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Chapter 6: Staurosporine induces mesoderm from 
EPL cells via an EMT 

6.1 Introduction 

In the previous chapter it was demonstrated that disaggregation favoured mesoderm 
differentiation. In response to disaggregation, EPL cells up-regulated markers of the primitive 
streak and EMT. EMT is broadly defined as the process whereby a cell makes the transition 
from an epithelial phenotype to a mesenchymal phenotype. This generally involves loss of 
apical/basal polarity, reorganisation of cell junctions and actin cytoskeleton and acquisition of a 
migratory phenotype. EMT and mesoderm specification are closely coupled temporally in 
embryonic development. The classical view of the EMT that occurs in the primitive streak is it 
allows migration of newly formed mesodermal cells away from the site of formation (Cano, 
Perez-Moreno et al. 2000). This suggests that EMT and lineage specification are separate 
events. In Snail1 knockout mice there is a reduction in brachyury positive cells (Carver, Jiang et 
al. 2001), migration away from the streak is reduced and some cells within the mesodermal 
wings are morphologically epithelial and have intact adherens junctions. E-cadherin is reduced 
in the mesodermal layer of these embryos although not lost entirely as is the case in WT 
mesoderm. These data implicate Snail1 as a regulator of EMT and show that disruption of 
Snail1 and therefore EMT leads to not only problems with migration but causes a reduction in 
brachyury positive cells. This suggests that EMT may play a role in mesoderm specification in 
addition to its role in migration.  
 
While EMT and mesoderm specification appear to be linked in primitive ectoderm, these two 
processes are not linked at other stages of development. EMT is seen repeatedly through 
development and is associated with some disease states. Although frequently linked with 
changes in cell identity, the nature of that identity change is varied and probably depends on 
the competence of the cell undergoing EMT and the signalling environment in which it is found. 
For example, in the developing heart EMT is used to remodel the heart valves and cell identity 
does not undergo a lineage switch. Therefore, despite the close association between 
mesoderm specification and EMT it is not clear if EMT has an inductive or functional role in 
lineage specification.  
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Work on epithelial cell lines has implicated a number of growth factors in EMT induction, 
including TGFs, WNTs and FGFs. Interestingly, many of these growth factors are described as 
mesoderm inducers in the posterior embryo. The use of these growth factors to study the effect 
of EMT induction on mesoderm specification is therefore complicated by potentially direct roles 
for these factors in mesoderm specification.  
 
Here, the potential of a chemical inducer of EMT was tested for the ability to induce EPL cells 
to form mesoderm. This agent, staurosporine (SSP), is a broad spectrum kinase inhibitor and 
has been shown to induce EMT in explants of the chick neural tube (Newgreen and Minichiello 
1995; Newgreen and Minichiello 1996). When explants of chick neural tube are cultured in the 
presence of low concentrations of SSP (25nM), cells undergo EMT and become migratory. 
SSP is thought to induce EMT by targeting atypical PKCs located within in adherens junction 
complexes and disrupting the association between the actin cytoskeleton and the adherens 
junction (Newgreen and Minichiello 1996; Minichiello, Ben-Ya'acov et al. 1999). Since SSP 
appears to induce EMT by direct modulation of the actin cytoskeleton rather than via growth 
factor signalling, this allowed direct assessment of the role of EMT in the specification of 
mesoderm.  
 

6.2 EPL colonies display morphological EMT in response to 
SSP 

EPL cells were grown on gelatin coated glass cover-slips for 3 days and then treated with SSP 
or DMSO carrier alone for 24 hours. Colonies in DMSO had a classical EPL morphology, with 
broad flat colonies consisting of epithelial cells with tight cell:cell junctions (Fig. 6.1). The 
epithelial nature of cells within untreated colonies was supported by the localisation of E-
cadherin, �-Catenin and F-Actin at cell borders (Fig. 6.2 A-F). SSP treatment caused EPL cell 
colonies to scatter, with cells extending away from the original colony in chains and larges 
spaces appearing within the colony (Fig. 6.1). Cells within SSP treated colonies retained 
cell:cell junctions and peripheral staining for E-cadherin, �-Catenin and F-Actin, suggesting that 
adherens junctions were retained although increased motility of the cells suggested some 
change in cellular architecture had occurred (Fig. 6.2 G-L).   



DMSO SSP

Figure  6.1
SSP causes EPL colonies to scatter and take on a mesenchymal 
morphology.

ES cells were grown in 50% MEDII media on gelatin coated glass coverslips for 
three days (EPL), treated with 25nM SSP or DMSO carrier alone and cultured 
for a further 24 hours. Colonies were fixed in 4% PFA in PBS and coverslips
were mounted on glass slides for imaging by phase contrast microscopy.
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Figure 6.2
Staurosporine treated EPL cell colonies retain E-cadherin, �-catenin and F-actin 
at cell borders.
ES cells were grown in 50% MEDII on gelatin coated glass coverslips for three days 
(EPL), treated with 25ng/ml SSP (G-L) or DMSO carrier alone (A-F) and cultured for a 
further 24 hours. Colonies were fixed in 4% PFA and immunofluorescence performed 
using primary antibodies specific for �-Catenin (B, H) and E-Cadherin (E, K) and alexa-
488 conjugated secondary antibodies. Rhodamine conjucated phalloidin was included 
with the secondary antibodies to detect F-Actin (C, F, I, L). Coverslips were mounted in 
Prolong-gold Antifade with DAPI to visulaise DNA (A, D, G, J). The distribution of �-
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These data suggest that SSP induces morphological changes consistent with EMT in EPL cells 
but that these changes are not accompanied by the complete breakdown of adherens junctions 
after 24 hours. 
 

6.3 25nM SSP favours mesoderm differentiation at the 
expense of ectoderm differentiation from EPL cells 

Having shown that SSP was able to induce the morphological hallmarks of an EMT, the 
differentiation outcome of EPL cells cultured in SSP was determined. EPL cells formed as 
EBM3 were continued in culture with or without MEDII and with or without 25nM SSP until day 
7, at which time bodies were seeded in S/F media and scored for visible red blood cells, 
beating muscle and neural projections. For EBM3 differentiated in the absence of MEDII 
(EBM3IC4), 53+/-18% of bodies formed neural outgrowths (Fig. 6.3). In contrast, no neural 
formation was detected in bodies cultured in IC media supplemented with SSP (Fig. 6.3). SSP 
also caused a reduction in the number of bodies with beating muscle, from 47+/-18% to 4+/-
3%, however the number of bodies with visible red blood cells increased from 9+/-7% to 38+/-
5% (Fig. 6.3).  For EPL cells differentiated in MEDII, SSP exposure resulted in a reduction in 
the number of bodies with neural projections from 94+/-3% to 24+/-12% (Fig. 6.3).  Mesoderm 
induction was detected in EBM3MII+SSP with 18+/-7% of bodies containing visible red blood 
cells and 14+/-8% containing beating muscle compared to the complete absence of visible red 
blood cells and beating muscle in EBM3MII (Fig. 6.3).  
 
SSP exposure altered the morphology of bodies such that loose cells appeared on the surface 
of bodies and single cells were shed from bodies and could be seen floating in the surrounding 
media (Fig. 6.3 C,F). Particularly striking was the loss of epithelial fold structures seen in EBM 
treated with SSP (Fig. 6.3 D, E, F). 
 
Together, these data suggest that a low concentration of SSP (25nM) favoured the formation of 
mesoderm and not ectoderm from EPL cells. The effect of SSP is not completely dominant 
over the mesoderm suppressing activity of MEDII, as the presence of ectodermal derivatives in 
EBM3MII+SSP suggested that not all cells exposed to SSP adopt a mesodermal fate when 
MEDII is present. These data indicate that the morphological evidence of EMT after SSP 
treatment is followed by an increase in mesodermal differentiation from EPL cells, suggesting  
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Figure 6.3

SSP favours mesoderm formation at the expense of ectoderm formation from 
EPL cells.

EBM3 formed from D3 ES cells were transferred to IC media or 50% MEDII media in 
the presence of 25nM SSP or DMSO carrier alone. 

i. 48 well gelatinised trays were seeded with one body per well on day 7, transferred 
to S/F on day 8 and scored for visible red blood cells (   ), beating muscle (   ) or 
neural projections (   ) on day 10, 12 and 15. Graph represents the maximum 
recorded score for each condition. Labels on x-axis represent treatment prior to 
seeding.

ii. Hoffman interference images of bodies on day 7. EBM3IC4 (A), EBM3IC4+DMSO 
(B) EBM3IC4+SSP (C) EBM3MII4 (D) EBM3MII4+DMSO (E) EBM3MII4+SSP (F)
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that EMT may not simply be required to allow mobilisation of mesoderm progenitors but may be 
integral to the process of mesoderm specification from pluripotent cells.  
 

6.4 Length of SSP exposure has an effect on differentiation 
outcome 

It was noted that SSP treated bodies became very loose and shed cells into the media (Fig. 
6.3). These single cells were lost during the process of re-feeding the bodies every day. SSP 
has been reported to induce apoptosis at concentrations higher than those used here 
(Bertrand, Solary et al. 1994). If SSP is operating by inducing an EMT and thus triggering 
differentiation towards mesoderm from EPL cells it argues that constant SSP exposure may not 
be required but rather exposure may only be required until an EMT has been induced, at which 
point further SSP exposure would be unnecessary. This is true for the neural tube, where SSP 
exposure is required for as little as 4 hours to initiate EMT. 
 
SSP was added to EBM3 for 4, 24, 48 or 96 hours. Differentiation outcome was measured by 
using cell lines that carry GFP under the control of Mixl1, brachyury and Sox1 (section 3.4,  
5.3.3 and 5.5). Cells cultured in MEDII with 0.1% DMSO displayed the expected differentiation 
pattern, with less than 5% GFP positive cells from the Mixl1-GFP and brachy-GFP lines and a 
peak of approximately 50% GFP-positive cells from the Sox1-GFP line (Fig. 6.4). Conversely, 
cells cultured constantly in SSP showed approximately 25% GFP positive cells from Mixl1-GFP 
cells, 35% from brachy-GFP line and less than 5% from Sox1-GFP line (Fig. 6.4). SSP 
exposure for 48 hours resulted in a profile very similar to 96 hour exposure with a peak of 
approximately 25% GFP positive cells from Mixl1-GFP line, 20% from brachy-GFP line and 
10% from Sox1-GFP line (Fig. 6.4). SSP exposure for 24 hours resulted in a strong up-
regulation of mesoderm markers, with a peak of approximately 23% GFP positive cells from the 
Mixl1-GFP line and 30% from brachy-GFP line (Fig. 6.4). SSP exposure for 24 hours was less 
effective than longer exposures at reducing GFP positive cells from the Sox1-GFP line, with a 
peak of approximately 30% GFP positive cells (Fig. 6.4). SSP exposure for 4 hours gave an 
intermediate result in terms of lineage choice, with strong induction of GFP from the Mixl1-GFP 
line and no induction over background from the brachy-GFP line and intermediate induction 
from the Sox1-GFP line similar to 24 hour exposure (Fig. 6.4).  



Figure 6.4

25nM stauroporine (SSP) induces GFP from Mixl1-GFP and brachy-GFP cells and 
suppresses GFP from Sox1-GFP cells when added to EBM3 in the presence of 
MEDII.

