not uncommon and frequently involve stimulation or protection of host LTR-
HSCs (Montfort, Olivares et al. 2002; Theise, Henegariu et al. 2002; Monobe, Koike et al. 2003; 
Filip, Mokry et al. 2005). For example, the injected cells may secrete a factor that enables host 
cells to avoid radiation induced death or stimulates quiescent cells within the host BM to begin 
hematopoiesis. ES are capable of surviving in vivo and secreting growth factors that can act at 
distant sites as illustrate by the work of Fraidenraich et al, who made the surprising finding that 
ES cells injected into the peritoneum of female mice prior to conception release WNT5a and 
IGF-1 and cause a partial rescue of two separate defects in unborn pups (Fraidenraich, Stillwell 
et al. 2004). 
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Figure 4.4
Animals that survived for 30 days following injection with various cell populations or 
PBS contained barely detectable donor cells except when injected with bone marrow.

qPCR analysis for TSPY expression relative to �	actin expression. Standard curve was 
made by mixing male cDNA with female cDNA. RNA was extracted from samples of spleen, 
thymus, BM, liver and lung in all surviving animals, reverse transcribed and analysed by 
qPCR for the expression of TSPY and �-actin. Analysis was performed using Q-gene 
quantitation software. Representative results are shown for one mouse from each injected 
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Figure 4.5
EPLEB2 injected animal that survived for 30 days contained a tumour on the 
lung of donor cell origin.

qPCR analysis for TSPY expression relative to �	actin expression. Standard curve 
was made by mixing male cDNA with female cDNA. RNA was extracted from 
samples of spleen, thymus, liver, healthy lung and tumour, reverse transcribed and 
analysed by qPCR for the expression of TSPY and �-actin. Analysis was performed 
using Q-gene quantitation software.
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4.5 Neither EPL nor ES cells provide short-term radio-
protection 

The possibility of radio-protection was further investigated by performing a limited repeat of the 
short term radioprotection assay using ES and EPL3 cells. Statistical analysis based on the fact 
1/10 PBS injected and 3/10 EPL cell injected mice survived, revealed that more that 100 
animals would be needed to show a significant radio-protective effect for each test cell 
population. Since this was impractical it was necessary to modify the experimental design in 
order to maximise the chance of injected cells exerting a radio-protective effect on host BM. In 
this experiment twice the number of cells were injected per animal and cells were injected 4 
hours after irradiation instead of 24 hours. The rationale behind injecting cells closer to the time 
of irradiation was that it would increase the exposure of host stem cells to radio-protective 
factors from injected cells. For ethical reasons, mice must be killed before their suffering 
becomes too great, thus introducing the possibility of operator bias if the person assessing the 
animals is aware of the treatment received by that animal. To remove the possibility of operator 
bias the cell population injected into each mouse was concealed until the completion of the 
experiment. 
 
Two groups of 24 mice were irradiated with 10Gy TBI and injected 4 hours later. Each group of 
irradiated mice included 6 PBS, 2 BM, 8 ES and 8 EPL injected recipients. Following injection, 
mice were monitored daily for 35 days, scored for ill-health and killed if the score reached a 
pre-determined threshold. None of the 16 mice injected with ES cells survived beyond 21 days, 
while 1/16 mice injected with EPL cells survived and 1/12 Mice injected with PBS survived (Fig. 
4.6). All four mice injected with BM survived, demonstrating that the assay was working 
effectively (Fig. 4.6). Given that only one mouse survived following injection of EPL or ES cells 
and one mouse survived following injection of PBS alone, there is no evidence that ES or EPL 
cells provide a radio-protective effect. 
 

4.6 Discussion 

The aim of this section of work was to extend the pilot studies of Curtis and Jane that showed 
EPL cells and their derivatives were different to ES cells in their ability to radio-protect lethally 
irradiated mice. Such a difference would have been a clear demonstration that EPL cells have  



Figure 4.6

Survival curve of irradiated mice following injection of ES or EPL3 cells.

A total of 16 mice were injected with single cell suspensions of either ES cells or 
EPL3 cells. Each mouse received 2x106 cells in 100�L of PBS via the tail vein. 
Control groups consisted of 12 mice that received 100�L PBS and 4 mice that 
received 2x106 male BM cells in 100�L PBS. Mice were injected 4 hours post 
irradiation with 10Gy TBI and monitored daily. Mice were killed when they 
reached a predetermined score for ill-health and their survival time post 
irradiation was plotted. 
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an altered differentiation potential compared to ES cells and would have supported the notion 
that differentiation in the absence of VE favours AGM-like hematopoiesis in favour of yolk-sac-
like hematopoiesis. I was unable to repeat the findings of Curtis and Jane and the experiments 
presented in this chapter demonstrate that neither ES cells, EPL cells, nor their early 
derivatives were able to provide radioprotection to lethally irradiated mice. There is no evidence 
that any of the cell populations tested contain LTR-HSC activity. The reason for the differences 
between the results presented here and those obtained by Curtis and Jane are not entirely 
clear. In both cases very low levels of cellular contribution were detected, suggesting that the 
reason for radioprotection seen in their experiments was not cellular reconstitution of the blood 
compartment. This leaves the possibilities that either the level of radiation was sub-lethal in 
their system or the cells they injected conferred a radio-protective function other than re-
constitution. Studies presented here suggest that such a mode of radio-protection is unlikely 
from EPL cells. The absence of PBS or untreated animals in the data of Curtis and Jane mean 
it is impossible to know whether the dose of radiation was lethal to all mice. 
 
Another possibility to explain the lack of reconstitution seen from ES and EPL cells and their 
early derivatives is that the adult environment is not conducive to survival of early embryonic 
HSCs. There is mounting evidence that hematopoietic progenitors derived from both ES cells 
and early embryonic sites require a maturation step before they are able to home to and 
colonise the adult HSC niche (Krassowska, Gordon-Keylock et al. 2006). Some of this 
evidence has come from a re-interpretation of observations from YS, AGM and fetal liver cells. 
YS cells from pre-circulation embryos are capable of reconstitution after AGM co-culture 
(Matsuoka, Tsuji et al. 2001). YS and AGM cells reconstitute when injected into myeloablated 
neonates but not adult mice (Yoder, Hiatt et al. 1997). There is a report of reconstitution using 
differentiated ES cells injected into the bone marrow directly and the same cells did not 
reconstitute when injected into the blood stream (Burt, Verda et al. 2004). Palacios reported 
that reconstitution was only seen after prolonged co-culture on a bone marrow stromal cell line 
(Palacios, Golunski et al. 1995). Together these findings suggest that cells need to acquire 
adult characteristics before they can function in the adult environment. This might include the 
up-regulation of cell surface molecule for homing to the bone marrow niche.   
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