Mixl1-GFP ES cells and brachy-GFP ES cells were feeder depleted before being used 
to form EBM3. Feeder independent Sox1-GFP ES cells were also used to form EBM3. 
SSP was added to the media at 25nM in the presence of MEDII for 4, 24, 48 or 96 
hours. DMSO was added to the media following SSP withdrawal up until 48 hours so 
that control EBM3 cultured in the MEDII with DMSO for 48 hours could serve as a 
control for 4, 24 and 48 hour SSP exposure. Control for 96 hour SSP exposure was 96 
hour DMSO exposure. On indicated days bodies were reduced to single cells using 
trypsin, stained with PI and analysed by flow cytometry. Live cells were gated by PI 
exclusion and forward and side scatter characteristics and percentage green cells was 
calculated using D3 ES cell derived bodies to measure background fluorescence.
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In a related experiment, EPL cells exposed to SSP for 24 hours in the presence of MEDII were 
scored for beating muscle and neural projections. At the time this experiment was conducted 
the MEDII differentiation of EPL cells was not working well, such that EBM3MII4 differentiated to 
45% neural and 8% beating muscle, rather than the normal situation where neural scores are 
approximately 90% and beating muscle is below 5% (Fig. 5.3). Despite the suboptimal nature 
of this experiment it was noted that SSP exposure caused a drop in neural outgrowths to 30% 
and an increase in beating muscle to 25% (Fig. 6.5). The morphology of bodies exposed to 
SSP for 24 hours was altered, with bodies becoming rougher and more disorganised. SSP 
treatment for 24 hours dramatically reduced the number of bodies that had epithelial 
convolutions (Fig. 6.5).   
 
Together these results suggest that mesoderm formation occurred from cells exposed to 
between 4 and 24 hours of SSP, whereas suppression of ectodermal differentiation required 48 
hours or greater exposure to SSP. The potential that the length of exposure to SSP required for 
mesoderm induction and neurectoderm suppression is different has not been resolved here. 
Further work would be required where both questions were addressed in the same cell line so 
that clonal variations could be ruled out as a factor influencing the responsiveness of cells to 
SSP. When cells are exposed to SSP for 24 hours in the presence of MEDII they display more 
beating muscle and less neural projections, supporting the conclusion that SSP induces 
mesodermal differentiation after a brief exposure. In general, these results suggest that SSP 
exposure for as short as 4 hours is sufficient to alter the lineage choice of EPL cells in favour of 
mesoderm over ectoderm, although exposure for 24 hours and longer provides a more robust 
alteration of differentiation outcome.  

6.5 EPL cells exposed to SSP for 24 hours in the presence of 
MEDII take on a mesodermal gene profile 

The previous data demonstrate that following 24 hour SSP exposure, primitive streak genes 
brachyury and Mixl1 do not appear until approximately 3 days after the start of SSP exposure. 
This suggests that SSP is not leading to the direct up-regulation of mesoderm markers but 
rather triggering a chain of events that leads to mesoderm specification in approximately 3 
days. The process of mesoderm induction following SSP exposure was investigated by 
analysing the expression of a panel of markers that relate to the induction and progression of 
the primitive streak. 25nM SSP was added to EBM3 for 24 hours in the continued presence of 
MEDII and bodies were collected daily. Transcripts for the growth factors WNT3 and FGF8,  
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Figure 6.5
24 hour SSP alters differentiation outcome of EBM3 in the presence of MEDII.

EBM3 were formed from D3 ES cells and exposed to 25nM SSP in 50% MEDII 
media for 24 hours. Control EBM3 were cultured in 50% MEDII media with DMSO 
for 24 hours. 

i. 48 well gelatinised trays were seeded with one body per well on day 7, 
transferred to S/F on day 8 and scored for bodies containing beating muscle (   ) or 
neural projections (   ) on day 11, 15 and 19. Graph represents the maximum 
recorded score for each condition. Labels on x-axis represent treatment prior to 
seeding.

ii. Hoffman interference microscopy of EBM3MII4+DMSO24hr (A) and 
EBM3MII4+SSP24hr (B).
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implicated in primitive streak specification, were up-regulated within 2 days of SSP exposure, 
while TGF�1 was up-regulated 4 days after SSP exposure and BMP4 remained at background 
levels (Fig. 6.6). The primitive streak markers Mixl1 and brachyury were up-regulated 3 days 
after SSP exposure (Fig. 6.6). Expression of molecular regulators of EMT, Snail and Snail2, 
was measured and only Snail1 showed up-regulation over DMSO control levels and up-
regulation was not detected until 4 days after SSP exposure (Fig. 6.6). Perhaps the most 
immediate effect of SSP exposure was the down-regulation of the adherens junction gene E-
cadherin. E-cadherin transcript levels increase in control bodies until day 5, before decreasing, 
while in SSP treated bodies transcript levels decrease gradually from the time of exposure (Fig. 
6.6).  
 
These data show that E-cadherin transcriptional down-regulation is seen immediately in 
response to SSP treatment before the up-regulation of either Snail1 or Snail2. In addition, the 
up-regulation of Mixl1 and brachyury is preceded by the up-regulation of Wnt3 and Fgf8, but 
not TGF�1 or BMP4. Together, these data indicate that SSP induced mesoderm formation 
follows a path similar to that described in the embryo, where Wnt3 is the earliest marker of the 
posterior side, and precedes the later up-regulation of Mixl1 and brachyury.    
 

6.6 Discussion 

6.6.1 SSP induces morphological changes but not full mesenchymal identity in 
the presence of MEDII 
Cells treated with SSP tended to extend away from the original colony and take on a more 
mesenchymal morphology although some cells in the colonies maintained cell:cell contacts. At 
a transcriptional level the earliest detected response to SSP was a drop in E-cadherin levels, 
while immunofluorescence revealed that the adherens junction components E-cadherin and 
�	Catenin were still detectable at the periphery of most cells. Together this data suggests that 
SSP induces an EMT but that acquisition of mesenchymal identity is not complete within 24 
hours.  
 
The response of EPL cells to SSP is similar to that seen in the chick neural tube, where cells 
undergo EMT and move away from the epithelium, suggesting that SSP probably acts in a 
similar fashion in these two related embryonic epithelial populations to induce an EMT.  
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Figure 6.6
SSP induces genes relating to mesoderm formation.

qPCR analysis of EBM3-7 with or without SSP addition for 24 hours from day 3-4 of 
culture. EBMs were formed from D3 ES cells (day 0), bodies were collected daily from 
day 3, RNA isolated, reverse transcribed and analysed by qPCR for the expression of 
Wnt3, Fgf8, TGFb1, BMP4, brachyury, Mixl1, Snail1, Snail2, Ecad and �-actin. Gene 
expression was normalised to �-actin using Qgene quantitation software.
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6.6.2 SSP alters the differentiation outcome in favour of mesoderm 
Following EMT induction by SSP in an environment that is normally restricted to ectoderm 
formation, EPL cells undergo a switch to mesoderm formation. Mesoderm differentiation in 
response to SSP was marked by the ordered up-regulation of Wnt3 and Fgf8, followed by Mixl1 
and brachyury up-regulation. Bodies routinely differentiated to contain visible red blood cells 
and beating muscle while fewer bodies contained neural outgrowths. This is consistent with the 
notion that EMT is causative in mesoderm formation from pluripotent EPL cells and suggests a 
novel approach to controlling the differentiation of pluripotent cells to mesodermal cell types at 
the expense of ectodermal cell types.  
 
The effect of SSP was similar to the effect of disaggregation with the commitment to 
differentiation followed by mesoderm induction and Snail1 up-regulation. While it is not clear 
how SSP and disaggregation affect lineage specification it is possible that the breakdown in 
epithelial arrangement seen in both systems is sufficient to induce a program of mesoderm 
differentiation. One potential mode of action could be an increase in WNT signalling as a result 
of increased cytosolic �-catenin, which has been observed following disruption of adherens 
junctions (Nelson and Nusse 2004).  
 
Further work is required to investigate the effect of enforced EMT on endodermal differentiation 
because it is not clear whether endoderm progenitors undergo EMT as part of their normal 
differentiation pathway in the embryo. Differentiation of ES cells to mesoderm and endoderm 
has shown that endodermal cells do not lose E-cadherin and do not express Snail1, which 
suggests that these cells do not undergo an EMT, as opposed to mesodermal cells in which 
Snail1 is up-regulated and E-cadherin is lost (Tada, Era et al. 2005). SSP would therefore be 
expected to favour mesoderm but not endoderm differentiation.  

6.6.3 E-cadherin transcript levels drop before up-regulation of Snail1 
E-cadherin transcript levels dropped from the time of SSP addition and before the up-regulation 
of the E-cadherin repressor Snail1, suggesting that repression of E-cadherin by Snail1 may not 
be required for the earliest stages of mesoderm induction. This is similar to the situation in 
Snail1-/- mice where mesoderm formation is initiated but its progression is impaired (Cano, 
Perez-Moreno et al. 2000). Snail1-/- mice form a primitive streak although cells migrate away 
from the streak in an abnormal fashion, with some cells retaining E-cadherin (Cano, Perez-
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Moreno et al. 2000). No E-cadherin repressors have been reported to act earlier than Snail1, 
and it is generally accepted that Snail1 is important in the earliest stages of E-cadherin 
suppression in the primitive streak. These data suggest that an alternative method for E-
cadherin transcriptional regulation could be active in the induction of mesoderm from 
EPL/primitive ectoderm cells. Other reported E-cadherin suppressors that could be investigated 
include SIP1 and E12/E47 (Comijn, Berx et al. 2001; Perez-Moreno, Locascio et al. 2001). The 
role of these proteins during gastrulation has not been reported.  Alternatively SSP could be 
acting to remove or reduce the influence of transcriptional activators of E-cadherin, for example 
WT1 (Hosono, Gross et al. 2000). WT1 transcription has been found to be up-regulated upon 
EPL cell formation, however initial examination of WT1 expression following SSP treatment 
revealed no difference in transcript levels between SSP treated EPL cells and untreated cells 
(data not shown). 

6.6.4 Cells remain responsive to MEDII after SSP treatment 
Bodies cultured in SSP for 96 hours retain the ability to produce neural cell types in response to 
MEDII. Presumably the ectoderm seen in cells exposed to both SSP and MEDII results from 
epithelial cells existing at the time of differentiation, suggesting that either MEDII is able to slow 
the induction of EMT by SSP or perhaps MEDII is able to drive the reversion of mesenchymal 
cells to an epithelial state. This suggests prolonged SSP exposure might be needed to keep 
cells in a mesenchymal state long enough for them to differentiate beyond the window where 
they can respond to MEDII. This is supported by the observation that in the presence of MEDII, 
mesoderm commitment is enhanced by longer SSP exposure times and is also consistent with 
the observation that transcripts for pro-mesodermal growth factors such as WNT3 and FGF8 
are up-regulated 48 hours after SSP exposure. 
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Chapter 7: �-secretase inhibition favours ectoderm 
differentiation from EPL cells 

7.1 Introduction 

In chapter 5 it was shown that disaggregation of EBM3 affected lineage choice from pluripotent 
EPL cells, favouring the formation of mesoderm rather than ectoderm. This effect was 
replicated using the kinase inhibitor SSP, which has been shown to induce EMT. This chapter 
examines particular consequences of cellular disaggregation and how these are able to affect 
lineage choice from EPL cells.  
 
A limited candidate approach was taken to identify intercellular interactions that would be 
disrupted upon disaggregation, with a focus on protein interactions that have been previously 
implicated in lineage choice from pluripotent cells. Notch signalling is a system that operates 
when cells are physically interacting and has been implicated in a diverse range of 
developmental processes, including lineage choice from progenitor cells in various tissues of 
the developing animal (Artavanis-Tsakonas, Rand et al. 1999). Notch proteins and their ligands 
are expressed in pluripotent ES cells (Lowell, Benchoua et al. 2006; Nemir, Croquelois et al. 
2006) and microarray analysis indicates that expression is unchanged between ES and EPL 
cells (data not shown). Recently it was demonstrated that inhibition of Notch signalling inhibited 
neurectodermal differentiation and ablation of the protein favoured cardiogenic differentiation 
from ES cells (Lowell, Benchoua et al. 2006; Nemir, Croquelois et al. 2006).   
 
Notch signalling occurs when a cell expressing Notch interacts with a neighbouring cell that 
expresses a Notch ligand. Ligand binding results in metalloprotease mediated cleavage of the 
extra-cellular portion of Notch. Following cleavage of the extra-cellular fragment, Notch is 
cleaved by �-secretase and releases the Notch intracellular domain (NICD). NICD can then 
move to the nucleus and affect transcription of target genes in a complex with other proteins 
including CSL and RBP-JK (Artavanis-Tsakonas, Rand et al. 1999).  
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7.2 �-secretase inhibition favours ectoderm formation at the 
expense of mesoderm from EPL cells 

To investigate the role of Notch signalling in lineage choice from EPL cells, Notch signalling 
was blocked using the nonpeptidic �-secretase inhibitor, DAPT (Schmidt 2003). If 
disaggregation leads to mesoderm differentiation because Notch signalling between adjacent 
cells is prevented, then DAPT addition should replicate the effects of disaggregation. D3 ES 
cells were differentiated to EPL cells as EBM3 and then exposed to DAPT in the presence or 
absence of MEDII, without disaggregation. In the presence of MEDII (EBM3MII), DAPT had no 
effect on the differentiation outcome of EPL cells, with greater than 90% of seeded bodies 
forming neural projections and less than 2% displaying beating muscle in the presence or 
absence of DAPT (Fig. 7.1). Monolayers from cells treated with DAPT in the presence of MEDII 
displayed equally abundant BLBP and Tuj1 positive cells, consistent with the presence of 
neural projenitors and committed neural cells and in support of the classification of cells with 
neural projections as ectodermal derivatives (Fig. 7.2 C, D). The morphology of EBM3MII 
treated with DAPT was no different to control bodies on day 7, with convoluted epithelial layers 
evident and no detectable endodermal layer on the outside of the bodies (Fig. 7.1 E and F). 
EPL cells treated with DAPT in the absence of MEDII (EBM3IC+DAPT) showed an altered 
differentiation outcome to control bodies (EBM3IC+DMSO), with an increase in the percentage 
of bodies displaying neural projections from 53+/-18% in EBM3IC4+DMSO to 92+/-2% in 
EBM3IC4+DAPT and a concomitant decrease in beating muscle, from 47+/-18% to 15+/-6%, 
and visible red blood cells, from 9+/-7% to zero, following DAPT addition. Monolayers from 
cells grown in the absence of MEDII showed an increase in the number of BLBP and Tuj1 
positive cells, to levels equivalent to those seen in the presence of MEDII, when DAPT was 
included prior to seeding rather than DMSO (Fig. 7.2 A, B). This is consistent with an increase 
in neural projenitors and committed neural cells and combined with morphology and 
differentiation outcome suggest that blockade of �-secretase from EPL cells favours ectoderm 
differentiation over mesoderm differentiation. This alteration in differentiation outcome was 
reflected in the morphology of the bodies on day 7, with EBM3IC4+DAPT resembling MEDII 
treated bodies and unlike EBM3IC4+DMSO (Fig. 7.1 B and C). These data are inconsistent with 
the hypothesis that inhibition of Notch signalling is responsible for the induction of mesoderm 
following disaggregation and suggests a dependence on �-secretase activity for mesoderm 
formation in vitro. 
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Figure 7.1

DAPT favours ectoderm formation at the expense of mesoderm formation 
from EPL cells.

EBM3 formed from D3 ES cells were transferred to IC media in the presence of 
50�M DAPT or DMSO carrier alone. 

i. 48 well gelatinised trays were seeded with one body per well on day 7, 
transferred to S/F on day 8 and scored for bodies containing visible red blood 
cells (   ), beating muscle (   ) or neural projections (   ) on day 12, 16 and 20. 
Graph represents the maximum recorded score for each condition. Labels on x-
axis represent treatment prior to seeding. 

ii. Hoffman interference images of EBM3IC4 (A), EBM3IC4+DMSO (B), 
EBM3IC4+DAPT (C) EBM3MII4 (D) EBM3MII4+DMSO (E) EBM3MII4+DAPT (F)
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Figure 7.2

DAPT favours formation of BLBP and Tuj1 positive cells to levels equivalent to 
MEDII treatment.

EBM3 formed from D3 ES cells were transferred to IC media (A, B) or MEDII media 
(C, D) in the presence of 50�M DAPT (B, D) or DMSO carrier alone (A, C). 24 well 
gelatinised trays were seeded with one body per well on day 7, transferred to S/F on 
day 8 and fixed on day 12. Fixed cells were co-stained with rabbit anti-BLBP (1:2000) 
and mouse anti-Tuj1 (1:300). Anti-rabbit-Cy3 (1:1000, shown in red) and anti-mouse 
Alexa-488 (1:1000, shown in green) were applied and staining was visualised on an 
inverted Nikon TE300 fluorescence microscope, with accompanying phase contrast 
images.  
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To confirm that the observed alteration in EPL cell differentiation outcome was attributable to 
DAPTs action as a �-secretase inhibitor, the alternate and more potent peptidic �-secretase 
inhibitor, L-685458, was used (Schmidt 2003).  EPL cells were generated in the form of EBM4 
and exposed to either L-685458 or DAPT in the absence of MEDII. Addition of L-685458 and 
DAPT led to an increase in the percentage of bodies displaying neural projections from 18% in 
the control to 90% and 70% respectively (Fig. 7.3). No visible red blood cells were detected in 
either L-685458 or DAPT treated bodies, although 7% of control bodies contained red blood 
cells (Fig. 7.3). Beating muscle formation was detected in 36% of control bodies, 29% of DAPT 
treated bodies and 2% of L-685458 treated bodies (Fig. 7.3). These data are consistent with �-
secretase inhibition in differentiating EPL cells resulting in lineage switching from mesoderm to 
neurectoderm. 
 
The changes in differentiation outcome and the morphology of bodies, following �-secretase 
inhibition suggested that markers of early lineage commitment should be altered by DAPT 
treatment. The commitment of EPL cells to mesoderm versus neurectoderm was measured 
using the GFP-tagged Mixl1, brachyury and Sox1 cell lines described in sections 3.4, 5.3.3 and 
5.5. DAPT was added to EBM3 in the absence of MEDII and the number of GFP positive cells 
was measured as the bodies differentiated. Control cells were cultured in the absence of MEDII 
with DMSO (EBM3IC+DMSO) and GFP was detected in 63% of brachy-GFP cells on day 6 and 
74% on day 7, 42% of Mixl1-GFP cells on day 6 and 66% on day 7and less than 10% of Sox1-
GFP cells on every day tested (Fig. 7.4). Conversely, in cells cultured in DAPT, formation of 
GFP positive cells was delayed or reduced from Mixl1-GFP and brachy-GFP lines and 
increased from Sox1-GFP. GFP was detected in 6% of brachy-GFP cells on day 6 and 67% on 
day 7, in 2% of Mixl1-GFP cells on day 6 and 26% on day 7 and in an increasing number of 
Sox1-GFP cells, with 45% of cells positive on day 11 (Fig. 7.4). Expression of these early 
lineage markers is consistent with a role for �-secretase in specifying mesodermal cell fate. 
 
Inhibition of �-secretase appears to reduce differentiation to mesoderm and promote 
differentiation to neurectoderm. It was interesting that in the case of the Mixl1-GFP line the 
number of positive cells was clearly reduced following DAPT treatment, while the brachy-GFP 
line showed a clear delay in up-regulation but peaked at roughly the same level as control cells. 
This might reflect intrinsic differences between the way Mixl1 and brachyury transcription is  
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Figure 7.3

The alternate �-secretase inhibitor, L-685458, favours ectoderm formation 
at the expense of mesoderm formation from EPL cells in a similar
fashion to DAPT.

EBM4 formed from D3 ES cells were transferred to IC media in the presence of 
4�M L-685458, 50uM DAPT or DMSO carrier alone. Control EBM4 were 
maintained in 50% MEDII media. 48 well gelatinised trays were seeded with 
one body per well on day 7, transferred to S/F on day 8 and scored for bodies 
containing visible red blood cells (   ), beating muscle (   ) or neural projections 
(   ) on day 12, 16 and 20. Graph represents the maximum recorded score for 
each condition. Labels on x-axis represent treatment prior to seeding.
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Figure 7.4

DAPT leads to a reduction in GFP positive cell numbers from Mixl1-GFP bodies, a 
delay from brachy-GFP bodies and an increase from Sox1-GFP bodies when 
added to EPL cells in the absence of MEDII.

Mixl1-GFP ES cells and brachy-GFP ES cells were feeder depleted before being used 
to form EBM3. Feeder independent Sox1-GFP ES cells were also used to form EBM3. 
EBM3 were cultured in IC media supplemented with 50�M DAPT or DMSO carrier alone 
for a further 9 days. Control EBM3 were cultured in 50% MEDII media supplemented 
with DMSO.  On the indicated days bodies were reduced to single cells using trypsin, 
stained with PI and analysed by flow cytometry. Live cells were gated by PI exclusion 
and forward and side scatter characteristics and green cells were measured using age 
matched D3 ES derived bodies to measure background fluorescence.

EBM3MII+DMSO
EBM3IC+DMSO
EBM3IC+DAPT
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affected by DAPT or it might reflect biological variation in the way the two independent ES cell 
lines are responding.  
 
The D3 ES cell line was used to measure the expression of brachyury and Mixl1 along with 
other markers of lineage induction following DAPT treatment of differentiating EPL cells. In this 
way, the timing and magnitude of different genes could be directly compared in one cell line. 
EBM3 were transferred to IC media supplemented with DAPT or DMSO. RNA was isolated 
from these bodies, reverse transcribed and analysed by qPCR. Markers analysed were Wnt3 
and Fgf8 (posterior), brachyury and Mixl1 (primitive streak), Snail1 (EMT), Sox1 
(anterior/neural progenitor), Ptn, which has been shown by micro-array and qPCR to be 
expressed in the same cell populations as Sox1 in vitro (N Shindo pers comm.), Lmx1a (dorsal 
neural tube) and Mash1 (forebrain).  
 
Posterior, primitive streak and EMT markers Wnt3, Fgf8, brachyury, Mixl1 and Snail1 were up-
regulated in DMSO control samples, with peak expression on day 5, while DAPT treated bodies 
displayed a clear delay and reduction in expression of these genes (Fig. 7.5). Anterior markers 
Sox1, Ptn, Lmx1a and Mash1 were up-regulated on day 5 and 6 respectively following DAPT 
treatment, while expression remained low in control bodies (Fig. 7.5). These data are 
consistent with suppression of mesodermal specification and an induction of anterior cell fates. 
Together with the differentiation and morphology data this indicates that DAPT has the 
opposite effect to disaggregation, with addition of DAPT favouring neurectoderm and inhibiting 
mesodermal differentiation.  
 
Mesoderm induction within EBM3IC is triggered by serum components. While the identity of 
these components remains uncertain it has been shown that BMP4 is able to substitute for 
serum and induce mesoderm from differentiating EPL cells (Figs. 3.4, 3.5, 3.6, 3.7, 3.8). The 
ability of DAPT to block the induction of mesoderm in response to BMP4 was tested to 
investigate the generality with which DAPT is able to block mesoderm induction from EPL cells. 
EBM3 were formed from Mixl1-GFP ES cells, seeded onto gelatinised plastic and allowed to 
differentiate in S/F media. After seeding, EBM3 were cultured in BMP4 at 1ng/ml or 10 ng/ml in 
the presence of DAPT or DMSO (Fig. 7.6). As expected, EBM3 grown in S/F media did not form 
GFP positive cells, with less than 1% GFP positive on day 7 (Fig. 7.6 i). When BMP4 was 
included at 1 ng/ml, the number of GFP positive cells rose to 2.5+/-1.3% and 10 ng/ml 
treatment resulted in 44 +/-8%, indicating that BMP4 is able to induce mesodermal  
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Figure 7.5
DAPT induces genes relating to neurectoderm formation and reduces 
expression of mesoderm markers.

qPCR analysis of EBM3 differentiated with or without 50�M DAPT in the absence of 
MEDII. EBMs were formed from D3 ES cells, bodies were collected daily from day 3, 
RNA isolated, reverse transcribed and analysed by qPCR for the expression of Wnt3, 
Fgf8, brachyury, Mixl1, Snail1, Sox1, Ptn, Lmx1a, Mash1 and �-actin. Gene expression 
was normalised to �-actin using Qgene quantitation software.
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Figure 7.6 Dose dependent mesoderm induction by BMP4 is suppressed by 
DAPT.

EBM3 were formed from feeder-free Mixl1-GFP ES cells, seeded at low density onto 
48 well gelatinised trays and allowed to adhere in MEDII for 4 hours either with or
without DAPT (50 �M). MEDII was then replaced with S/F media and fresh DAPT 
plus BMP4 at either 1 ng/ml or 10 ng/ml. Seeded bodies spread out to form a 
monolayer which was assessed for the presence of Mixl1-GFP positive cells by flow 
cytometry (i) and fluorescence microscopy (ii) on day 7. (i) Graph represents the 
average number of Mixl1-GFP positive cells (+/-SEM) from three independent wells. 
Live cells were gated according to PI exclusion and scatter characteristics and GFP 
positivity was judged with relation to D3 cells. (ii) images are all the same 
magnification and were taken in an area of confluent cell growth. 
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differentiation of EPL cells in a dose dependent manner (Fig. 7.6 i). Fluorescence microscopy 
revealed positive cells scattered evenly throughout the mono-layer that formed after bodies 
were seeded in the presence of 10 ng/ml BMP4 (Fig. 7.6 ii). When DAPT was included in the 
presence of both 1ng/ml and 10 ng/ml BMP4, GFP positive cells were almost completely lost, 
with less that 1% positive cell present on day 7 (Fig. 7.6 i). This was confirmed by fluorescence 
microscopy, with practically no GFP positive cells seen on day 7 (Fig. 7.6 ii). This demonstrates 
that DAPT is effective in blocking mesoderm induction by BMP4 in addition to serum induced 
mesoderm. 
 
These data show that �-secretase inhibition in differentiating EPL cells leads to ectoderm 

formation. �-secretase inhibition blocks Notch signalling and previous reports have shown that 
blocking Notch signalling in differentiating ES cells leads to mesoderm formation (Lowell, 
Benchoua et al. 2006; Nemir, Croquelois et al. 2006). This apparent paradox suggests that 
either Notch signalling has opposite effects on ES and EPL cells or the effect of DAPT on EPL 
cell lineage choice might be mediated by modulation of a �-secretase target other that Notch.  
 

7.3 �-secretase inhibition has no effect on the formation of 
EPL cells from ES cells 

The possibility that DAPT could affect the formation of EPL cells from ES cells was 
investigated. D3 ES cells were used to generate EBM3 in the presence or absence of DAPT. 
Acquisition of EPL cell gene profile was unaffected by DAPT. Gene expression changes 
associated with EPL cell formation were measured in the presence of DAPT and found to be 
equivalent to DMSO treated control conditions (Fig. 7.7, i.). The pluripotence markers Oct4, 
Sox2 and Nanog were all detected in the presence and absence of DAPT, with Oct4 
maintained at ES cell levels and Sox2 and Nanog approximately half as abundant in EPL cells 
relative to ES cells (Fig. 7.7, i.). Positive markers of EPL cells, Fgf5, Dnmt3b and Otx2 were up-
regulated and the ES associated transcripts, Rex1, Gbx2 and Spp1 were down-regulated 
following MEDII exposure regardless of DAPT addition (Fig. 7.7, i.). Although the transcriptional 
profile of MEDII treated cells was consistent with EPL cell formation after DAPT addition it 
remained possible that the differentiation potential of the cells had been altered. To address 
this question, EBs were formed from MEDII treated cells grown in the presence or absence of 
DAPT and shown to up-regulate brachyury after 48 hours, consistent with the known kinetics of  
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Figure 7.7
The formation of EPL cells from ES cells is unaffected by �-secretase inhibition.
D3 ES cells were used to generate EPL cells in the form of EBM3, in the presence of 50�M 
DAPT or DMSO carrier alone. i. Real-time PCR for Oct4, Rex1, Fgf5 and �-Actin was 
performed on cDNA generated from RNA preparations from ES, EPL+DAPT and 
EPL+DMSO. All genes were normalised to ES cell levels other than Fgf5, Dnmt3b and Otx2
that were normalised to EPL+DMSO levels. Graphs represent the mean of three 
independent experiments and error bars indicate the standard error of the mean. ii. ES, 
EPL+DAPT and EPL+DMSO were used to generate EBs, which were collected on day 2, 3 
and 4. RNA was isolated, reverse transcribed and real-time PCR was performed for 
brachyury and �-Actin

0
0.2
0.4
0.6
0.8

1

2 3 4

0

0.4

0.8

1.2

1.6

ES EPL3
+DAPT

EPL3
+DMSO

Fgf5

0

0.4

0.8

1.2

ES EPL3
+DAPT

EPL3
+DMSO

0

0.4

0.8

1.2

ES EPL3
+DAPT

EPL3
+DMSO

0

0.4

0.8

1.2

ES EPL3
+DAPT

EPL3
+DMSO

0

0.4

0.8

1.2

ES EPL3
+DAPT

EPL3
+DMSO

0

0.4

0.8

1.2

ES EPL3
+DAPT

EPL3
+DMSO

0

0.4

0.8

1.2

ES EPL3
+DAPT

EPL3
+DMSO

0

0.4

0.8

1.2

ES EPL3
+DAPT

EPL3
+DMSO

Oct4

Rex1

Sox2 Nanog

Spp1 Gbx2

Dnmt3b

0

0.4

0.8

1.2

1.6

ES EBM3
DAPT

EBM3
DMSO

Otx2



 134

mesoderm formation within EPLEBs (Fig. 7.7, ii.). Neurectoderm formation was confirmed by 
culturing aggregates in DAPT and MEDII for three days before removing DAPT and continuing 
in MEDII until day 7 at which time aggregates were seeded and observed to form neural 
extensions but not beating muscle or visible red blood cells, consistent with the known 
differentiation profile of EBMs (Fig. 7.8, lane 5). Together these data reveal that inhibition of �-
secretase during EPL cell formation does not alter the subsequent differentiation potential of 
the cells. This suggests that �-secretase is not required in the earliest stages of ES cell 
differentiation prior to EPL cell formation. 
 
To clarify further the effect of DAPT on ES cell differentiation, ES cells were differentiated as 
EBs in the presence or absence of MEDII. DAPT was included for 3 or 7 days before individual 
bodies were seeded into gelatinised wells in S/F media on day 7 and scored for the presence 
of red blood cells, beating muscle and neural projections (Fig. 7.8). EBs formed and 
differentiated to day 7 in the presence of 50�M DAPT formed significantly more neural 
projections after seeding onto gelatine compared to DMSO carrier alone, with an increase from 
28+/-13% to 80+/-15 (Fig. 7.8) (p=0.03). Conversely, mesodermal derivatives, beating 
cardiocytes and red blood cells were detected in less aggregates cultured in DAPT compared 
to DMSO, with drops from 70+/-1% to 23+/-17% (p=0.0008) and 8+/-3% to zero respectively 
(Fig. 7.8). When DAPT was removed from EBs after three days there was no significant 
difference in the number of bodies forming visible red blood cells (p=0.6), beating muscle 
(p=0.6) or neural projections (p=0.3). These data support the conclusion that �-secretase 
activity is not involved in the earliest events of ES cell differentiation but is active later in 
differentiation to favour commitment to mesodermal lineages at the expense of neurectoderm.  
 

7.4 Active Notch1 signalling is not detectable in EBM or 
EPLEB 

The status of Notch signalling in EPL cell differentiation was tested. Western blotting was used 
to measure the level of full length and cleaved Notch1 in ES, EPL cells and EPL cells 
differentiated to ectoderm (EBM3MII1-4) or mesoderm (EBM3EB1-4). As a positive control, 
protein was prepared from 293T cells over-expressing Notch�E, which is constitutively cleaved 
to liberate NICD. Neither full length nor cleaved Notch1 could be detected in any of the test 
samples, while NICD was easily detected in cells over-expressing Notch�E (Fig. 7.9). The use 
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Figure 7.8
Immediate ES differentiation is unaffected by �-secretase inhibition.

D3 ES cells (day 0) were differentiated as EBs in IC media (lane 1, 2, 3) or 50% 
MEDII media (lane 4, 5, 6). 50�M DAPT was added from days 0-3 (lane 2 and 5) or 
days 0-7 (lane 3 and 6). DMSO was added to bodies not receiving DAPT until day 
7 as a carrier control. 48 well gelatinised trays were seeded with one body per well 
on day 7, transferred to S/F on day 8 and scored for bodies containing visible red 
blood cells (   ), beating muscle (   ) or neural projections ( ) on day 9, 11 and 15. 
Graph represents the maximum recorded score for each condition, averaged from 
3 independent experiments. Error bars represent SEM.
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Figure 7.9

Neither full length nor cleaved Notch1 is detectable in EBM3MIIs or EBM3EBs.

D3 ES cells were used to generate EBM3 that were either continued in culture as EBM3MIIs 
or used to generate EBM3EBs. Western blot was performed for Notch1 on protein extracts 
from ES (340ng), EBM3MII1-4 (810ng), EBM3EB1-4 (810ng) as well as 293T cells transiently 
transfected with either Myc-CRTR1 (400ng) or Notch�E (400ng) (A). Ponceau S staining 
was used to indicate loading (B). 
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of two additional antibodies to Notch1 also failed to detect both full length and cleaved Notch1in 
all but the positive control sample (data not shown). Previous reports have detected NICD in 
ES cells (Nemir, Croquelois et al. 2006), so it is possible that endogenous levels of Notch 
signalling are not being detected here. However, Notch signalling has been reported in hES 
cells to be associated with spontaneously differentiated cells, suggesting that the notch 
signalling reported in mouse ES cells may have been associated with contaminating 
differentiated cells (Noggle, Weiler et al. 2006). The ES cell population used here may have 
been more homogenous, resulting in the failure to detect NCID in these experiments. In either 
case the lack of detectable NICD seen in all cell populations tested here suggests that Notch 
signalling is not a major component of the signalling environment as ES cells differentiate to 
EPL cell and beyond. In the future it would be interesting to perform immunofluorescence on 
bodies and cells with a newly available Notch antibody that only binds to cleaved Notch1 
(Millipore, #AB5709). In this way it would be possible to measure which cells have active notch 
signalling. 
 

7.5 Stimulation of EPL cells with Notch ligand does not alter 
differentiation outcome 

As an alternate strategy to investigate the possible involvement of Notch in the differentiation of 
EPL cells, EPL cells were stimulated with a short peptide of Jagged1 (JAGp), which has been 
shown to bind to and activate Notch signalling on cells expressing functional Notch protein 
(Nickoloff, Qin et al. 2002; Weijzen, Velders et al. 2002; Arumugam, Chan et al. 2006). EBM3 

were formed from Mixl1-GFP ES cells and transferred to media supplemented with 10�M 
JAGp in the presence or absence of MEDII. Flow cytometry for GFP positive cells was 
performed to measure mesoderm induction and individual bodies were allowed to differentiate 
on gelatin coated plastic to measure the formation of beating muscle and neural projections. 
JAGp had no effect on either the number of GFP positive cells or their subsequent 
differentiation to beating muscle and neural cell types either in the presence or absence of 
MEDII (Fig. 7.10). This data fails to show a role for exogenous Notch stimulation in lineage 
specification from EPL cells. To more conclusively demonstrate that Notch is not active in 
either EPL cell formation or subsequent differentiation to mesoderm or ectoderm it would be 
desirable to repeat the differentiation experiments in section 7.2 using Notch signalling 
insensitive ES cells and see whether the same outcomes are observed. Such ES cells exist in 
the form of RBP-jk dominant negative mutants and Notch1 null cells but extreme difficulties and 
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Figure 7.10

JAG peptide (JAGp) does not alter differentiation when added to EBM3.

EBM3 were formed from feeder-free Mixl1-GFP ES cells and supplemented with 10�M 
JAGp in the presence or absence of MEDII. FACS analysis for Mixl1-GFP positive cells 
was performed on the indicated days by reducing bodies to single cells using trypsin, 
staining with PI and analysing on a FACScan (A, C). Live cells were gated by PI 
exclusion and forward and side scatter characteristics and percentage green cells was 
calculated using D3 bodies to measure background fluorescence. 48 well gelatinised 
trays were seeded with one body per well on day 7, transferred to S/F media on day 8 
to measure the differentiation outcome of EBM3 treated with 10�M JAGp in the 
presence of MEDII (B) or the absence of MEDII (D). The percentage of bodies 
containing beating muscle (   ) or neural projections (   ) was measured on day 9, 14 and 
17. Graphs in B and D represents the maximum recorded score for each condition and 
x-axis indicates treatment prior to seeding. 
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 delays in procuring and in shipping the lines to Adelaide meant I was unable to perform 
experiments using these cell lines. 
 

7.6 Ectoderm induction by��-secretase inhibition is mediated 
by E-cadherin stabilisation 

The observed enhancement of ectoderm formation following �-secretase inhibition appears to 
be independent of Notch signalling. This suggests that the observed enhancement of ectoderm 
differentiation following �-secretase inhibition occurs via modulation of a �-secretase target 

other than Notch. �-secretase has a number of other known substrates as detailed in table 7.1.  
E-cadherin is a cell junction protein that is down-regulated in cells as they move through the 
primitive streak and acquire a mesodermal fate. E-cadherin is expressed in EPL cells at the 
transcript and protein level (Fig. 6.2, 5.6)(Rathjen, Lake et al. 1999). Several observations 
indicate that disruption of E-cadherin junctions between neighbouring cells may play a 
causative role in instigating mesoderm induction from primitive ectoderm (Burdsal, Damsky et 
al. 1993), (Larue, Antos et al. 1996). Explants of anterior primitive ectoderm cultured on a 
fibronectin substrate take on a mesodermal identity when an E-cadherin neutralising antibody, 
capable of disrupting E-cadherin binding, is added to the culture (Burdsal, Damsky et al. 1993). 
Larue et al 1996, showed that E-cadherin null ES cells express the nascent mesoderm marker, 
brachyury. brachyury expression was reversed in these cells by constitutive expression of E-
cadherin but not by constitutive expression of N-cadherin, a highly related adhesion molecule, 
further indicating a role for E-cadherin in directing cell fate (Larue, Antos et al. 1996).  
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Modified from (Kopan and Ilagan 2004). 
Table 7.1 �-secretase substrates and their proposed biological functions 

 
Under conditions of cell:cell dissociation (eg calcium chelation or MMP activity) or apoptosis 
(eg high concentrations of SSP), �-secretase promotes disassembly of adherens junctions via 
proteolytic cleavage of E-cadherin (Fig. 7.11) (Marambaud, Shioi et al. 2002). E-cadherin 
cleavage by MMP results in the release of the extracellular fragment, leaving a 38 kDa 
membrane anchored peptide (Marambaud, Shioi et al. 2002). This fragment is the subject of 
further proteolysis by �-secretase resulting in the release of a cytoplasmic fragment, which in 

turn causes the associated �-catenin and �-catenin to be liberated to the cytosol and F-actin to 

(Schulz, Annaert et 
al. 2003) 

Cell surface proteoglycan 
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2003) 

Growth factor dependent 
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ERBB4 

(Six, Ndiaye et al. 2003) Notch ligandDelta 

(Taniguchi, Kim et al. 
2003)Netrin1 receptorDCC 
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Geer 2004)Protein tyrosine kinaseCSF1receptor 

(Okamoto, Kawano et al. 
2001)Cell adhesionCD44 

(Marambaud, Wen et al. 
2003)Cell adhesionN-cadherin 
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2002)Cell adhesionE-cadherin 
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(Cao and Sudhof 
2001) 
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Alzheimer’s disease; 
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lose its membrane anchor point and hence become redistributed through the cell (Marambaud, 
Shioi et al. 2002). Alternatively, full-length E-cadherin can be cleaved directly by �-secretase 

without prior MMP cleavage (Fig. 7.11). Given that �-secretase is able to cleave E-cadherin 
and lead to adherens junction disassembly, it was hypothesised that DAPT might act to 
determine lineage choice from EPL cells through stabilisation of adherens junctions.  

 
Deleted for copyright protection 

Figure 7.11 Schematic representation of �-secretase mediated disassembly of 

adherens junctions taken from Marambaud et al. (2002) 
Marambaud et al. (2002) suggested the above model based on western blotting for the 
various E-cadherin fragments, IP pull-downs to demonstrate protein interactors in 
membrane and cytosolic compartments, the use of �-secretase and MMP inhibitors and 
a mutant form of E-cadherin that is resistant to �-secretase cleavage. They showed that 
MMP cleaves the extracellular domain of E-cadherin and releases E-Cad/NTF1 to the 
extracellular medium (a). They further showed that the remaining E-Cad/CTF1 fragment 
can still associate with �-secretase (PS1), �-catenin, �-catenin and the actin 
cytoskeleton. E-Cad/CTF1 can then be cleaved by �-secretase at the membrane�cytosol 
interface liberating E-Cad/CTF2, which is no longer found in complex with either �-
secretase (PS1) or F-actin and is present in the cytosol (b). Using MMP inhibitors they 
demonstrated cleavage of full-length E-cadherin by �-secretase without prior MMP 
cleavage (c). �, �-catenin; �, �-catenin. 

 
 
The ability of DAPT to disrupt E-cadherin proteolysis in differentiating EPL cells was measured. 
EBM3 were formed from D3 ES cells, pre-soaked in DAPT for 2 hours before being transferred 
to IC media and cultured in the presence of 50 �M DAPT for a further 3 days. Control bodies 
were treated with DMSO carrier alone. Bodies were collected every 24 hours after treatment for 
72 hours and protein extracts prepared. All samples had similar levels of full-length E-cadherin 
but DAPT treated bodies had clearly detectable levels of a smaller fragment (~35 kDa), 
consistent with the 38 kDa membrane bound C-terminal fragment (Ecad/CTF1) reported by 
Maramboud et al. (2002) that results from MMP cleavage (Fig. 7.12) (Marambaud, Shioi et al. 
2002). This fragment was not detected in control bodies (Fig. 7.12). A similar result was 
observed in embryos that lack �-secretase activity and in cells cultured with the �-secretase 
inhibitor L-685458 (Marambaud, Shioi et al. 2002). The inability of DAPT treated cells to break 
down Ecad/CTF1 demonstrates that DAPT is blocking the �-secretase mediated cleavage of E-
cadherin. Since Ecad/CTF1 can remain anchored in the membrane and is capable of 
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preserving the association of E-cadherin with the actin cytoskeleton (Marambaud, Shioi et al. 
2002) it supports the hypothesis that DAPT could be acting by stabilising adherens junctions. 
 
To further investigate the role of adherens junction stabilisation in the DAPT mediated blockade 
of mesodermal differentiation, DAPT treated bodies were cultured with an E-cadherin 
neutralising antibody (�E-cadherin) that is capable of physically disrupting E-cadherin binding 
between neighbouring cells by binding to the dimerisation domain (Vestweber and Kemler 
1985; Burdsal, Damsky et al. 1993; Zohn, Li et al. 2006). 
 
EBM3 were formed from Mixl1-GFP ES cells, seeded onto gelatinised plastic and allowed to 
differentiate in IC media. Differentiation was performed in adherent culture because preliminary 
experiments revealed that �E-cadherin antibody caused suspension bodies to fall apart and 
cells were lost upon re-feeding, while adherent cells remained attached to the gelatin and were 
not lost (data not shown). After seeding, EBM3 were cultured in DAPT or DMSO containing 
media and exposed to either �E-cadherin or an isotype control antibody for 24 hours (Fig. 
7.13). As expected, EBM3 grown in IC media differentiated to GFP positive cells, with 20+/-1% 
GFP positive on day 6 and 18+/-3% on day 7 (Fig. 7.13 i). Fluorescence microscopy revealed 
positive cells scattered evenly throughout the mono-layer that formed after bodies were seeded 
(Fig. 7.13 ii).  When �E-cadherin antibody was included, the number of GFP positive cells rose 
to 33+/-4% on day 6 and 23 +/-2% on day 7, indicating that blocking E-cadherin binding is able 
to increase mesodermal differentiation of EPL cells under normal conditions (Fig. 7.13 i). When 
DAPT was added to the culture conditions GFP positive cells were almost completely lost, with 
0.5+/-0.03% on day 6 and 2 +/-1% on day 7 (Fig. 7.13 i). This was confirmed by fluorescence 
microscopy, with only very occasional GFP positive cells scattered through the mono-layers on  



64

49

37

26

82
115

180
EB

M
3

EB
M

3 IC
1 +

D
M

SO

EB
M

3 IC
2 +

D
M

SO

EB
M

3 IC
3 +

D
M

SO

EB
M

3 IC
1 +

D
AP

T

EB
M

3 IC
2 +

D
AP

T

EB
M

3 IC
3 +

D
AP

T

Figure 7.12

Ecad/CTF1 is more abundant in EBM3ICs differentiated in the presence of DAPT.

D3 ES cells were used to generate EBM3 that were continued in culture as EBM3ICs in 
the presence or absence of 50�M DAPT. Equal amounts of protein extracts from EBM3, 
EBM3IC1-3+DMSO and EBM3IC1-3+DAPT were probed on a Western blot using an anti-
E-cadherin (C36) (A). Ecad/FL indicates full length E-cadherin and Ecad/CTF1 
indicates the C-terminal fragment of E-cadherin that results from MMP cleavage. �-
Tubulin was used to indicate loading (B). 
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Figure 7.13 E-Cadherin neutralising antibody reverses the mesoderm suppressing 
activity of DAPT.
EBM3 were formed from feeder-free Mixl1-GFP ES cells. EBM3 were seeded at low density onto 48 well 
gelatinised trays and allowed to adhere in MEDII media for 4 hours, after which MEDII was replaced with IC 
media. 50 mM DAPT or DMSO carrier alone was added at the time of seeding and with every media change. 
DMSO and DAPT treated bodies received a single application of 24 hours of either E-Cadherin neutralising
antibody (�ECad) or an isotype control antibody (IgG) at the time of seeding. Seeded bodies spread out to form 
a monolayer which was assessed for the presence of Mixl1-GFP positive cells by flow cytometry (i) and 
fluorescence microscopy (ii) on day 6 and 7. (i) Graph represents the average number of Mixl1-GFP positive cells 
(+/-SEM) from three independent wells. Live cells were gated according to PI exclusion and scatter 
characteristics and GFP positivity was judged with relation to D3 cells. (ii) images are all the same magnification 
and were taken in an area of confluent cell growth. 
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day 7 (Fig. 7.13 ii). Addition of DAPT with �E-cadherin antibody treatment for the first 24 hours 
resulted in a partial rescue of mesoderm formation with 14+/-5% GFP positive cells on day 6 
and 12+/-1% on day 7 (Fig. 7.13 i). This was confirmed by fluorescence microscopy, with GFP 
positive cells scattered through the mono-layers on day 6 and 7 (Fig. 7.13 ii). This 
demonstrates that the suppression of mesoderm formation by DAPT can be reversed by 
specifically blocking E-cadherin binding and supports the hypothesis that DAPT is mediating its 
effect by stabilising E-cadherin protein.  
 

7.7 Discussion 

7.7.1 �-secretase is active in mesoderm specification from EPL cells 
�-secretase inhibitors render EPL cells insensitive to the mesoderm inducing activities of serum 

and BMP4 and imply a role for �-secretase in mesoderm specification from pluripotent primitive 

ectoderm-like cells in culture. The role of �-secretase in the embryo has been investigated by 
the genetic ablation of the two known presenilin genes (PS1 and PS2), the protein products of 
which form the catalytic core of the �-secretase complex. Mice lacking both presenilin genes 
die at 9.5 dpc with multiple early patterning defects including disrupted somite segmentation, 
disorganisation of the trunk and ventral neural tube, abnormal heart looping and loss of mid-
brain mesenchyme (Donoviel, Hadjantonakis et al. 1999). Mutant embryos specify derivatives 
of mesoderm and ectoderm at gastrulation but there are defects in both lineages, suggesting 
that �-secretase is not essential for initial mesoderm or ectoderm specification but is clearly 
important early in both ectodermal and mesodermal differentiation. 
 
Presenilin double mutant mice display very similar defects to embryos deficient in Notch 
signalling. Disruption of Notch signalling, by deletion of RBP-jk, causes mice to die before 10.5 
dpc and show severe growth defects by 8.5 dpc (Oka, Nakano et al. 1995). RBP-jk is 
downstream of all Notch family members and like the presenilin double mutants there is initial 
specification of derivatives of some mesoderm and ectoderm derivatives but both lineages 
contain multiple early defects. This has led to a focus on Notch as the key mediator of �-

secretase activity in the early embryo but data presented here suggests that other �-secretase 
targets are also likely to be important in lineage specification.   
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7.7.2 �-secretase might operate by blocking E-cadherin proteolysis 
The positive role for �-secretase in mesoderm specification from pluripotent cells has not been 

previously reported. In fact, work on Notch signalling in ES cell differentiation suggested that �-
secretase activity suppressed mesoderm (Lowell, Benchoua et al. 2006; Nemir, Croquelois et 
al. 2006). This apparent contradiction might be caused by the involvement of multiple 
substrates of �-secretase in pluripotent cell differentiation. For example, while cleavage of 

Notch by �-secretase appears to be involved in promoting ectodermal differentiation, cleavage 
of the alternate substrate E-cadherin may promote mesodermal differentiation. The potential 
role of E-cadherin cleavage by �-secretase in mesodermal differentiation is supported by the 
observations that DAPT treatment blocks E-cadherin proteolysis and mesoderm formation and 
disruption of E-cadherin binding partially overcomes this block. 
 
One scenario that could explain the observations that �-secretase appears to be active in both 

mesoderm and ectoderm specification from pluripotent cells is that �-secretase cleaves 
different target proteins as cells differentiate to alternate cell lineages. Results presented here 
suggest that �-secretase is unlikely to cleave E-cadherin in cells as they form the ectoderm and 
neurectoderm lineages since this would cause mesoderm induction, but may be cleaving 
Notch. Furthermore, it has been shown that �-secretase can act to stabilise E-cadherin in 
adherens junctions under conditions that favour cell:cell adhesion by binding directly to E-
cadherin and preventing the binding of p120 catenin (Baki, Marambaud et al. 2001; 
Marambaud, Shioi et al. 2002). This raises the possibility that mechanisms exist as cells 
establish the ectodermal lineage that block E-cadherin degradation by �-secretase. As a first 
step in testing this hypothesis, protein preparations from EBM3MII cultured in the presence of 
DAPT could be probed for the predicted absence of Ecad/CTF1, in comparison to the observed 
presence of Ecad/CTF1 in EBM3IC cultured with DAPT. Alternatively, ES cells carrying a 
mutant form of E-cadherin that does not bind PS1 could be generated and differentiated using 
an ectodermal (EBM3MII) or mixed lineage (EBM3IC) system with the prediction that 
ectodermal differentiation would be unaffected but mixed lineage differentiation would be 
skewed towards ectoderm. The E-cadherin mutant GGG759-761AAA has been shown to block 
PS1 binding and hence prevent �-secretase cleavage and would be suitable for use in these 
experiments (Thoreson, Anastasiadis et al. 2000).  
 



 147

The presence of Ecad/CTF1 in DAPT treated cells demonstrates that E-cadherin is being 
cleaved in the extracellular portion by MMP in this system. Given that DAPT is able to prevent 
further proteolysis of Ecad/CTF1 and the cells subsequently fail to differentiate to mesoderm it 
suggests that retention of the transmembrane and cytosolic portion of E-cadherin may be 
sufficient to block mesoderm differentiation. This might reflect the retention of sufficient anchor 
points for the actin cytoskeleton so that DAPT treated cells retain a subcortical actin network 
despite the activity of MMP disrupting a proportion of intercellular E-cadherin junctions. 
Consistent with this hypothesis, mesoderm induction resulting from disruption of E-cadherin 
bonds between cells with a neutralising antibody is partially blocked by the inclusion of DAPT. 
Conversely, the ability of �E-cadherin antibody to partially reverse the effects of DAPT 
demonstrates that simultaneous disruption of all inter-cellular E-cadherin bonds is sufficient to 
overcome the protective effects of DAPT. The association of actin with membrane bound E-
cadherin following treatment with E-cadherin neutralising antibody in the presence or absence 
of DAPT could be measured by detailed immunofluorescence analysis using a C-terminal E-
cadherin antibody such as C36 and phalloidin to stain F-actin. This would answer the question 
of whether loss of cell:cell contacts is sufficient to alter differentiation outcome or whether 
dissolution of the actin/cadherin nexus is required. The possibility exists that additional 
mechanisms act to release actin from the membrane following treatment with �E-cadherin 
antibody. This is supported by the proposal that a breakdown in extracellular cadherin 
clustering by either MMP cleavage or disruption with �E-cadherin antibody is sufficient to 
cause breakdown of adherens junctions (Vestweber and Kemler 1985; Steinhusen, Weiske et 
al. 2001). 

7.7.3 Inhibition of �-secretase does not inhibit EPL cell formation but appears to 
block differentiation prior to mesoderm specification, at a similar stage to MEDII 

ES cell differentiation to EPL cells was unaffected by DAPT and the resultant EPL cells 
displayed normal differentiation potential. This suggests that �-secretase is not active during 
EPL formation and combined with the data that shows DAPT enhances ectoderm differentiation 
from EPL cells is consistent with a role for �-secretase in lineage determination after the EPL 
cell stage. Differentiation and morphology data demonstrate that the outcome of EPL cell 
differentiation is equivalent in the presence of DAPT or MEDII. As is the case in cells 
differentiated in the presence of MEDII, gene expression analysis suggests that the earliest 
events of posterior specification, mesoderm formation and EMT are inhibited in the presence of 
DAPT. This suggests that DAPT treatment blocks mesoderm specification at a very early 
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stage. This is reminiscent of knockout phenotypes that effect EMT such as Snail1 and Fgfr1, 
where the primitive streak not correctly specified and subsequent differentiation to mature 
mesoderm is disrupted. In Fgfr1 knockout embryos there is a failure to up-regulate brachyury 
and Tbx in the mid primitive streak and an attenuation of WNT3a signalling (Ciruna and 
Rossant 2001). Ciruna and Rossant proposed that a molecular link exists between WNT and 
FGF signalling, whereby an increase in cytosolic �	catenin results from FGF mediated down-
regulation of E-cadherin, which then acts to amplify WNT signalling at the streak. It is possible 
that DAPT suppresses mesoderm by interrupting this regulatory pathway, such that 
stabilisation of E-cadherin reduces the cytosolic levels of �	catenin and prevents WNT 
signalling that would otherwise contribute to mesoderm induction. This could be measured by 
transfecting a WNT responsive luciferase reporter (eg TOP-Flash/FOP-Flash reporter system) 
into EBM3IC and measuring the outcome in the presence and absence of DAPT. A reduction in 
WNT signalling in the presence of DAPT would be consistent with the hypothesis that DAPT is 
acting to stabilise E-cadherin and prevent dissolution of adherens junctions, hence preventing 
the acquisition of mesenchymal morphology and ultimately blocking mesodermal differentiation. 

7.7.4 Notch signalling is not required for neurectoderm formation 
Notch signalling has been reported to be involved in directing differentiation of ES cells to 
ectodermal cell fates at the expense of mesodermal cell fates (Lowell, Benchoua et al. 2006; 
Nemir, Croquelois et al. 2006). Inhibition of Notch signalling using  �-secretase inhibitors or 
ablation of RBP-jk reduced the number of neural progenitors formed from ES cells 
differentiated with RA, PA6 co-culture or in a S/F mono-layer system (Lowell, Benchoua et al. 
2006; Nemir, Croquelois et al. 2006). Here, we have shown the ability of MEDII and DAPT to 
direct the differentiation of pluripotent cells to neurectoderm in the absence of Notch signalling. 
Notch signalling is not required for the formation of EPL cells since the conversion of ES cells 
to EPL cells is unaffected by the inclusion of DAPT. Furthermore, Notch signalling is not 
required for the subsequent conversion of EPL cells to ectoderm, which is also unaffected by 
DAPT. It should be noted that these observations do not preclude a role for Notch signalling in 
later commitment to neural linages. Perhaps surprisingly however the formation of Sox1 

positive cells from a Sox1/GFP reporter cell line was also unaffected by the presence of DAPT. 
The classification of these Sox1 positive cells as neurectoderm was supported by the 
concomitant appearance of other neural markers, Lmx1a and Mash1 and the observation that 
populations enriched in Sox1 differentiate more readily to both BLBP andTuj1 positive cells. 
These observations would appear to contradict previous findings from using the Sox1/GFP cell 
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line, which presented evidence that Notch signalling was upstream of Sox1 since over-
expression of Sox1 gave a similar increase in neural commitment to Notch activation but this 
could not be interrupted by �-secretase inhibition (Lowell, Benchoua et al. 2006)). These 
apparently disparate observations might be reconciled by the observations of Hitoshi et al. who 
noted that Notch signalling was not required for primitive neural stem cell generation, but is 
involved in the maturation of these progenitors to definitive neural stem cells and their 
subsequent maintenance (Hitoshi, Alexson et al. 2002; Hitoshi, Seaberg et al. 2004). This 
suggests that the Sox1 positive cells generated in serum supplemented with DAPT could 
represent primitive neural stem cells which do not require Notch signalling to form, whereas the 
Sox1 positive cells generated in serum free monolayer conditions used elsewhere represent 
definitive neural stem cells that rely on Notch signalling for their generation. Interestingly, the 
contention that Notch signalling is required for the maintenance of all neural stem cell 
populations, including primitive neural stem cells, is difficult to reconcile with the persistence of 
Sox1 positive cells observed here in the absence of Notch signalling (Hitoshi, Alexson et al. 
2002; Alexson, Hitoshi et al. 2006). In addition, the ability to generate highly enriched 
neurectoderm using MEDII even in the presence of �-secretase inhibitors suggests that MEDII 
represents a unique tool for further investigation of the role of Notch signalling in neural 
induction and presents the possibility that neural induction and maintenance of neural stem 
cells might not utilise Notch in all situations. 
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Chapter 8: Control of mesoderm formation from 
primitive ectoderm by disruption of the epithelial cell 
state 

8.1 Understanding and controlling early events in lineage determination will 
be important for delivering desired cell types from pluripotent cells 
One of the goals of embryonic stem cell research is to understand the processes that lead to 
formation of any given mature cell type. Since the hundreds of different possible cell types arise 
from a common pluripotent progenitor it is clear that a stem cell must take multiple decisions 
before arriving at a particular outcome. The generally accepted model of stem cell 
differentiation proposes that these decisions form a unidirectional branching from the stem cell 
to progressively more committed progenitors and ultimately terminating at a given cell type 
(Rathjen, Lake et al. 1998; Odorico, Kaufman et al. 2001; Bryder, Rossi et al. 2006). This type 
of model has been extensively studied in hematopoietic commitment and embryonic 
development and appears to be relatively robust. One of the features of such a system is that 
early decisions dramatically limit the possible number of outcomes available to the cell. In the 
case of pluripotent cells this involves differentiation to either an anterior or posterior fate. 
Having made this decision the cell is precluded from forming any cell type arising from the 
alternate pathway, reducing the cellular complexity during subsequent differentiation. As well 
as providing a useful enrichment step in the formation of a desired cell type in culture, this 
strategy is likely to simplify the endogenous signalling environment by eliminating multiple cell 
types that would otherwise contribute to the signalling milieu and hence deliver greater control 
over signalling inputs.  

8.2 Integration of MEDII, cell dissociation and serum in controlling EPL cell 
differentiation 
Comparing the outcome of EPL cells differentiated as either EPLEBs or within EBMs suggests 
that the experimental manipulations involved in the establishment of these two differentiation 
systems results in a restriction to mesodermal and ectodermal fates respectively (Lake, 
Rathjen et al. 2000; Rathjen, Haines et al. 2002). Here I have demonstrated that this relies on 
two variables; a mesoderm suppressing activity within MEDII and a novel demonstration of the 
pro-mesodermal activity of cell dissociation of EPL cells. Neither parameter alone is sufficient 
to enforce cellular outcomes, as mesoderm can still form in the presence of MEDII if the EPL 
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cells are dissociated and cell dissociation can not prevent ectoderm formation if MEDII is 
present.  
 
An important component of the differentiation conditions used here is serum. It is well 
understood that serum promotes mesoderm differentiation from ES cells (Johansson and Wiles 
1995; Wiles and Johansson 1999). Work presented here indicates that the same is true for EPL 
cells, and MEDII acts to block this effect. While the exact nature of the mesoderm inducing 
activity within serum remains unknown, signalling by BMPs, WNTs and TGFs have been 
shown to play a role in mesoderm induction both in vivo and in vitro (Gadue, Huber et al. 2005). 
A systematic approach could be taken to identify which of these mesoderm inducers can be 
blocked by MEDII in a serum-free assay similar to that described in chapter 7. This would shed 
light on both the nature of the mesoderm inducing activity within serum as well as the nature of 
the mesoderm suppressing activity within MEDII, which may operate through a known or novel 
pathway.  
 
Cellular disaggregation is not predicted to be sufficient to induce mesoderm differentiation but 
appears to rely on additional inductive factors. The up-regulation of Wnt3 and Fgf8 following 
disaggregation of EPL cells in MEDII suggests that disaggregation might be able to promote 
endogenous production of mesoderm inducers. It would be interesting to test whether this is 
also the case in serum free conditions, however preliminary results suggest that disaggregation 
in the absence of serum leads to high rates of cell death. This points to a requirement from 
serum for both inductive and survival factors in order for pluripotent EPL cells to execute a 
mesoderm differentiation program in response to disaggregation. Replacement of these 
requirements would allow the development of a serum free system for mesoderm formation. 
That MEDII is able to suppress the mesoderm inductive capacity of serum without affecting its 
pro-survival factors suggests this might present an opportunity to identify survival factors within 
serum.  

8.3 EPL cells respond to modulation of epithelial state by differentiating to 
alternate outcomes 
Mesoderm induction in the primitive streak involves an EMT, which leads to a loss of cell:cell 
contacts. It is not clear from studies in the embryo whether the loss of cell:cell contacts is a 
cause or consequence of mesoderm induction. The small number of cells and relative 
inaccessibility make it difficult to investigate these processes in vivo, however the hypothesis 
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that loss of cell:cell contacts is required for mesoderm differentiation is consistent with available 
data from the embryo. Knockouts that result in a loss of mesenchymal transformation, such as 
Snail1-/- and Fgfr1-/- show mesoderm defects (Carver, Jiang et al. 2001; Ciruna and Rossant 
2001). Conversely explants of anterior primitive ectoderm fail to form ectoderm when epithelial 
morphology is disrupted using neutralising antibodies to E-cadherin (Burdsal, Damsky et al. 
1993). This led to the hypothesis that disaggregation in vitro might be inducing mesoderm by 
mimicking or triggering an EMT. EPL cells that had been disaggregated in the absence of 
MEDII showed up-regulation of EMT marker genes beginning two days after disaggregation. In 
the presence of MEDII, EMT marker gene up-regulation was only seen following 
disaggregation, suggesting that rather than mimicking EMT, disaggregation acted as a trigger 
for cells to undertake a normal program of EMT. In this sense EMT and mesoderm induction 
could not be separated in this system, supporting the hypothesis that mesoderm induction and 
EMT are closely coupled in pluripotent cell differentiation.  
 
This would suggest that other methods for inducing EMT in pluripotent cells should result in 
mesoderm induction. This proved to be the case for SSP, which had previously been shown to 
induce EMT in chick neural tube (Newgreen and Minichiello 1995). When applied to EPL cells 
in the presence of MEDII, EMT genes were up-regulated in a similar temporal arrangement to 
that seen following disaggregation, in addition to mesoderm gene expression and differentiation 
outcome.  
 
While the mode of action for both disaggregation and SSP in inducing EMT remain unclear, it is 
possible that both treatments act by disrupting the epithelial structure of the cell and these 
changes trigger signalling cascades within the cells that lead to up-regulation of EMT initiators 
such as Snail1. SSP induction of EMT in the chick neural tube is thought to occur via inhibition 
of atypical PKCs located at the adherens junction and it is tempting to speculate that this may 
destabilise adherens junctions and liberate kinases or other components that then mediate 
other downstream effects. The possibility exists that physical disruption of cell:cell contacts also 
leads to the destabilisation of adherens junctions with similar downstream consequences to the 
action of SSP.  
 
Consistent with a role for adherens junction stability in lineage choice, it was observed that �-
secretase inhibition by DAPT had the opposite effect to SSP and disaggregation, such that 
DAPT was found to promote ectoderm and suppress mesoderm. Among the cleavage targets 
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of �-secretase are the cadherin proteins and the possibility that DAPT was acting by stabilising 
E-cadherin was strongly supported by the observation that direct destabilisation of the 
adherens junction using �E-cadherin neutralising antibodies was able to partially reverse the 
effects of DAPT. Proteolysis of E-cadherin was inhibited in the presence of DAPT and it is 
proposed that stabilisation of E-cadherin protein might stabilise the adherens junctions between 
neighbouring cells and work in opposing the influence of EMT induction and thus prevent 
mesoderm induction. 

8.4 ES and EPL cells respond differently to disaggregation 
Although disaggregation promotes the differentiation of EPL cells to mesoderm it does not 
affect ES cells in the same way. Dissociation and reaggregation of ES cells does not prevent 
the formation of ectoderm in EBs or EBMs (Doetschman, Eistetter et al. 1985; Rathjen, Haines 
et al. 2002). In EBMs reaggregated ES cells differentiate to EPL cells, a cell population with an 
epithelial morphology and higher levels of E-cadherin than ES cells. The disparity between EPL 
cells and ES cells suggests that EPL cells are primed to respond to disaggregation and 
disruption of adherens junctions. This is supported by observation that DAPT does not 
influence the ES to EPL cell transition. Interestingly, both EPL cells and cell lines derived from 
the primitive ectoderm (EpiSCs) are unable to reaggregate with the ICM, indicating that key 
differences must exist in the adhesion machinery between these closely related cell types 
(Rathjen, Lake et al. 1999; Tesar, Chenoweth et al. 2007). In a broader sense the differential 
response of ES and EPL cells to disaggregation supports the hypothesis that ES cells do not 
respond to lineage induction cues but must first differentiate to primitive ectoderm like cells. 
This is consistent with the response of early EB populations to lineage induction cues including 
RA, serum, WNT3a, ActivinA and BMP4, in which a window of responsive cells with primitive 
ectoderm/EPL like characteristics appears after several days in culture (Johansson and Wiles 
1995; Kubo, Shinozaki et al. 2004; Kouskoff, Lacaud et al. 2005; Aouadi, Bost et al. 2006). 
 

8.5 The effect of disaggregation is likely to involve �-secretase independent 
mechanisms  
The activation of �-secretase can occur in response to trypsin/edta (Rand, Grimm et al. 2000; 
Marambaud, Shioi et al. 2002). It is thought that the loss of extra-cellular protein fragments is 
required for �-secretase activation and this might explain how disruption of extra-cellular protein 
junctions by disaggregation is interpreted by EPL cells. Disaggregation might lead to the 
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activation of �-secretase and subsequent cleavage of �-secretase targets, including E-
cadherin, and cause the destabilisation of adherens junctions and initiation of mesoderm 
differentiation. Preliminary data, however, suggests that while this may be the case, 
disaggregation is not solely mediated by �-secretase as pre-soaking EPL cells in DAPT is not 
able to prevent disaggregation induced mesoderm (data not shown).  
 
Disaggregation is likely to trigger additional, �-secretase independent, mechanisms for the 
breakdown of the adherens junction. These might include physical forces within the cell, 
generated by the loss of extra-cellular E-cadherin coupling, or other proteinase activities known 
to cleave cadherins such as MMPs or Caspases. Caspase 3 is a cysteine protease that 
cleaves multiple substrates including E-cadherin and other adherens junction components and 
forms part of a caspase cascade that plays an essential role in apoptosis (Brancolini, Lazarevic 
et al. 1997; Brancolini, Sgorbissa et al. 1998; Van de Craen, Berx et al. 1999; Steinhusen, 
Weiske et al. 2001). Caspase 3 can be activated in response to SSP or disruption of cell:cell 
and cell:ECM contacts in epithelial cells (Ruoslahti and Reed 1994; Hermiston and Gordon 
1995). It is possible that caspases are activated in EPL cells in response to both disaggregation 
and SSP treatment. Caspase mediated disruption of adherens junctions causes a breakdown 
in the subcortical actin filament network (Steinhusen, Weiske et al. 2001). The effect of DAPT 
and �E-cadherin antibody suggest that induction of caspase activity might be another way in 
which adherens junction stability can be modulated to affect lineage outcome.  
 
The potential involvement of �-secretase independent mechanisms in disrupting adherens 
junctions during mesoderm induction is supported by the phenotype of presenilin mutant mice. 
When the two known presenilin genes were mutated in mice the newly formed mesoderm 
acquired an apparently normal mesenchymal morphology upon exiting the primitive streak 
(Donoviel, Hadjantonakis et al. 1999), suggesting that other pathways must be active within 
these embryos to break down adherens junctions. However, when EPL cells are not 
disaggregated, �-secretase is required for mesoderm differentiation, indicating that the 
pathways responsible for mesoderm induction in presenilin knockout embryos are not active in 
differentiating EPLIC. The restricted cellular composition of differentiating EPL cells might 
account for this difference, in particular the absence of VE suggests that extra-embryonic 
tissues may be the source of this activity in the embryo. 
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8.6 Disruption of epithelial state can directly initiate EMT prior to Snail1 up-
regulation 
The action of SSP on the cytoskeleton and the effect of physical disaggregation and E-cadherin 
disruption on mesoderm induction suggest that direct modulation of cellular architecture is 
capable of initiating EMT, prior to the up-regulation of Snail1. An example of direct induction of 
EMT by proteolytic cleavage of ECM and cell surface proteins is given by the action of MMPs. 
MMPs are a class of proteases that are either secreted or membrane associated and cleave a 
range of ECM and cell adhesion molecules. MMPs are up-regulated in almost all cancers and 
have been shown capable of inducing EMTs (Radisky, Levy et al. 2005). MMP3 cleavage of E-
cadherin can trigger a cascade of molecular alterations that leads to stable acquisition of a 
mesenchymal phenotype in mammary epithelial cells (Lochter, Galosy et al. 1997). Further to 
this, the requirement for modulation of architectural proteins was demonstrated by the work of 
Zohn et al. (Zohn, Li et al. 2006) who reported that complete EMT in the primitive streak 
required the clearance of E-cadherin protein in a p38 dependent manner in addition to the 
transcriptional repression of E-cadherin by Snail1. Interestingly, the induction of the primitive 
streak gene, brachyury, from adherent EPL cells using BMP4 described in chapter 3 has been 
shown to be inhibited by p38 inhibitors (J Sandow, pers. comm.), indicating that p38 dependent 
E-cadherin clearance is potentially conserved between EPL cells and primitive ectoderm. 
Taken together, these data suggest that it is possible to control EMT by the direct modulation of 
the cellular architecture and this approach represents a previously unutilised way of directing 
pluripotent cell differentiation. 
 
Together, the data presented here support a central role for adherens junction/cytoskeletal 
integrity in lineage commitment.  
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Figure 8.1 Model for the integration of adherens junctions and lineage 
specification 
This model is based on findings presented here and previously published observations. 
Both EPL cells and primitive ectoderm exist in an epithelium which relies on adherens 
junctions to maintain structural integrity. Disaggregation of EPL cells physically 
separates adjacent cells and therefore interrupts adherens junctions. Treatment of EPL 
cells with �E-cadherin disrupts adherens junctions by precluding E-cadherin binding 
between neighboring cells and treatment with SSP results in a breakdown in the 
epithelial arrangement, possibly via inhibition of aPKC located at the adherens junction 
or by induction of caspase 3. All of these modulations favour the formation of 
mesoderm when applied to differentiating EPL cells. Conversely, treatment of EPL 
cells with MEDII or DAPT maintains a compact epithelial arrangement and results in 
ectodermal differentiation despite the presence of serum, which would otherwise 
induce EMT and loss of adherens junctions. Application of DAPT to differentiating EPL 
cells in the presence of serum results in the accumulation of an E-cadherin MMP 
cleavage product, indicating a blockade of �-secretase activity.  
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8.7 EBM represent a good model of anterior morphogenesis 
The ability to generate a pluripotent population in suspension culture as EBM3 allows 
differentiation to be initiated without the need to physically disrupt the cells and eliminates the 
problem of adherent cultures overgrowing in the absence of passaging. The ability to leave 
cells in 3D conformation is a requirement for homogenous ectodermal differentiation within 
EBM. This is consistent with the embryo, in which loss of pluripotence on the anterior side 
occurs in the absence of cellular rearrangements. In this respect ectodermal differentiation 
within EBM appears to model ectodermal differentiation in vivo more faithfully than 
differentiation systems in which cells are reduced to single cell suspensions and may help 
explain the high rates of cell death associated with ectodermal differentiation from single cells 
(Tropepe, Hitoshi et al. 2001; Smukler, Runciman et al. 2006).   

8.8 MEDII suppression of Mesoderm in the presence of serum relies on the 
maintenance of cell:cell contacts 
During gastrulation, anterior / distal primitive ectoderm differentiates to form the ectoderm 
lineages. The neural default model proposes that the primitive ectoderm will default to a neural 
fate unless diverted to mesoderm by the action of BMPs, Nodal and WNTs (Levine and 
Brivanlou 2007). This model is postulated to rely on active inhibition of mesoderm specification 
by antagonizing mesoderm inducers. Correlation of this model with the differentiation of EPL 
cells in culture suggests that EPL cells within an EBM are protected from the mesoderm-
inductive factors within the serum by the action of an antagonizing factor within MEDII. The 
inability of MEDII to prevent mesoderm formation from dissociated EPL cells suggests that the 
maintenance of cell:cell contacts is important for mesoderm suppression, and suggests that 
preservation of epithelium integrity on the anterior / distal of the embryo may be required to 
prevent mesoderm induction within this region of the embryo. Conversely, the loss of cell:cell 
contacts at the primitive streak may be represent a mechanism that sensitises cells to inductive 
signals during mesoderm induction. 

8.9 Relevance to hES cells 
Two recent papers have reported that unlike mouse ES cells, human ES cells are more like 
primitive ectoderm than ICM and therefore hES cells may be more closely related to mEPL 
cells than mES cells (Brons, Smithers et al. 2007; Tesar, Chenoweth et al. 2007). Hence the 
findings presented here relating to the role of disaggregation in EPL cell differentiation might be 
directly relevant to hES culture and differentiation. Human ES cells are like mEPL cells with 
respect to poor reaggregation and high rates of cell death after disaggregation in comparison to 
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mES cells. The high rate of cell death observed after dissociation of hES cells compared to 
mES cells is reflected in their respective cloning efficiencies, which range from 1-5% for hES 
and generally over 60% for mES cells (Xu, Rosler et al. 2005; Hasegawa, Fujioka et al. 2006). 
Single cell passaging of hES was recently reported to be facilitated from hES cells by using 
ROCK inhibitors (Watanabe, Ueno et al. 2007). ROCK is a kinase that has been shown to be 
involved in EMT induction in multiple tissue types and appears to protect hES cells from 
apoptosis (Lu, Landerholm et al. 2001; Sahai and Marshall 2002; Dokic and Dettman 2006; 
Watanabe, Ueno et al. 2007). It is not clear how ROCK inhibitors overcome the effects of 
disaggregation but these inhibitors have been shown to block EMT in epithelial tissues and 
preserve adherens junctions, analogous to the proposed action of DAPT, raising the possibility 
that maintenance of epithelial integrity is required for pluripotence and to avoid induction of 
differentiation. This is consistent with work presented in this thesis in which disruption of 
cell:cell contacts appears to trigger EPL cell differentiation towards mesoderm. This suggests 
that ROCK inhibitors may facilitate passaging of mEPL cells. 
 
Spontaneous mesoderm differentiation occurs at low frequency from hES cells cultured in the 
absence of serum, suggesting that additional factors for mesoderm are limiting in hES 
differentiation conditions (Mummery, Ward-van Oostwaard et al. 2003; Wobus and Boheler 
2005). Many differentiation protocols for hES cells start with intact hES colonies or rely on 
making EBs from pieces so that cell contacts are maintained. Data presented here for mEPL 
cells suggest that lack of cell:cell disruption promotes the formation of ectoderm. Also 
consistent with observations of mEPL cells, blood differentiation has been reported to be more 
prevalent in bodies generated from single cells than from pieces (Ng, Davis et al. 2005; Pick, 
Azzola et al. 2007). In this setting, overcoming the poor aggregation normally seen from single 
hES cells required the forced aggregation of individual cells in structures known as ‘spin 
bodies’. Together these observations provide evidence that disaggregation is poorly tolerated 
by hES cells and support the model from mEPL cells that this may result from induction of 
differentiation in favour of mesoderm. 
 
If hES cells are equivalent to primitive ectoderm it might be necessary to employ strategies to 
make ectoderm that avoid disaggregation or block the effects of disaggregation. The inclusion 
of a ROCK inhibitor for the first 6 days after aggregation has been shown to facilitate neural 
differentiation, which is again analogous to the effect of DAPT on EPL cells and is consistent 
with the postulation that it is blocking the effect of disaggregation. This could be investigated by 
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assessing the status of the actin cytoskeleton in response to ROCK inhibitors, with a predicted 
stabilisation of the subcortical actin network in single cells following ROCK treatment. Such 
maintenance of epithelial architecture would be postulated to facilitate either a return to a 
pluripotent epithelium or differentiation to ectodermal lineages depending on the signalling 
environment.  

8.10 Final remarks 
To achieve effective control over ES cell differentiation it is necessary to understand and 
manipulate the differentiation environment with respect to mesoderm and ectoderm inducing 
activities as well as providing survival factors. Evidence has been presented that interventions 
that modulate the epithelial identity of EPL cells are capable of influencing subsequent 
differentiation such that protection of the epithelial cell state appears to favour ectoderm while 
disruption favours mesoderm. Incorporation of these findings into methodologies for directed 
differentiation in defined culture conditions is likely to provide improved outcomes in the 
production of desired cell types. 
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Appendix 1. E-cadherin expression is higher in EBM3 than ES cells.

i. Microarray data compiled from four independent series of EBM day 
0, 3, 6 and 9, showing that expression of E-cadherin increases 
approximately two-fold between EBM0 (ES) and EBM3 (EPL). 

ii. Real time PCR analysis confirms the up-regulation of E-cadherin in 
EBM3 relative to ES cells. ES and EBM3 were collected, RNA isolated 
and reverse transcribed and analysed by qPCR for the expression of 
E-cadherin and �-actin. Gene expression was normalised to �-actin 
using Qgene quantitation software and further normalised to ES cells 
to show the fold change in EBM3 levels.   
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Appendix 2. Pilot experiments conducted by Steve Jane and David 
Curtis.

A. Short-term survival of lethally irradiated (12 Gy in 2 split doses) adult 
recipients (n=7 per treatment) injected with a single cell suspension (2x106 

cells/animal) of EPLEB4 or ESEB4 cells. B. Long-term survival of lethally 
irradiated adult recipients (n=10 per treatment) injected with undifferentiated 
EPL, EPLEB2 and EPLEB4 single cell suspensions.
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